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Preface

At a time, when more than 150 bacterial and archaebacterial genomes, two plant
genomes and a series of avertebrate and vertebrate genomes including the
human genome have been deciphered base by base (some gaps notwithstanding),
and more than 400 other genomes are in the mill, a Handbook of Plant Genome
Mapping (Genetic and Physical Mapping) might seem a bit out of time. In fact, for
many plants and animals genetic maps with vastly different densities are available
and being improved continuously. Some of the scientific journals already begin to
discourage authors to publish such increasingly dense maps and ask for more de-
tailed informations such as genes isolated by map-based cloning.
In essence, genetic maps are by no means orphanized anymore. Also, if not yet

available, genetic maps can be generated with speed and relative ease, provided a
good selection of polymorphic parents, a wonderful and numerous segregating
progeny, a highly resolving molecular marker system, powerful computer
packages, a lot of people and enough money are at hand. So, in a not-too-far future,
genetic maps will be commonplace given the relative ease of their generation.
The situation is quite different for physical maps of genomes. First of all, a phys-

ical map traditionally depends on the availability of a genetic map. Despite other
approaches, the most practical method to establish a physical map still requires
a large-insert clone bank on one hand, and a preferably highly dense genetic
map on the other. And each and every marker, or marker bundle, that allows
easy identification of the underlying DNA clones of whatever make-up (BAC clones
seem to have won the race by now, and YAC clones lost because of chimerism and
redundancies) is welcome. A highly resolving physical map, however, still requires
a lot more input in labour, time, knowledge and funds than a genetic map. It is for
this reason, that physical maps are available only for relatively few higher organ-
isms, though common for prokaryota, whose chromosomes are sequenced and di-
rectly aligned into an ultimate physical map. Such complete genomic sequences
(i. e. complete physical maps) are still an exception for eukaryotes. And, with
one single exception, techniques used for the assembly of whole genome se-
quences still makes use of genetic and physical maps. The exception to this rule
is the HAPPY mapping procedure, an ingenious tool with which physical maps
can directly and happily be generated. This exception aside, the treadmill for
many postdocs is and will be for the foreseeable future, the establishment of ge-



netic maps of the target organism as a prerequisite, including the production of
BAC libraries and the physical alignment of the thousands of clones into contigs,
at least for a region of interest. And genetically mapped markers will still serve to
guide the way.
In appreciation of these facts, we set out to invite internationally renowned and

highly competent plant researchers with an undisputed scientific reputation to por-
tray their contributions to the genetic and physical mapping of plant genomes. The
present “Handbook of Plant Genome Mapping: Genetic Mapping, Physical Map-
ping” is the most complete, up-to-date and competently written and compiled trea-
tise of this complex topic. All the authors have striven to report the latest achieve-
ments and developments in their fields and did not spare any pains to introduce
their areas of research, to detail methodological aspects and to present the state-
of-the-art and future perspectives as well. This Handbook reflects the quality of
worldwide research on plant genetic and physical mapping.
The editors most cordially appreciate the various contributions to make this book

a standard for plant genome mapping for the foreseeable future.

November 2004

Khalid Meksem G�nter Kahl
Carbondale (IL, USA) Frankfurt am Main (Germany)
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1
Mapping Populations and Principles of Genetic Mapping

Katharina Schneider

Overview

Mapping populations consist of individuals of one species, or in some cases they
derive from crosses among related species where the parents differ in the traits
to be studied. These genetic tools are used to identify genetic factors or loci that
influence phenotypic traits and to determine the recombination distance between
loci. In different organisms of the same species, the genes, represented by alternate
allelic forms, are arranged in a fixed linear order on the chromosomes. Linkage va-
lues among genetic factors are estimated based on recombination events between
alleles of different loci, and linkage relationships along all chromosomes provide a
genetic map of the organism. The type of mapping population to be used depends
on the reproductive mode of the plant to be analyzed. In this respect, the plants fall
into the main classes of self-fertilizers and self-incompatibles. This chapter illus-
trates the molecular basis of recombination, summarizes the different types of
mapping populations, and discusses their advantages and disadvantages for differ-
ent applications.

Abstract

In genetics and breeding, mapping populations are the tools used to identify the
genetic loci controlling measurable phenotypic traits. For self-pollinating species,
F2 populations and recombinant inbred lines (RILs) are used; for self-incompatible,
highly heterozygous species, F1 populations are mostly the tools of choice. Back-
cross populations and doubled haploid lines are a possibility for both types of
plants. The inheritance of specific regions of DNA is followed by molecular mar-
kers that detect DNA sequence polymorphisms. Recombination frequencies be-
tween traits and markers reveal their genetic distance, and trait-linked markers
can be anchored, when necessary, to a more complete genetic map of the species.
For map-based cloning of a gene, populations of a large size provide the resolution
required.



Due to intensive breeding and pedigree selection, genetic variability within the
gene pools of relevant crops is at risk. Interspecific crosses help to increase the
size of the gene pool, and the contribution of wild species to this germ plasm in
the form of introgression lines is of high value, particularly with respect to traits
like disease resistance. The concept of exotic libraries with near-isogenic lines,
each harboring a DNA fragment from a wild species, implements a systematic
scan of the gene pool of a wild species.
To describe the complexity of genome organization, genetic maps are not suffi-

cient because they are based on recombination, which is largely different along all
genomes. However, genetic maps, together with cytogenetic data, are the basis for
the construction of physical maps. An integrated map then provides a detailed view
on genome structure and enforces positional cloning of genes and ultimately the
sequencing of complete genomes.

1.1
Introduction

Since Mendel formulated his laws of inheritance in 1865, it is a core component of
biology to relate genetic factors to functions visible as phenotypes. At Mendel’s
time, genetic analysis was restricted to visual inspection of the plants. Pea
(Pisum sativum [Fabaceae]) was already a model plant at the time, and Mendel stu-
died visible traits such as seed and pod color, surface structure of seeds and pods
(smooth versus wrinkled), and plant height. These traits are, in fact, the first ge-
netic markers used in biology. In 1912 Vilmorin and Bateson described the first
work on linkages in Pisum. However, the concept of linkage groups representing
chromosomes was not clear in Pisum until 1948, when Lamprecht described the
first genetic map with 37 markers distributed on 7 linkage groups (summarized
in Swiecicki et al. 2000). Large collections of visible markers are today available
for several crop species and for Arabidopsis thaliana (Koornneef et al. 1987; Neuffer
et al. 1997).
In the process of finding more and more genetic markers, the first class of char-

acters scored at the molecular level was isoenzymes. These are isoforms of proteins
that vary in amino acid composition and charge and that can be distinguished by
electrophoresis. The technique is applied to the characterization of plant popula-
tions and breeding lines and in plant systematics, but it is also used for genetic
mapping of variants, as shown particularly in maize (Frei et al. 1986, Stuber et
al. 1972). However, due to the small number of proteins for which isoforms
exist and that can be separated by electrophoresis, the number of isoenzyme mar-
kers is limited.
The advance of molecular biology provided a broad spectrum of technologies to

assess the genetic situation at the DNA level. The first DNA polymorphisms de-
scribed were restriction fragment length polymorphism (RFLP) markers (Botstein
et al. 1980). This technique requires the hybridization of a specific probe to re-
stricted genomic DNA of different genotypes. The whole genome can be covered
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by RFLP and, depending on the probe, coding or non-coding sequences can be ana-
lyzed. The next generation of markers was based on PCR: rapid amplified poly-
morphic DNA (RAPD) (Williams et al. 1990; Welsh and McClelland 1990) and am-
plified fragment length polymorphism (AFLP) (Vos et al. 1995). Recently, methods
have been developed to detect single nucleotide polymorphisms (summarized in
Rafalski 2002). Because these methods have the potential for automatization and
multiplexing, they allow the establishment of high-density genetic maps.
Whereas RAPD and AFLP analyses are based on anonymous fragments, RFLP

and SNP analyses allow the choice of expressed genes as markers. Genes of a
known sequence and that putatively influence the trait of interest can be selected
and mapped. In this way function maps can be constructed (Chen et al. 2001;
Schneider et al. 2002). Phenotypic data of the segregating population, correlated
to marker data, prove or disprove potential candidate genes supporting mono-
and polygenic traits.
The basis for genetic mapping is recombination among polymorphic loci, which

involves the reaction between homologous DNA sequences in the meiotic pro-
phase. Currently, the double-strand-break repair model (Szostak et al. 1983) is ac-
knowledged to best explain meiotic reciprocal recombination (Figure 1.1). In this
model, two sister chromatids break at the same point and their ends are resected
at the 5l ends. In the next step the single strands invade the intact homologue and
pair with their complements. The single-strand gaps are filled in using the intact
strand as template. The resulting molecule forms two Holliday junctions. Upon re-
solution of the junction, 50% of gametes with recombinant lateral markers and
50% non-recombinants are produced. In the non-recombinants, genetic markers
located within the region of strand exchange may undergo gene conversion,
which can result in nonreciprocal recombination, a problem interfering in genetic
mapping. In plants, gene conversion events were identified by B�schges et al.
(1997) when cloning the Mlo resistance gene from barley.
The likelihood that recombination events occur between two points of a chromo-

some depends in general on their physical distance: the nearer they are located to
each other, the more they will tend to stay together after meiosis. With the increase
of the distance between them, the probability for recombination increases and ge-
netic linkage tends to disappear. This is why genetic linkage can be interpreted as a
measure of physical distance. However, taking the genome as a whole, the fre-
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Figure 1.1. Generation of recombinants by chiasma for-
mation. In the meiotic prophase, two sister chromatids of
each parent (labeled in red and green, respectively) align
to form a bivalent. A chiasma is formed by a physical
strand exchange between two non-sister chromatids.
Breakage and reunion of reciprocal strands leads to the
generation of recombinants.



quency of recombination is not constant because it is influenced by chromosome
structure. An example is the observation that recombination is suppressed in the
vicinity of heterochromatin: here, the recombination events along the same chro-
matid appear to be reduced, an observation called positive interference. It reduces
the number of double recombinants when, for example, three linked loci are con-
sidered.
Linkage analysis based on recombination frequency and the order of linked loci

is evaluated statistically using maximum likelihood equations (Fisher 1921; Hal-
dane and Smith 1947; Morton 1955). Large amounts of segregation data are routi-
nely processed by computer programs to calculate a genetic map; among the most
popular are JoinMap (Stam 1993) and MAPMAKER (Lander et al. 1987).

1.2
Mapping Populations

The trait to be studied in a mapping population needs to be polymorphic between
the parental lines. Additionally, a significant trait heritability is essential. It is al-
ways advisable to screen a panel of genotypes for their phenotype and to identify
the extremes of the phenotypic distribution before choosing the parents of a map-
ping population. It is expected that the more the parental lines differ, the more ge-
netic factors will be described for the trait in the segregating population and the
easier their identification will be. This applies to monogenic as well as to polygenic
traits.
A second important feature to be considered when constructing a mapping po-

pulation is the reproductive mode of the plant. There are two basic types. On the
one hand are plants that self naturally, such as Arabidopsis thaliana, tomato, and
soybean, or that can be manually selfed, such as sugar beet and maize; on the
other hand are the self-incompatible, inbreeding-sensitive plants such as potato.
Self-incompatible plants show high genetic heterozygosity, and for these species
it is frequently not possible to produce pure lines due to inbreeding depression.
Usually only self-compatible plants allow the generation of lines displaying a maxi-
mum degree of homozygosity. In conclusion, the available plant material deter-
mines the choice of a mapping population. Other factors are the time available
for the construction of the population and the mapping resolution required.
Based on these concepts, this section will be divided into seven parts:

1. mapping populations suitable for self-fertilizing plants,
2. mapping populations for cross-pollinating species,
3. two-step strategies for mapping mutants and DNA fragments,
4. chromosome-specific tools for mapping,
5. mapping in natural populations/breeding pools,
6. mapping genes and mutants to physically aligned DNA, and
7. specific mapping problems.
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1.2.1
Mapping Populations Suitable for Self-fertilizing Plants

If pure lines are available or can be generated with only a slight change of plant
vigor, the mapping populations that can be used consist of F2 plants, recombinant
inbred lines (RIL), backcross (BC) populations, introgression lines assembled in
exotic libraries, and doubled haploid lines (DH).

1.2.1.1 F2 Populations
The simplest form of a mapping population is a collection of F2 plants (Figure 1.2).
This type of population was the basis for the Mendelian laws (1865) in which the
foundations of classic genetics were laid. Two pure lines that result from natural or
artificial inbreeding are selected as parents, parent 1 (P1) and parent 2 (P2). Alter-
natively, doubled haploid lines can be used to avoid any residual heterozygosity (see
Section 1.2.1.5). If possible, the parental lines should be different in all traits to be
studied. The degree of polymorphism can be assessed at the phenotypic level (e. g.,
morphology, disease resistance) or by molecular markers at the nucleic acid level.
For inbreeding species such as soybean and the Brassicaceae, wide crosses between
genetically distant parents help to increase polymorphism. However, it is required
that the cross lead to fertile progeny. The progeny of such a cross is called the F1

generation. If the parental lines are true homozygotes, all individuals of the F1 gen-
eration will have the same genotype and have a similar phenotype. This is the con-
tent of Mendel’s law of uniformity. An individual F1 plant is then selfed to produce
an F2 population that segregates for the traits different between the parents. F2 po-
pulations are the outcome of one meiosis, during which the genetic material is re-
combined. The expected segregation ratio for each codominant marker is 1:2:1
(homozygous like P1:heterozygous:homozygous like P2). It is a disadvantage
that F2 populations cannot be easily preserved, because F2 plants are frequently
not immortal, and F3 plants that result from their selfing are genetically not iden-
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Figure 1.2. The generation of an F2
population. Two chromosomes are
shown as representatives of the di-
ploid parental genome. In the parental
generation, the genotypes are homo-
zygous (represented by equal colors)
and in the F1 generation are heterozy-
gous. For gamete formation the ge-
netic material undergoes meiosis,
leading to recombination events in F1
gametes. Correspondingly, F2 plants
vary largely in their genetic constitu-
tion.



tical. For species like sugar beet, there is a possibility of maintaining F2 plants as
clones in tissue culture and of multiplying and re-growing them when needed. A
particular strategy is to maintain the F2 population in pools of F3 plants. Traits that
can be evaluated only in hybrid plants, such as quality and yield parameters in
sugar beet or maize, require the construction of testcross plants by crossing
each F2 individual with a common tester genotype (example given in Schneider
et al. 2002). Ideally, different common testers should produce corresponding re-
sults to exclude the specific effects of one particular tester genotype.
To produce a genome-wide map as an overview, a population of around 100 F2

individuals is recommended as a compromise between resolution of linked loci
and cost/feasibility.
For mapping quantitative trait loci (QTLs), Monte Carlo simulations have shown

that at least 200 individuals are required (Bevis 1994). For higher resolution, as re-
quired for positional cloning of selected genes, progenies of several thousand
plants are developed. For example, more than 3400 individuals were analyzed to
obtain a detailed map around a fruit weight locus in tomato (Alpert and Tanksley
1996).

1.2.1.2 Recombinant Inbred Lines
Recombinant inbred lines (RILs) are the homozygous selfed or sib-mated progeny
of the individuals of an F2 population (Figures 1.2, 1.3). The RIL concept for map-
ping genes was originally developed for mouse genetics. In animals, approximately
20 generations of sib mating are required to reach useful levels of homozygosity. In
plants, RI lines are produced by selfing, unless the species is completely self-in-
compatible. Because in the selfing process one seed of each line is the source
for the next generation, RILs are also called single-seed descent lines. Self-pollina-
tion allows the production of RILs in a relatively short number of generations. In
fact, within six generations, almost complete homozygosity can be reached. Along
each chromosome, blocks of alleles derived from either parent alternate. Because
recombination can no longer change the genetic constitution of RILs, further seg-
regation in the progeny of such lines is absent. It is thus one major advantage that
these lines constitute a permanent resource that can be replicated indefinitely and
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Figure 1.3. The generation of RILs. For
the generation of RILs, plants of an F2
population are continuously selfed. In
each generation meiotic events lead to
further recombination and reduced het-
erozygosity until completely homozy-
gous RILs with fragments of either par-
ental genome are achieved.



be shared by many groups in the research community. A second advantage of RILs
is that because they undergo several rounds of meiosis before homozygosity is
reached, the degree of recombination is higher compared to F2 populations. Con-
sequently, RIL populations show a higher resolution than maps generated from F2

populations (Burr and Burr 1991), and the map positions of even tightly linked
markers can be determined. In plants, RILs are available for many species, includ-
ing rice and oat (Wang et al 1994; O’Donoughue et al. 1995).
In Arabidopsis thaliana, 300 RILs have become a public mapping tool (Lister and

Dean 1993). Arabidopsis RILs were constructed by an initial cross between the eco-
types Landsberg erecta and Columbia, and a dense marker framework was estab-
lished. Every genomic fragment that displays a polymorphism between Landsberg
erecta and Columbia can be mapped by molecular techniques.

1.2.1.3 Backcross Populations
To analyze specific DNA fragments derived from parent A in the background of
parent B, a hybrid F1 plant is backcrossed to parent B. In this situation, parent
A is the donor of DNA fragments and parent B is the recipient. The latter is
also called the recurrent parent. During this process two goals are achieved: un-
linked donor fragments are separated by segregation and linked donor fragments
are minimized due to recombination with the recurrent parent. To reduce the
number and size of donor fragments, backcrossing is repeated and, as a result,
so-called advanced backcross lines are generated. With each round of backcrossing,
the proportion of the donor genome is reduced by 50% (see Figure 1.4). Molecular
markers help to monitor this process and to speed it up. In an analysis of the chro-
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Figure 1.4. The generation of advanced back-
cross lines (BC). BC lines originate from an F1
plant that is repeatedly backcrossed to the same
recurrent parent. With each round of backcross-
ing, the number and size of genomic fragments of
the donor parent are reduced until a single DNA
fragment distinguishes the BC line from the re-
current parent (white: recurrent parent; black:
donor parent).



mosomal segments retained around the Tm-2 locus of tomato, it was estimated that
marker-assisted selection reduced the number of required backcrosses from 100 –
in the case of no marker selection – to two (Young and Tanksley 1989). The pro-
geny of each backcross is later screened for the trait introduced by the donor. In
the case of dominant traits, the progeny can be screened directly; in the case of re-
cessive traits, the selfed progeny of each backcross plant has to be assessed.
Lines that are identical, with the exception of a single fragment comprising one

to a few loci, are called nearly isogenic lines (NILs). The generation of NILs in-
volves several generations of backcrossing assisted by marker selection. To fix
the donor segments and to visualize traits that are caused by recessive genes,
two additional rounds of self-fertilization are required at the end of the backcross-
ing process. If two NILs differ in phenotypic performance, this is seen as the effect
of the alleles carried by the introgressed DNA fragment. The procedure is quite
helpful in the functional analysis of the underlying genes. The strategy is particu-
larly valuable for those species for which no transformation protocol is established
to produce transgenics for the alleles of interest. A further advantage is that in
NILs genomic rearrangements, which may happen during transformation, are
avoided.
Backcross breeding is an important strategy if a single trait, such as resistance,

has to be introduced into a cultivar that already contains other desirable traits. The
only requirement is that the two lines be crossable and produce fertile progeny.
Lines incorporating a fragment of genomic DNA from a very distantly related spe-
cies are called introgression lines, whereas lines incorporating genetic material
from a different variety are indicated as intervarietal substitution lines.

1.2.1.4 Introgression Lines: Exotic Libraries
The breeding of superior plants consists of combining positive alleles for desirable
traits on the elite cultivar. One source for such alleles conferring traits such as dis-
ease resistance or quality parameters is distantly related or even wild species. If the
trait to be introduced is already known, the introgression can be performed in a
direct way supported by marker-assisted selection. However, the potential of wild
species to influence quantitative traits often is not yet assessed. In this case, back-
cross breeding is a method to identify single genetic components contributing to
the phenotype. NILs are constructed by an advanced backcross program, and
their phenotypic effects are assayed. For example, in the work of Tanksley et al.
(1996), loci from the wild tomato species Lycopersicon pimpinellifolium were
shown to have positive effects on tomato fruit size and shape.
To assess the effects of small chromosomal introgressions at a genome-wide

level, a collection of introgression lines, each harboring a different fragment of
genomic DNA, can be generated. Such a collection is called an exotic library,
which is achieved by advanced backcrossing. This corresponds to a process of re-
current backcrossing (ADB) and marker-assisted selection for six generations
and to the self-fertilization of two more generations to generate plants homozygous
to the introgressed DNA fragments (summarized in Zamir 2001). An example is
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the introgression lines derived from a cross between the wild green-fruited species
L. pennellii and the tomato variety M82 (Eshed and Zamir 1995). The lines, after the
ADB program, will resemble the cultivated parent, but introgressed fragments with
even subtle phenotypic effects can be easily identified. In other words, phenotypic
assessment for all traits of interest will reveal genomic fragments with positive ef-
fects on measurable traits. The introgressed fragments are obviously defined by the
use of molecular markers.
In this context, it should be noted that recombination is reduced in interspecific

hybrids with respect to intraspecific ones because differences in DNA sequence
lead to reduced pairing of the chromosomes during meiosis. This, in turn, causes
a phenomenon called linkage drag, which describes the situation when larger-than-
expected fragments are retained during backcross breeding (Young and Tanksley
1989). The following example illustrates this concept. For the Tm2a resistance
gene introgressed into tomato from the distantly related Lycopersicum peruvianum
species, the ratio of physical to genetic distance is more than 4000 kb cM–1,
whereas the average ratio in the cultivated species is about 700 kb cM–1 (Ganal
et al. 1989).

1.2.1.5 Doubled Haploid Lines
Doubled haploid lines contain two identical sets of chromosomes in each cell. They
are completely homozygous, as only one allele is available for all genes. Doubled
haploids can be produced from haploid lines. Haploid lines either occur sponta-
neously, as in the case of rape and maize, or are artificially induced. Haploid plants
are smaller and less vital than diploids and are nearly sterile. It is possible to in-
duce haploids by culturing immature anthers on special media. Haploid plants
can later be regenerated from the haploid cells of the gametophyte. A second op-
tion is microspore culture. In cultivated barley it is possible to induce the genera-
tion of haploid embryos by using pollen from the wild species Hordeum bulbosum.
During the first cell divisions of the embryo, the chromosomes of H. bulbosum are
eliminated, leaving the haploid chromosomal set derived from the egg cell. Occa-
sionally in haploid plants the chromosome number doubles spontaneously, leading
to doubled haploid (DH) plants. Such lines can also be obtained by colchicine treat-
ment of haploids or of their parts. Colchicines prevent the formation of the spindle
apparatus during mitosis, thus inhibiting the separation of chromosomes and lead-
ing to doubled haploid cells. If callus is induced in haploid plants, a doubling of
chromosomes often occurs spontaneously during endomitosis and doubled hap-
loid lines can be regenerated via somatic embryogenesis. However, in vitro culture
conditions may reduce the genetic variability of regenerated materials to be used
for genetic mapping.
Doubled haploid lines constitute a permanent resource for mapping purposes

and are ideal crossing partners in the production of mapping populations because
they have no residual heterozygosity. Examples of their use in wheat, barley, and
rice are found in Chao et al. (1989), Heun et al. (1991), and McCouch et al. (1988).
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1.2.2
Mapping Populations for Cross-pollinating Species

If pure lines cannot be generated from a species due to self-incompatibility or in-
breeding depression, heterozygous parental plants are used to derive mapping po-
pulations such as F1 and backcross lines (BC). This is the case for several tree spe-
cies such as apple, pear, and grape and for potato. For the tree species crosses be-
tween different cultivars are used to produce F1 progenies to be genotyped (Malie-
gaard et al. 1998; Yamamoto et al. 2002; Grando et al. 2003). In potato, the hetero-
zygosity of parental lines used for one cross was evaluated to correspond to
57–59% (Gebhardt et al. 1989). In the foundation cross population, different alleles
are contributed from either parent to individual F1 plants. The linkage among mar-
kers is assessed by the production of a genetic map for either parent. In potato,
Gebhardt et al. (1989, 1991) reported the construction of a backcross population
in which an individual F1 plant was pollinated with one parent. To maintain the
identity of the F1 genotypes of the mapping population, parental lines and each
of their F1 progenies were propagated clonally.

1.2.3
Two-step Strategies for Mapping Mutants and DNA Fragments

Mapping mutants always requires the construction of a segregating population. In
a first step, tightly linked or co-segregating markers are selected. In a second step,
the map position of these markers is determined. Whereas the first step requires a
population segregating for the trait of interest, the linked marker can be anchored
in a reference population for which a dense marker framework is available. Such a
method is particularly applicable when a large set of mutants needs to be mapped
in a limited time.
This concept was implemented by Castiglioni et al. (1998), who mapped muta-

tions in barley by an AFLP-based procedure. The procedure takes advantage of
the very high diversity index of AFLP markers that allows the screening of a
whole genome with a limited number of PCR primer combinations. In the cited
work, a genetic map comprising 511 AFLP markers was derived from the cross be-
tween the lines Proctor q Nudinka. To map morphological mutations, mutants
were crossed to Proctor and to Nudinka, respectively, and 30–50 mutant plants
were selected for AFLP analysis. The specific presence or absence of AFLP
bands in the mutant population was correlated to identical fragments mapped in
the Proctor q Nudinka cross, thus inferring their map position and, consequently,
anchoring the mutant locus to the same map.
A different approach to enrich for linked markers is based on the concept of

bulked segregant analysis (BSA), introduced by Michelmore et al. (1991). BSA re-
quires only a population segregating for the trait of interest. Two bulks or pools of
segregating genotypes are selected in which either the mutant or the wild-type phe-
notype is present and homozygous. This implies that within each pool the indivi-
duals are identical with respect to the genomic region in which the responsible
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gene maps, but the genetic constitution of the rest of the genome is random, while
between the pools the selected region is molecularly dissimilar. The bulks are
screened for polymorphisms by molecular techniques such as RFLP, RAPD, or
AFLP. In their first BSA analysis, Michelmore et al. (1991) identified markers
linked to a gene conferring resistance to downy mildew in lettuce. They generated
bulks of 17 F2 individuals homozygous for alternate alleles of the resistance locus
DM5/8 and analyzed them with 100 arbitrary RAPD primers to detect around 900
loci. Three RAPD markers linked to the resistance locus were identified. This work
shows that markers can be reliably identified in a 0- to 25-cM window to either side
of the locus of interest. The method can be applied iteratively, in the sense that new
bulks are constructed based on each new marker linked more closely to the gene.
The linkage of each marker with the tagged locus is verified by analyzing single
plants of the segregating population. In the work cited, the BSA pools were
from the mapping population. However, the BSA markers could also be anchored
in a different population, according to the two-step procedure outlined before.

1.2.4
Chromosome-specific Tools for Mapping

Chromosome-specific tools allow a segregating population to be genotyped in a
way that each chromosome is directly scanned for linkage. The first tools of this
kind were mutant lines with one or more visible mapped mutations. For Arabidop-
sis thaliana such multiple marker lines are available: the line W100, for example,
contains mutations identifying each arm of the five chromosomes (Koornneef et
al. 1987). The marker lines with the genotypes aa, bb, to zz are crossed to the mu-
tant line with the genotype mm. The progeny is selfed to generate an F2 population.
In this population the frequency of double mutants aa/mm, bb/mm, to zz/mm is
counted. It is expected that in the case of recessive inheritance of both mutations,
1/16 of all progeny are double mutants. If there are less than the expected number
of double mutants, this is taken as evidence of reduced recombination due to the
linkage between the locus m and one of the markers tested. The more the two loci
are in physical proximity, the fewer the recombination events are.
In the past decade, numerous molecular marker sets have been developed. For a

defined mutation in a given genetic background, a cross to a contrasting genotype
needs to be performed, and an F2 is generated from which plants displaying the
phenotype are selected for molecular analysis. In Arabidopsis, different ecotypes
such as Columbia and Landsberg erecta are well established, and marker sets for
cleaved amplified polymorphic sequence (CAPS) and simple sequence repeat
(SSR) analysis have been developed (Konieczny and Ausubel 1993; Bell and
Ecker 1994). Marker loci covering the entire genome are tested in the mutant F2

plants, and, again, reduced recombination between the mutant allele and a marker
allele indicates linkage to the marker locus.
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1.2.5
Mapping in Natural Populations/Breeding Pools

The natural variation between individuals of one species can be exploited for map-
ping. In the case of crop plants, sets of different breeding lines can fulfill this pur-
pose. This approach is suited to map complex traits that are influenced by the ac-
tion of many genes in a quantitative way. Such loci are defined as quantitative trait
loci (QTL). It is important that such a collection of different accessions contain a
whole spectrum of phenotypes for a given trait; in particular, the availability of ex-
treme phenotypes is advantageous. The underlying idea is that genomic fragments
naturally present in a particular genotype are transmitted as non-recombining
blocks and that markers, like single-nucleotide polymorphisms (SNPs) and inser-
tions/deletions, can easily follow the inheritance of such blocks. These units are
also called haplotypes, and their existence reveals a state of linkage disequilibrium
(LD) among allelic variants of tightly linked genes. The existence of haplotypes has
clearly been shown for maize and sugar beet (Ching et al. 2002, Schneider et al.
2001).
Two strategies exist for searching for haplotypes specifically associated with ex-

treme phenotypes. On the one hand, the whole genome can be scanned for phe-
notype-marker associations, if sufficient sequence information is available for mar-
ker development. However, as the linkage disequilibrium often does not extend for
more than 2000 bases (reviewed in Buckler and Thornsberry 2002), this approach
is generally too time-consuming and costly. Alternatively, the focus is on candidate
genes that, upon their predicted physiological function, are likely to influence the
trait under investigation. The latter approach has been successfully applied in
maize. An association between a marker and a trait exists if one marker allele or
haplotype is significantly associated with a particular phenotype when studied in
unrelated genotypes. In maize this has been shown for dwarf 8, a locus influencing
plant height (Thornsberry et al. 2001), and for six genes of the starch metabolism
influencing kernel quality (Whitt et al. 2002). The advantage of this approach is
that it does not require the construction of experimental populations. Particularly
for self-pollinating species, inbred individuals of natural ecotypes are practically
immortal, and phenotyping needs to be performed only once. Natural populations
are particularly informative because usually more than two alleles exist for each
marker locus. For crop species, different breeding lines representing extreme phe-
notypes can be used for the same purpose.
As unrelated lines of natural populations are genetically separated by many gen-

erations, the corresponding large number of meiotic events leads to a high rate of
recombinations. Therefore, and with the limit that LD blocks still exist, trait-sup-
porting loci can be mapped with high precision, largely exceeding the resolution
of F2 populations. Association mapping can thus greatly accelerate QTL positional
cloning approaches. However, it requires thorough statistical assessment to inves-
tigate the relatedness of the lines and the overall population structure. Only if the
population structure is homogenous can an association between a haplotype and a
phenotype be considered realistic.
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1.2.6
Mapping Genes and Mutants to Physically Aligned DNA

The distances in genetic maps are based on recombination frequencies. However,
recombination frequencies are not equally distributed over the genome. In hetero-
chromatic regions such as the centromeres, recombination frequency is indeed
quite reduced. In these cases, cytogenetic maps can provide complementary infor-
mation because they are based on the fine physical structure of chromosomes.
Chromosomes can be visualized under the microscope and be characterized by
specific staining patterns, e. g., with Giemsa C, or can be based on morphological
structures such as the centromeres, the nucleolus-organizing region (NOR), the
telomeres, and the so-called knobs, heritable heterochromatic regions of particular
shape. Cytogenetic maps allow association of linkage groups with chromosomes
and determination of the orientation of the linkage groups with respect to chromo-
some morphology. In species such as maize, wheat, barley, and Arabidopsis thali-
ana, lines carrying chromosome deletions, translocation breakpoints, or trisomics
can be generated as valuable tools for the cytogenetic approach (Helentjaris et al.
1986; Weber and Helentjaris 1989; Sandhu et al. 2001; K�nzel et al. 2000; Koorn-
neef and Vanderveen 1983). Numerical aberrations in chromosome number, to-
gether with marker data generated, e. g., by RFLP analysis, can clearly identify
chromosomes. Defined translocation breakpoints can also localize probes to speci-
fic regions on the arms of chromosomes.
More recently, techniques have been developed to localize nucleic acids in situ on

the chromosomes. During the pachytene, a stage during the meiotic prophase, the
chromosomes are 20 times longer than at mitotic metaphase. They display a differ-
entiated pattern of brightly fluorescing heterochromatin segments. It is possible to
identify all chromosomes based on chromosome length, centromere position, het-
erochromatin patterns, and the positions of repetitive sequences such as 5S rDNA
and 45S rDNA visualized by fluorescence in situ hybridization (FISH) (Hanson
et al. 1995), as shown in Medicago trunculata by Kulikova et al. (2001). In tomato
this approach has been successful in mapping two genes near the junction of
euchromatin and pericentromeric heterochromatin (Zhong et al. 1999). Refined
multicolor FISH even allows the mapping of single-copy sequences (Desel et al.
2001). In this context, cytogenetic maps based on FISH provide complementary
information for the construction of physical maps to position BAC clones
(Islam-Faridi et al. 2002) and other DNA sequences along the chromosomes (see
Figure 1.5).

1.2.7
Specific Mapping Problems

A loss in genetic diversity inevitably causes problems for the breeding of new vari-
eties. The genus Lycopersicon, which comprises modern tomato cultivars, is an ex-
ample of this development (Miller and Tanksley 1990). When tomato was intro-
duced from Latin America to Europe by Spanish explorers, presumably only lim-
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Figure 1.5. Alignment of the ge-
netic and physical map of sor-
ghum chromosome 1 (figure
taken from Islam-Faridi et al.
2002, courtesy of Genetics). A
diagrammatic representation of
the cytogenetic locations of 20
sorghum BACs, 18S-28S rDNA,
and CEN38 (a centromere-asso-
ciated clone; on right).



ited numbers of seeds (and accessions) were transferred and became the basis of
today’s modern cultivars. This created a bottleneck. Breeding methods such as sin-
gle-seed descent and pedigree selection also promote genetic uniformity. As the to-
mato cultivars are generally self-compatible, this contributes even further to a de-
crease DNA polymorphism. For RFLP analysis, the degree of polymorphic probes
has been found to be exceptionally low in tomato crosses between modern cultivars
(Miller and Tanksley 1990). A further indication of the low genetic diversity of to-
mato genotypes is the small number of microsatellite alleles in a set of tomato vari-
eties (Areshchenkova and Ganal 2002). Self-incompatible species of the Lycopersicon
genus show a much higher genetic distance within and between accessions, indi-
cating the role of the mode of reproduction in the maintenance of genetic variabil-
ity. The use of landraces that are not genetically uniform is one option to increase
genetic polymorphism. Given that almost all species of the Lycopersicon genus can
be crossed with cultivated tomato, the construction of inter- rather than intraspeci-
fic crosses and populations is essential for introducing new genetic factors into the
breeding pool of this crop.
A second problem that is often encountered in genetic mapping is distorted seg-

regation. This term describes a deviation from the expected Mendelian proportion
of individuals in a given genotypic class within a segregating population (Lyttle
1991). That one allelic class can be underrepresented due to a dysfunction of
the concerned gametes is well known for plants (Xu et al. 1997). This can occur
in pollen, in megaspores, or in both organs and can be explained either by the
selective abortion of male and female gametes or by the selective fertilization of
particular gametic genotypes. A selection process during seed development, seed
germination, and plant growth can also be active. Gametophyte loci leading to a
distorted segregation have been identified in rice (summarized in Xu et al.
1997). They are supposed to be responsible for the partial or total elimination of
gametes carrying one of the parental alleles. A marker locus linked to a gameto-
phyte locus, also referred to as a gamete eliminator or pollen killer, can also
show distorted segregation. Self-incompatibility loci preventing self-pollination
are also a direct cause of distorted segregation, as is discussed for potato (Gebhardt
et al. 1991). Breeding programs that aim at the generation of specific recombinants
are directly affected if one locus is close to a region affected by segregation distor-
tion.

1.3
Discussion

In the field of plant breeding, genetic mapping is still the most valuable approach
to identifying the genetic factors that underlie particularly quantitatively inherited
traits. Genetically linked markers can be used in marker-assisted breeding to iden-
tify individuals with the desirable level of relevant characters at an early stage.
High-throughput technologies based on SNP detection (Rafalski 2002) allow the
scoring of thousands of data points in a short time. This has the potential to reduce
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greatly the size of field trials. Therefore, it is important to have mapping tools at
hand as described in this chapter.
Important factors to be balanced in the experimental design are the mapping re-

solution, the required time, and human resources. RILs, NILs, and introgression
lines are very laborious and time-consuming to construct, although they allow ap-
plied assessments with high precision. Alternatively, local maps of the regions har-
boring mutations are produced in F2 populations and cross-linked to populations
with high mapping resolution (Castiglioni et al. 1998). Working with natural popu-
lations is an alternative that circumvents the construction of experimental mapping
populations and still maintains a high resolution because it takes advantage of the
multiple meiotic events that occurred during plant evolution (Rafalski 2002). Any
marker in the region of linkage disequilibrium that surrounds a genetic factor re-
sponsible for a trait may be indicative of the level of the expression of a trait.
The next step is the identification of the genetic factor itself. Unless a gene is

tagged by the candidate gene approach, positional cloning involving the partial con-
struction of a physical map is the method of choice. This requires the construction
of contigs based on large-insert clones such as BACs, which are assembled accord-
ing to fingerprinting data. Local, but also genome-wide, physical maps are in pro-
gress or have already been obtained for plants with model character such as Ara-
bidopsis thaliana, as well as for crops such as rice and sorghum (Mozo et al.
1999; Tao et al. 2001; Klein et al. 2003). In plants for which the whole genome
has been sequenced, such as Arabidopsis thaliana (The Arabidopsis Genome Initia-
tive 2000) and rice (Yu et al. 2002), this is becoming increasingly easier. Alterna-
tively, new genetic markers located in underrepresented regions of the genome
can be developed from the complete DNA sequence and applied in mapping.
Once cloned, a gene becomes subject to transgenic approaches. Complementation
of a phenotype missing a specific trait is the ultimate proof of gene function, and
superior varieties can be created accordingly. Alternatively, association studies for
the gene identified can be performed to detect superior alleles of the locus linked
to specific markers.
In summary, mapping populations are the basic tools for understanding the ef-

fect of selected genetic factors and the organization of the genome of a species as a
whole. They are the backbone of genomics research that aims to decipher large,
complex genomes at the physical or even sequence level.
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2
Molecular Marker Systems for Genetic Mapping

Henry T. Nguyen and Xiaolei Wu

Abstract

Genetic variation is a force of genome evolution. Naturally occurring polymorph-
ism due to varied DNA sequences throughout plant and animal genomes between
and within species is the basis of genetic variation. The manipulation of molecular
markers is based on these naturally occurring polymorphisms. Since the discovery
of the primary structure of DNA, it has been characterized in a number of species.
Many molecular marker detection systems that have the ability to distinguish var-
iation present in genomic DNA sequences have been developed for genetic analy-
sis. Among these techniques, RFLP, RAPD, SSR, and AFLP are most commonly
used in genetic linkage analysis. The implications of these powerful and novel
methods have led to a new plant breeding revolution: marker-assisted selection
(MAS). Numerous genes have been targeted and cloned in all major crop species.
Genetic linkage analysis has become a routine tool to identify and characterize
genes that regulate agronomically important multigenic traits. This chapter intro-
duces the main marker detection systems that are used in genetic linkage analysis,
and the focus will be on the following aspects for each marker system: (1) devel-
opmental history, (2) advantages and disadvantages, (3) detection methods, and
(4) applications in plant genome mapping.

2.1
Introduction

Successful investigation of many value-added traits in crops has attributed to the
advances in our understanding of the organization of plant genomes and genetics
through the aid of molecular markers. One of the most productive approaches to
retrieving important genomic information is the use of genetic mapping techni-
ques to locate genes responsible for a particular trait. Genetic maps for a wide
range of plant species have been established using various molecular marker sys-
tems, such as restriction fragment length polymorphism (RFLP) (Botstein et al.



1980), random amplified polymorphic DNA (RAPD) (Williams et al. 1990; Caetano-
Anolles et al. 1991), simple sequence repeat or microsatellite (SSR) (Litt and Luty
1989), sequence-tagged sites (STS) (Palazzolo et al. 1991), amplified fragment
length polymerphism (AFLP) (Vos et al. 1995), single-nucleotide polymorphism
(SNP) (Lai et al. 1998), sequence-characterized amplified region (SCAR) (Williams
et al. 1991), and cleaved amplified polymorphic sequences (CAPS) (Lyamichev et al.
1993), each of which has its own unique advantages and disadvantages that fit dif-
ferent purposes (Table 2.1). However, RFLP, RAPD, SSR, and AFLP markers are
most commonly used in plant species for genetic mapping.
Polymorphism of nucleotide sequences at the same locus is the basis for devel-

oping molecular markers used in genome mapping and DNA fingerprinting. Poly-
morphism is revealed by molecular detection techniques, which are grouped in hy-
bridization-based RFLP techniques, and PCR-based techniques, such as RAPD,
SSR, and AFLP. When using molecular markers for genetic mapping, the simpli-
city of the genotyping procedure, the cost-effectiveness, and the information con-
tent that molecular markers provide must be considered for large-scale genotyping.
Based on these comprehensive considerations, only four categories (RFLP, RAPD,
SSR, and AFLP) of molecular markers commonly used in genetic mapping will be
described in this chapter. SNP markers, known as “the third generation of molecu-
lar markers,” are abundant across whole genomes and have the potential to dissect
genes or quantitative trait loci (QTLs) in QTL mapping and association genetics.
SNPs will be described in another chapter.
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Table 2.1. Comparison of the most broadly used marker systems.

Marker/
technique

PCR-
based

Polymorphism
(abundance)

Dominance Repro-
ducibility

Auto-
mation

Running
cost

RFLP No Low/medium Codominant High Low High
RAPD Yes Medium/high Dominant Low Medium Low
SCARS/CAPS Yes High Codominant High Medium Medium
AFLP Yes High Dominant High Medium/

high
Medium

SSR Yes High Codominant High Medium/
high

Low

ISSR Yes High Dominant High Medium/
high

Low

STS Yes High Codominant/
dominant

High Medium/
high

Low

SRAP/EST Yes Medium Codominant High Medium Low
IRAP/REMAP Yes High Codominant High Medium/

high
Low

SNP Yes Extremely
high

Codominant/
dominant

High High Low



2.2
DNA-based Markers Popularly Used in Genetic Mapping

2.2.1
RFLP

Among the various molecular markers developed, RFLPs were the earliest molecu-
lar markers (known as the first generation of molecular markers) to be used in ani-
mal and plant genome mapping projects. RFLPs are caused by DNA sequence
changes such as single-nucleotide mutations, insertions or deletions of DNA frag-
ments ranging from one to several hundred base pairs, or DNA rearrangements of
large chromosomal fragments. These changes cause the gain, loss, or movement of
some restriction sites, which is the basis for generating RFLPs. RFLPs have proven
to be robust and accurate for genotyping. The technique relies on digesting geno-
mic DNA with specific restriction enzymes and hybridizing with probes. The
probes used in RFLP could be fragments of genomic DNA, cDNA, or expressed
tag sequences (ESTs) that have been developing through EST projects in crop spe-
cies. Since RFLP markers are bi-allelic codominant, a unique locus and chromoso-
mal position can be identified with a specific probe. However, RFLP analysis is
labor-intensive and time-consuming. Improvements to simplify RFLP for high-
throughput procedures have been achieved in current approaches. To avoid
using the time-consuming Southern blotting technique in RFLP assays, RFLP de-
tection is now replaced by PCR-RFLP assays, or RFLP markers are converted into
SCAR markers by sequencing the two ends of genomic DNA clones and designing
oligonucleotide primers based on the end sequences. These primers are used di-
rectly on genomic DNA in a PCR reaction to amplify the polymorphic region. If
no amplified fragment length polymorphism is noticed, then PCR fragments are
subjected to restriction digestion with restriction enzymes to detect RFLPs within
the amplified fragment.
SCARs have the advantage of being inherited in a codominant fashion, in con-

trast to RAPDs, which are inherited in a dominant manner. Amplified fragment
length polymorphism (AFLP) is based on PCR amplification of restriction frag-
ments generated by specific restriction enzymes and oligonucleotide adapters of
a few nucleotide bases. This method generates a large number of restriction frag-
ment bands facilitating the detection of polymorphisms but is also inherited in a
dominant manner. The number of DNA fragments can be controlled by choosing
different base numbers and the composition of nucleotides in adapters. This ap-
proach is very useful in saturation mapping and for discrimination between vari-
eties. Comparisons of the DNA mapping techniques RFLP, RAPD, and AFLP
show that AFLP is the most efficient technique in detecting polymorphism with
high reproducibility. This makes AFLP DNA analysis an attractive technique for
identifying polymorphisms and fine mapping. However, most AFLPs are domi-
nant markers, and the procedure is too complicated to be suitable for genotyping
or for MAS.
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2.2.1.1 Conventional RFLP Analysis
1. DNA preparation: Adjust the concentration of all DNA samples to a uniform

scale (500 ng mL–1) after estimating the DNA concentration using 0.8% agarose
gel electrophoresis. The high purity of the DNA sample is a key factor in the
success of DNA digestion by any restriction enzyme.

2. Restriction enzyme digestion: Transfer an equal volume aliquot of DNA pre-
pared in step 1 into separate microcentrifuge tubes or wells of a 96-well PCR
plate. Prepare a bulk mixture for the digestion reaction. Add the restriction en-
zyme to the mixture last. The recipe for restriction digestion of genomic DNA is
as follows:

DNA 10 mg
10q buffer 1q
Restriction enzyme 3.5 U mg–1 DNA
dd H2O to 30 mL

Incubate at the optimum temperature of each restriction enzyme for at least 6 h.
3. Agarose gel electrophoresis and Southern blotting: Following the incubation

period, add 5 mL of 6q gel loading buffer to each tube and mix well. Load all
of the reaction mixture into a 0.8% agarose gel and start running under low
voltage (0.5 volt cm–1) with size standards for 16Z18 h. Following separation
of DNA fragments by agarose gel electrophoresis, the DNA is then transferred
to Hybond Nþ membranes by Southern blotting.

4. Probe labeling: To label probes with 32P, the random primer labeling method
(Feinberg and Vogelstein 1984) is usually used.

5. Hybridization and autoradiography.

2.2.1.2 PCR-RFLP
Although RFLP mapping is a powerful technique that has been extensively used
in a number of species, it is inconvenient, requiring large amounts of DNA. With
the advent of the PCR technique, PCR-based RFLP markers have been developed
that require far less DNA and allow for rapid analysis and easy high-throughput
genotyping. PCR-RFLP is a well-established method and is widely used as a
means to rapidly and reliably detect DNA sequence variations. These variations
result in unique restriction sites that discriminate a pair of alleles in a three-
step process: PCR amplification of the DNA sequence of interest, restriction en-
donuclease digestion, and electrophoresis-based analysis of the resulting frag-
ments. The markers generated by PCR-RFLP are known as CAPS (cleaved ampli-
fied polymorphic sequences) and are proven to be powerful for the mapping of
mutant loci and SNP genotyping with medium-throughput and low-cost features
(Neff et al. 1998).
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1. PCR amplification: The recipe (in final concentration) is as follows:

PCR buffer 1q
MgCl2 2.5
dNTPs 200 mM (each)
Forward primer 1 mM
Reverse primer 1 mM
Taq DNA polymerase 1 U
DNA template 1–10 ng

Thermocycler programmed for the PCR run: Initial denaturation: 95 hC for
5 min, then 40 cycles: 95 hC for 30 s (denaturation); 50Z60 hC for 30 s (anneal-
ing, the temperature is dependent on Tm of the primers); 72 hC for 5 min (elon-
gation); and finally hold at 4 hC.

2. Endonuclease digestion.
a. Transfer 10 mL of PCR products into each microtube.
b. Prepare a digestion master mix. For each sample use 2 mL of appropriate re-

striction buffer, 5Z10 U of enzyme required, and dd H2O to give a total vo-
lume of 20 mL per sample.

c. Dispense 10 mL of the digestion mix per sample.
d. Incubate on a thermocycler at appropriate temperature for 3 h.

3. Electrophoresis.
a. Load 10 mL of digested products plus 2 mL of 6q PCR-loading buffer in 2Z3%
agarose gels with ethidium bromide (depending on the size discrimination
needed) covered with TBE buffer, and carry out electrophoresis at a constant
voltage.

b. Visualize gels on a UV transilluminator and capture image by a camera.

2.2.1.3 Mismatch PCR-RFLP
In the CAPS technique, a limitation exists in that only mutations creating or dis-
rupting a restriction enzyme recognition site can be detected. However, the major-
ity of single-nucleotide changes do not generate restriction site differences. A simi-
lar technique of CAPS, called dCAPS (derived cleaved amplified polymorphic se-
quence), has been developed using PCR reactions with primers in which one or
more mismatched nucleotides are introduced to discriminate between alleles
that differ by single-nucleotide changes, which do not generate restriction-site
differences (Neff et al. 1998). The amplified PCR products obtained from mis-
matched PCR primers are used to create restriction sites digested by an appropriate
restriction enzyme and resolved by gel electrophoresis. Heterozygous plants can
also be rapidly discriminated using this method because of the codominant nature
of dCAPS. The dCAPS marker is thus also applicable for fine genetic mapping.
The protocol of dCAPS is similar to CAPS.
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2.2.2
RAPD

Random amplification polymorphic DNA (RAPD) was the pioneer marker of PCR-
based molecular markers developed for genetic-mapping and DNA-fingerprinting
purposes. Since then, many new modifications of the PCR-based molecular marker
techniques have been developed for different purposes. PCR-based markers are the
second generation of molecular markers. They have been extensively developed
and utilized in genetic mapping, genomic fingerprinting, and diversity studies be-
cause they are relatively simple and sequence information is not necessary for pri-
mer design.
When a single random oligonucleotide primer (approximately 10 bases) is used

in a PCR reaction, it anneals to homologous sequences in the genome. Amplicons
throughout the genome are targeted and amplified if the primer also anneals to
sequences on complementary strands not far away from the 3l end of the other
primers (Welsh and McClelland 1990). Since PCR-amplified fragments are gener-
ated primers hybridizing to genomic sites at which they fortuitously match or almost
match, multiple products are produced under conditions of low stringency with a
single random primer, which are separated on an agarose gel stained with ethidium
bromide. However, a single primer can generate a relatively complex pattern that
varies among plant materials; in most cases, a single primer provides one to three
intense bands that may differ between parents of a mapping population. Therefore,
only reproducible, intense bands in each pattern can be used as molecular markers.
RAPD has been less popular in genetic mapping and genomic fingerprinting be-
cause of several disadvantages in the procedure. There is the problem of reproduci-
bility not only among laboratories but also within a laboratory over time, making the
marker information difficult to share and repeat. When RAPD PCR amplification is
under less stringent conditions, virtually every aspect of PCR can affect reproduci-
bility. Changes in PCR parameters affect most notably the presence of low-intensity
bands, but can also affect the position and intensity of high-intensity bands.

1. Put 25Z50 ng template DNA into each microtube.
2. Prepare a master mix for PCR reactions:

PCR buffer 1q
MgCl2 1.5 mM
dNTPs 200 mM (each)
10-mer oligo primer 1 mM
Taq DNA polymerase 1 U
DNA template 50 ng

3. Place the tubes into a PCR thermocycler and run the following program: 95 hC
for 3 min, then 40 cycles; 95 hC for 1 min, 36 hC for 1.5 min, and 72 hC for
1.5 min, followed by a final extension at 72 hC for 10 min.

4. Run gel electrophoresis of 10 mL of amplified products plus 2 mL of PCR-loading
buffer in 1Z2% agarose gel for 2 h at 50 V cm–1 gel.



2.2.3
SSR Markers

Simple sequence repeat (SSR) or microsatellite is one of the most important cate-
gories of molecular markers. It comprises the core marker system of the PCR-
based molecular markers and is widely used for DNA fingerprinting, genetic map-
ping, MAS, and studies of genetic diversity and population genetics (Hearne et al.
1992; Zietkiewicz et al. 1994). Microsatellite markers are abundant, highly poly-
morphic, and codominant and distinguish multiple alleles in a plant species due
to variation in the number of repeat units (motif), which are composed of 1Z
6-bp short DNA sequences, such as dinucleotide repeats [(AT)n and (CT)n] and tri-
nucleotide repeats (ATT), and disperse mainly in the regions between genes and
un-coding regions throughout genomes (Li et al. 2002).
The analysis of microsatellite polymorphism is PCR-based. Two conserved and

locus-specific PCR primers flanking each microsatellite repeat are used for PCR
amplification. Several detection methods have been developed based on primer la-
beling, gel utility, staining, and detection equipment. The PCR amplification can
be done with either two normal primers or one normal primer and another primer
modified at the 5l end labeled by radioactive [g-32P] ATP using T4 polynucleotide
kinase, which is simple and cheap but produces a lower resolution than using a
fluorescent dye (fluorophore). PCR products can be detected using agarose gel,
non-denaturing polyacrylamide gel, and denaturing polyacrylamide gel. The agar-
ose gel detection system using more than 3% concentrated agarose and ethidium
bromide staining is commonly used in MAS. In most cases, a resolution of at least
10 bp can be reached. However, if the difference in size of SSR PCR products is
less than 10 bp, a polyacrylamide gel-based system for electrophoresis using iso-
tope-labeled primer is preferred. Another way to detect SSR products is carried
out on a DNA sequencer system that detects fluorescent dye labels by laser excita-
tion. The dyes fluoresce at certain wavelengths, and this information is collected
and analyzed by software programs that score SSR alleles as peaks on a graphical
display. Internal size standards are run within each lane for accurate allele sizing,
down to a separation of only 1 bp. Three different dyes can be used as labels to
analyze at least three markers in a single gel lane on an ABI DNA sequencer.
This number can be increased if the allele size range of SSR loci is well character-
ized. Using this information, alleles with the same dye that are run within the
same gel lane are correctly scored because they fit in a size range of their corre-
sponding SSR locus. Based on these features, multiplexing can be conducted by
including several primer pairs in a single PCR amplification (multiplex PCR), by
pooling single PCR amplifications, or by combining these approaches. Therefore,
a fluorescence-based genotyping system using a sequence analyzer has been widely
adopted. It offers both precise estimation of fragment size and analysis of data by a
semiautomated, high-throughput system that includes software for accurate and
timely allele assignment. This genotyping system can also be used for AFLP ana-
lysis.
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Fluorescence provides a number of advantages over other labeling methods: (1)
fluorescent compounds and substrates have a longer shelf life than radioisotopes
(which must be used immediately to avoid radiolytic decay); (2) safety, handling,
and disposal issues are significantly less demanding and expensive than those
for radioisotopes and silver staining; (3) fluorescent detection methods are
much faster than autoradiography and silver stain development; (4) the fluorescent
signal is linear over a wider concentration range, allowing more flexibility in quan-
titative analysis; (5) variations in SSR sizes and fluorophores allow multiplexed
markers to be detected simultaneously; (6) background can be minimized by spe-
cific selection of the fluorescent label; and (7) it uses electronic data collection, in-
cluding spectral software for fragment size determination and calling of allele and
genotype.

2.2.3.1 Conventional SSR Analysis
A: Agarose Gel Detection System

1. Run PCR for each sample using the following recipe:

10 q PCR buffer 2.0 mL
MgCl2 (50 mM) 1.0 mL
dNTPs (2mM) 2.0 mL
PVP (20%) 2.0 mL
BSA (10 mg mL–1) 0.2 mL
Unlabeled forward primer (20 nM) 0.4 mL
Unlabeled reverse primer (20 nM) 0.4 mL
Taq DNA polymerase (5 units mL–1) 0.2 mL
H2O 9.8 mL
DNA (50Z100ng) 2.0 mL

2. Make a 3% agarose gel with 5% ethidium bromide.
3. Add 5 mL of 6 q loading dye to each well with PCR product. Mix well.
4. Load 10 mL of each sample into separate wells of the agarose gel.
5. Let the gel run for approximately 3 h at 60–75 volts.
6. Put the gel into an Alpha Imager and then photograph the gel or save the image

into a file.

B: Denaturing Gel Detection System (Radioactive Method)
Based on the difference of radioactive labeling methods, two methods have been
used for SSR polymorphism detection. One method is to label [g-32P] ATP to the
5l end of one of the two PCR primers using T4 polynucleotide kinase. The
other commonly used method is to directly add [a-32P]dATP (Bui and She 1996)
or [a-33P]dATP into the PCR mixture (Cregan et al. 1994; Reineke and Karlovsky
2000).
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Labeled PCR primer using T4 polynucleotide kinase

1. Label the 5l end of one of the two PCR primers using T4 polynucleotide kinase.
Mix the following

Oligonucleotide primer 50 pmoles
10q kinase buffer 2.0 mL
[g-32P] ATP (7000 Ci mmoles–1) 2.0 mL
T4 polynucleotide kinase (1 unit mL–1) 1.0 mL
dd H2O to 20 mL

and incubate at 37 hC for 1 h.
2. Separate the labeled oligonucleotides from unincorporated [g-32P] ATP by cen-

trifugation through small columns of Sephadex G-75.
3. Perform PCR amplification for each sample. The recipe of preparing PCR for

each sample is as follows:

10q PCR buffer 1.0 mL
MgCl2 (25 mM) 1.0 mL
dNTPs (2mM) 1.0 mL
Unlabeled 5l primer (20 mM) 0.1 mL
Unlabeled 3l primer (20 mM) 0.1 mL
Labeled primer 1/100th
Taq DNA polymerase (5 units mL–1) 0.1 mL
dd H2O to 8 mL
DNA (50Z100ng) 2.0 mL

4. Aliquot 8 mL of mix (except 2.0 mL of template DNA) to each PCR tube.
5. Prepare a standard sequencing gel containing 6% polyacrylamide, 7.7 M urea.
6. Add 2 mL of 6 q loading dye to each PCR reaction and load 2Z4 mL of PCR pro-

ducts on the gel.
7. Electrophorese the gel at 60Z70 W for 2Z3 h depending on the sizes of the am-

plified products.
8. Visualize the SSR bands with autoradiography.

Direct isotope incorporation into PCR products

1. PCR amplification:

Tris-HCl pH 9.0 10 mM
KCl 50 mM
MgCl2 1.5 mM
dNTPs 0.2 mM
5l primer 0.15 mM
3l primer 0.15 mM
Triton X-100 0.1%
[a-32P]dATP (10 mCi mL–1) 0.1 mL
Taq DNA polymerase (5 units mL–1) 0.2 mL
DNA (50–100 ng) 2.0 mL
H2O to 10 mL
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The PCR reaction can be performed with a PCR thermocycler using the follow-
ing program: Denaturation at 94 hC for 3 min, 35 cycles at 94 hC for 1 min;
47Z60 hC (depending on the primers) for 1 min; 68 hC for 1 min; and a final
extension at 72 hC for 10 min.

2. Prepare a standard sequencing gel containing 6% polyacrylamide, 6.0 M urea.
3. Load PCR products on the gel, electrophorese, and take an autoradiograph.

C: SSR Detection System Using a Sequencer
This protocol can be a valuable tool for efficient fragment analysis for high-
throughput laboratories. The detection of DNA fragments including SSRs can be
performed on a gel-based DNA sequencer (such as ABI 377 or LI-COR IR2) or a
capillary-based DNA sequencer (such as ABI 3100 with 16 capillaries, CEQ 8000
with eight capillaries, ABI 3700 with 96 capillaries, or Aurora with a 24-, 48-,
96-, or 192-capillary array for higher throughput). Three methods of fluorescence
labeling will be described: fluorophore-modified primer, PCR products with
internal fluorophore-modified dNTP, and the post-PCR fluorescence-labeling
method.

Fluorophore-modified primer

1. Forward primers can be labeled with 6-carboxyfluorescein (6-FAM; blue), hexa-
chloro-6-carboxyfluorescein (HEX; yellow green), NED (yellow), or tetrachloro-
6-carboxyfluorescein (TET; green).

2. The PCR reaction mixture contains:

Genomic DNA 5–30 ng
Tris-HCl, pH 8.3 10 mM
KCl 50 mM
MgCl2 1.5 mM
dNTPs 0.2 mM
Labeled forward primer 2.5–10 pmol
Unlabeled reverse primer 2.5–10 pmol
Taq DNA polymerase 0.5–1 unit
dd H2O to 10 mL

3. PCR reaction can be performed with a PCR thermocycler using the following
program: denaturation at 94 hC for 2 min, 30 cycles at 94 hC for 1 min;
47Z60 hC (depending on the primers) for 1 min; 72 hC for 1 min; and a final
extension at 72 hC for 10 min.

Note: Following amplification, an aliquot of PCR (0.5Z1.5 mL) is mixed with 10 mL
of formamide and a ROX (red)-labeled internal size standard (GENESCAN-500 or
GENESCAN-400), then denatured at 94 hC for 4 min, and finally chilled on ice. For
fluorescent multiplex PCR, the quantity of template DNA needs to be minimized,
and primer concentration for each SSR must be optimized to get a good resolution
of peaks and uniform signals for each color. For pooling of PCR products that are
performed separately in different PCR amplification with each labeled primer, the
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aliquot of PCR products of each primer needs to be optimized before combining
samples based the SSR sizes and fluorescent dye colors.
PCR products with internal fluorophore-modified dNTP
This method is an alternative to fluorescent-labeling PCR products. It involves

the use of fluorescent-labeled dNTPs, which are internally incorporated during
the PCR amplification reaction. It offers a cost-effective way to survey polymorph-
ism between parents for genetic mapping using all SSR makers because it is not
necessary to synthesize or purchase fluorophore-modified primers before knowing
the polymorphic information.

1. The PCR reaction mixture contains:

Genomic DNA 30–50 ng
Tris-HCl, pH 8.3 10 mM
KCl 50 mM
MgCl2 2.5 mM
dNTPs 0.2 mM
Forward primer 8 pmol
Reverse primer 8 pmol
Taq DNA polymerase 1 unit
f-dCTP 0.5–1 pmol
dd H2O to 10 mL

2. The PCR reaction can be performed with a PCR thermocycler using the follow-
ing program: denature at 94 hC for 2 min followed by 30 cycles at 94 hC for
1 min; 47–60 hC (depending on the primers) for 1 min; 72 hC for 1 min; and
a final extension at 72 hC for 10 min.

3. Following amplification, an aliquot of PCR (0.5-1.5 mL) is mixed with 10 mL of
formamide and a ROX (red)-labeled internal size standard (GENESCAN-500 or
GENESCAN-400) and then denatured at 94 hC for 4 min and chilled on ice.

Note: The fluorescent-labeled dNTP (deoxy-nucleotide triphosphate) is usually
dCTPs ([R110]dCTP, [R6G]dCTP, [TAMARA]dCTP, or [Cy5]dCTP). Multiplex load-
ing can be performed on a capillary sequencer based on different colors. Although
cost-effective, this method is not suitable for precise estimation of the length of
PCR products because the amplified fragments are chemically heterogeneous,
which is caused by variability in the number of incorporated fluorescent nucleo-
tides.

Post-PCR Fluorescence-labeling Method

This method is cost-effective because it does not use expensive fluorescent-labeled
primers. It also has the advantage of avoiding ambiguity in the analysis, which may
arise from the addition of non-template nucleotides by Taq DNA polymerase.
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1. The PCR reaction mixture contains:

Genomic DNA 30–50 ng
Tris-HCl, pH 8.3 10 mM
KCl 50 mM
MgCl2 2.5 mM
dNTPs 0.2 mM
Forward primer 1 mM
Reverse primer 1 mM
Taq DNA polymerase 1 unit
dd H2O to 10 mL

2. The PCR reaction can be performed with a PCR thermocycler using the follow-
ing cycling profile: denaturation at 94 hC for 2 min; 30 cycles at 94 hC for 30 s;
47–60 hC (depending on the primers) for 30 s; 72 hC for 1 min; and a final ex-
tension at 72 hC for 5 min.

3. Label PCR products.

PCR products or pooled samples 4 mL
Labeling reaction mix 4 mL
Including: Tris-HCl, pH 8.7 5 mM
MgCl2 10 mM
Klenow fragment DNA polymerase I 0.1 U mL–1

f-dCTP or f-dUTP 2 mM

4. Incubate the mixture for 15 min at 37 hC.
5. Add 0.8 mL 0.2 M EDTA to stop the reaction.
6. Add 0.8 mL calf intestinal alkaline phosphatase (2 U) and incubate the mixture

for an additional 30 min at 37 hC to degrade the labeled nucleotide.
7. Take 4 mL of each PCR product of samples that should be independently labeled

for multiplex loading.
8. Mix 1 mL of the pooled sample with 0.2 mL of size standard and 10 mL formamide.
9. Denature at 95 hC for 4 min on a thermocycler.
10.Electrophorese using ABI 3100 DNA sequencer.

Note: Based on agarose gel electrophoresis results, combinations of microsatellite
markers for multiplex electrophoresis can be performed using fluorescent dyes to
label the PCR products, provided that there are no overlapping peaks for the same
color in the image profile. This method is more flexible than other fluorescent la-
beling methods, but the SSR profile and size must be known in advance.

2.2.3.2 ISSR
Inter-simple sequence repeats (ISSR) is a RAPDs-like marker system that does not
require any prior knowledge of genome sequence (Godwin et al. 1997). ISSR can
access variation in the numerous microsatellite regions by using primers that are
anchored at the 5l or 3l end of a repeat region and extend into the flanking region.
This technique then allows amplification of the genomic segments between inver-
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sely oriented repeats (ISSRs). Generally, a series of single primers are used to gen-
erate a series of fragments that are size-separated on either an agarose gel or a poly-
acrylamide gel (Nagaraju et al. 2002). There are three steps involved in ISSR mar-
ker analysis: designing oligonucleotide primers, amplifying ISSR segments by
PCR, and separating the PCR products. Oligonucleotide primers of ISSR-PCR
are usually designed based on the repeat sequence motifs of microsatellites,
such as (GA)n or (CA)n, following the rule of the adjunction of either the 5l or
3l flanking anchor, such as (GA)8RGY or (CA)8RG. These anchors ensure a higher
resolution and better reproducibility of the bands in ISSR profiles. The multi-locus
marker system is useful for fingerprinting, genetic diversity analysis, and genetic
mapping. This technique is rapid and can differentiate between closely related in-
dividuals. The advantages of this technique include multiple polymorphic loci,
high throughput, and low cost. Disadvantages are that ISSR markers are domi-
nant, less reproductive, and poorly productive for some primer combinations. Add-
ing an additional PCR re-amplification step into the standard ISSR-PCR protocol
can prominently increase reproducibility and productivity (Wiesner and Wiesner-
ov� 2003).

A: ISSR-PCR Protocol

1. The PCR reaction mixture contains:

Genomic DNA 20 ng
Tris-HCl, pH 8.3 10 mM
KCl 50 mM
MgCl2 4.0 mM
dNTPs 0.2 mM
ISSR primer 0.2 mM
Taq DNA polymerase (TaKaRa) 1 unit
dd H2O to 25 mL

2. The PCR reaction can be performed with a PCR thermocycler using the
following cycling profile: denaturation at 94 hC for 3 min, 35 cycles at 94 hC
for 1 min; 55 hC for 30 s; 72 hC for 1 min; and a final extension at 72 hC for
3 min.

3. Electrophorese.

B: FISSR-PCR Protocol

1. The PCR reaction mixture contains:

Genomic DNA 5 ng
Tris-HCl, pH 8.3 10 mM
KCl 50 mM
MgCl2 2.5 mM
dNTPs 1 mM
Gelatin 0.01%
Triton X-100 0.01%
ISSR primer 4 mM
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Taq DNA polymerase
(Ampli Taq Gold, Perkin-Elmer)

0.25 unit

Fluorescent dUTP (TAMARA, R110 or
R6G)

0.4 mM

Add H2O to 5 mL

2. The PCR reaction can be performed with a PCR thermocycler using the follow-
ing cycling profile: denature at 94 hC for 10 min, followed by 35 cycles at 94 hC
for 30 s; 50 hC for 30 s; 72 hC for 1 min; and a final extension at 72 hC for
10 min.

2.2.3.3 STMP
SSR markers have extensive utility in many areas, but a major limitation of SSRs is
present in discovering and characterizing of individual loci when the DNA se-
quence is not available. The procedure involves constructing a genomic library,
screening positive clones with SSR-specific probes, and characterizing copy num-
ber, polymorphism, and chromosomal position of each SSR, which is too compli-
cated. STMP (sequence-tagged microsatellite profiling) is a technique for rapidly
generating large numbers of simple sequence repeat (SSR) markers from genomic
DNA or cDNA (Hayden and Sharp 2001; Hayden et al. 2002). The technique is
based on the principle of AFLP to produce a pool of amplified Pst I-Mse I restriction
fragments and then to enrich DNA fragments containing SSRs by PCR using the
primer combination of a single adapter primer with a biotinylated oligonucleotide
primer that anchors to the SSR 5l ends. After pre-amplification, only fragments
containing target SSRs are captured using streptavidin-coated magnetic beads.
These fragments can be cloned for sequencing or directly sequenced after fraction-
ing and cleaning up of PCR products using specific adapter primers. Longer frag-
ments in the pool of SSR-contained amplicons allow STMP markers to be con-
verted into SSR markers. This technique eliminates the need for library screening
to identify SSR-containing clones and provides a more efficient way to develop SSR
markers compared to traditional methods.

2.2.4
AFLP

2.2.4.1 Conventional AFLP Analysis
Typical AFLP is a PCR-based DNA fingerprinting technique, usually comprised of
the following steps:

1. Restriction of the DNA with two restriction endonucleases, preferably a hexa-
cutter and a tetra-cutter, both generating 5l protruding ends (overhang).

2. Ligation of two double-stranded adapters complimentary to the ends of the re-
striction fragments.

3. Amplification of a subset of the restriction fragments using two primers com-
plementary to the adapter and restriction site sequences and extended at their 3l



ends by selective nucleotides. The forward primer is labeled with radioactive
33P.

4. Gel electrophoresis of the amplified restriction fragments on denaturing poly-
acrylamide gels.

5. Visualization of the DNA fingerprints by means of autoradiography or phos-
phoimaging.

The availability of many different restriction enzymes and corresponding primer
combinations provides a great deal of flexibility, enabling AFLPs to be used in a
large number of applications, such as the assessment of genetic diversity, popula-
tion structure, phylogenetic relationships, genetic mapping, QTL mapping, fine
physical mapping, and transcript profiling for gene expression (Mueller and Wol-
fenbarger 1999).
AFLP combines the advantages of RFLP and PCR to provide greatly enhanced

performance in terms of reproducibility, resolution, time efficiency, and poly-
morphism detection at the whole-genome level (Scottdl et al. 1998), and no prior
DNA sequence information is required, rendering it a particularly useful discovery
tool.

AFLP Protocol

1. Adjust the concentration of genomic DNA samples to a uniform concentration.
2. Restriction digestion of DNA:

Genomic DNA 200Z500 ng
Tris-acetate, pH 7.5 at 37 hC 10 mM
K-acetate 50 mM
Mg-acetate 10 mM
BSA 0.1 mg mL–1

EcoR I 5 U
Mse I 5 U
Add dd H2O to 12.5 mL

3. Incubate at 37 hC for 5Z8 h.
4. Ligation of adapters:

a. Adapter preparation: EcoR I-adapter: 5l-CTCGTAGACTGCGTACC (EcoR
I-adapterF) 3l-CATCTGACGCATGGTTAA-5l (EcoR I-adapterR) Mse I-adap-
ter: 5l-GACGATGAGTCCTGAG (Mse I-adapterF) 3l-TACTCAGGACTCAT-
5l (Mse I-adapterR). Dissolve ssDNA adapter oligonucleotides (non-phos-
phorylated) in 10 mM Tris, pH 8.5, and adjust the concentration of each oli-
gonucleotide to a 200 pmoles mL–1 stock concentration. Mix equal amounts of
each complementary oligonucleotide together to a working concentration of
20 pmoles mL–1 for each.

b. Ligation cocktail:

Tris-acetate, pH 7.5 at 37 hC 10 mM
K-acetate 50 mM
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Mg-acetate 10 mM
ATP 0.4 mM
Adaptor 1 50 mM
Adaptor 2 50 mM
T4 DNA ligase 1 U
dd H2O to 12.5 mL

Add 12.5 mL of ligation mixture to each restriction mixture. Incubate at 16 hC
overnight. Add 100 mL of 10 mM Tris (pH 8.5) to dilute the template DNA
for pre-amplification.

5. Pre-amplification
a. Pre-amplification recipe:

1:5 diluted template DNA 2.5 mL
Tris-HCl, pH 8.4 10 mM
KCl 50 mM
MgCl2 1.5 mM
dNTP 0.2 mM
Pre-selective primer 1 0.75 mM
Pre-selective primer 2 0.75 mM
Taq DNA polymerase 1 U
Deionized formamide 2%
dd H2O to 20 mL

b. PCR thermocycle profile: 94 hC, 2 min; 94 hC, 30 s; 50 hC, 30 s; 72 hC, 1 min;
repeat steps 2–4 20 times; and hold at 4 hC.

6. Selective amplification:
a. Primer labeling by g-33P-ATP: In order to detect the selective amplified PCR
products, one of the two selective amplification primers should be labeled with
g-32P-ATP or g-33P-ATP at the P end of the primer (oligonucleotides), which is
catalyzed by T4 polynucleotide kinase. The recipe for a 50-mL labeling solution
is as follows:

EcoR I selective primer 10 mL
g-33P-ATP 10 mL
Tris-HCl, pH 7.6 70 mM
MgCl2 10 mM
KCl 100 mM
2-mercaptoethanol 1 mM
T4 polynucleotide kinase 10 U
Add dd H2O to 50 mL

Incubate at 37 hC for 1 h and then keep at 70 hC for 10 min.
b. AFLP PCR recipe:

1:5 diluted pre-amplified template DNA 2.5 mL
Tris-HCl, pH 8.4 10 mM
KCl 50 mM
MgCl2 1.5 mM
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dNTP 0.2 mM
EcoR I primer (labeled) 4 pmol
Mse I primer 20 pmol
Taq DNA polymerase 1 U
Add dd H2O to 20 mL

c. PCR thermocycle profile: 94 hC, 2 min; 94 hC, 30 s; 65 hC, 30 s, –0.7 hC per
cycle starting next cycle; 72 hC, 1 min; repeat steps 2–4 12 times; 94 hC, 30 s;
56 hC, 30 s; 72 hC, 1 min; repeat steps 6–8 25 times; 72 hC, 5 min; hold at 4 hC

7. Electrophoresis of PCR products:
a) Mix each reaction with an equal volume of 2q formamide buffer (98% for-
mamide, 10 mM EDTA, pH 8.0, plus bromophenol blue and xylene cyanol for
tracking dye).
b) Incubate samples at 93 hC for 4Z 5 min and immediately place on ice.
c) Load 3 mL sample on gel (6.0% acrylamide:bisacrylamide [19:1], 7.5 M urea,
1q TBE buffer).
d) Run at 40–50 W with 1q TBE as the running buffer until the xylene cyanol
is about 2–3 cm from the bottom of the gel and stop.

8. Autoradiography: Dry gel on filter paper and then generate autoradiograph
using Kodak BioMax film (or similar product from another supplier) at
–80 hC for three days.

Note: This pre-amplification step can decrease the background noise that is ob-
served on autoradiography films.

2.2.4.2 f-AFLP
The fluorescence-based AFLP (f-AFLP) approach utilizes an automated DNA se-
quencer to simultaneously collect image data of multiplexed AFLP PCR products
labeled with different fluorescent dyes (Myburg et al. 2001). This approach has
the advantage of being more amenable to semiautomated and high-throughput
genotyping than is typical AFLP. The procedures of restriction, ligation, and pre-
amplification are almost the same as with typical AFLPs (see typical AFLP section),
except that lower amounts of DNA (100Z300 ng) should be used, and the dilution
ratio of pre-amplification template DNA and selective amplification DNA is prefer-
ably 1:10 because fluorescence is more sensitive than radioactivity.

1. Selective amplification:

1:10 diluted pre-amplified template DNA 2.0 mL
Tris-HCl, pH 8.4 10 mM
KCl 50 mM
MgCl2 1.5 mM
dNTP 0.2 mM
EcoR I primer (labeled) 0.4 pmol
Mse I primer 6 pmol
Taq DNA polymerase 1 U
Add dd H2O to 10 mL



2. Prepare samples for electrophoresis on a capillary sequencer.
a. Aliquot 1.0Z1.5 mL of PCR products for each sample. Multiplex loading is al-
lowed if the PCR reactions are performed using the same set of samples and
different combinations of AFLP primers labeled with different colors (ABI de-
tection system can promise four-color multiplex loading).
b. Mix 0.2 mL of 400-bp or 500-bp size standard and 10 mL of Hi-Di Formamide
for each sample of the loading plate, and then dispense 10.2 mL of mixture into
each sample.
c. Denature at 95 hC for 5 min and put the plate on ice.

3. Electrophorese on a DNA sequencer following the instructions of the manufac-
turer.

2.2.4.3 cDNA-AFLP and HiCEP
The cDNA-AFLP method has been commonly used to display the expression pro-
file of the transcriptomes of a specific tissue, stress response, or developmental
stage, and to construct a transcriptome map (Brugmans et al. 2002). It has also
been used to develop the transcriptome-derived cDNA-AFLP markers specifically
for targeting the coding regions of genes across the whole genome and, like
AFLP, it does not require prior sequence information. The cDNA-AFLP protocol
was derived from AFLP using a combination of two restriction enzymes, one
with frequent cut sites and another one with rare cut sites. Unlike AFLP, there
are some important aspects to consider when deciding on which enzymes to use
for cDNA, especially the expected and observed frequency of cut sites, coverage
(percentage of expressed genes that are observable), and false positives. Extremely
rare or extremely frequent cutting restriction enzymes will likely not produce fin-
gerprints suitable for interpretation. Rare cutting restriction enzymes, such as
EcoR I, Pst I, and Ase I, which are usually used in AFLP protocol, would probably
not generate many cuts in cDNA, and the power of cDNA-AFLP would be low.
However, if only frequent 4-bp cutters are used and redundant bands are not elimi-
nated as more than one band is produced, the method would suffer from a high
rate of false positives. Based on applications of cDNA-AFLP, there are two kinds
of cDNA-AFLP methods that have been developed. One is simply an application
of the AFLP approach with minor modification to the cDNA; another is a specific
approach for cDNA, which is known as “high-coverage expression profiling”
(HiCEP) (Fukumura et al. 2003). The major advantages of cDNA AFLP technology
are that a large fraction of the expressed genes is targeted, the technique is very
sensitive, and it is consequently able to detect low-abundance transcripts.

Conventional cDNA-AFLP Analysis

1. mRNA isolation:
a. Harvest young tissue (1–5 g) and grind to a fine powder under liquid nitro-
gen and store at –80 hC until RNA isolation.
b. Isolate total RNA.
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2. cDNA synthesis:
a. Extract the poly(A)þRNA from 10 mg total RNA using poly(d)[T] 25 V oligo-
nucleotides coupled to paramagnetic beads.
b. Synthesize first- and second-strand cDNA according to standard protocols.
c. Adjust the volumes for mRNA isolation and cDNA synthesis to facilitate
handling in a 96-well plate format such that the whole sample can be processed
simultaneously.
d. The final volume after cDNA synthesis is 50 mL. Then, 5 mL of the reaction
mix is analyzed on a 1% agarose gel to estimate the concentration, which is
equalized to 10 ng mL–1.

3. Template preparation: With the exception of what enzymes are used, the proce-
dures for template preparation are similar to AFLP.

High-coverage Expression Profiling (HiCEP)

1. Digest a total of 1.5 mg of mRNA with DNase I (1.5 U mL–1 at 25 hC for 15 min).
2. Synthesize the first strand of cDNA using a Superscript First-Strand Synthesis

System for RT-PCR (Invitrogen) with 100 pmol of 5l biotinylated oligo(dT) pri-
mer.

3. Synthesize the second-strand cDNA.
4. Digest the double-stranded cDNA (dscDNA) with 50 U MspI.
5. Ligate to 5.0 mg of MspI adapter (5l-AATGGCTACACGAACTCGGTTCAT-

GACA-3l and 5l-CGTGTCATGAACCGAGTTCGTGTAGCCATT-3l) with 400 U
T4 DNA ligase.

6. Use magnetic separation of the ligated products bearing biotin at the 5l termi-
nus, which will be bound to magnetic beads coated with streptavidin (Dyna-
beads M-280 Streptavidin).

7. Wash twice with 1.0 mL of washing buffer (5 mM Tris-HCl pH 7.5, 0.5 mM
EDTA, 1.0 M NaCl).

8. Digest the cDNA fragments on the magnetic beads with 20 U Mse I.
9. Collect the supernatant, including the digested fragments.
10.Follow with ligation with 10.2 pmol Mse I adapter (5l-AAGTATCGTCAC-

GAGGCGTCCTACTGCG-3l and 5l-TACGCAGTAGGACGCCTCGTGACGA-
TACTT-3l) using 400 U T4 DNA ligase in the presence of 2 U Mse I in 15 mL
of reaction mixture.

11.Add 1485 mL of 0.1q TE (1.0 mM Tris-HCl pH 8.0, 0.1 mM EDTA), and use
1.0 mL of the resulting solution as a template for selective PCR.

12.Selective PCR and electrophoresis. The mixture in 20 mL of solution includes:
a. pmol of Msp I-NN primer (5l-label- ACTCGGTTCATGACACGGNN-3l)
b. pmol of Mse I-NN primer (5l-AGGCGTCCTACTGCGTAANN-3l)
c. 40 nmol of dNTPs
d. 1q Taq DNA polymerase buffer
e. 1 U Taq DNA polymerase

PCR conditions: 95 hC for 1 min, 28 cycles of 95 hC for 20 s, 71.5 hC for 30 s, and
72 hC for 1 min, followed by 60 hC for 30 min.
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2.2.4.4 TE-AFLP
TE-AFLP, called three-endonuclease AFLP (van Der Wurff et al. 2000), is derived
from the typical AFLP method. Three endonucleases and two sets of adapters
are used in TE-AFLP rather than two endonucleases as in AFLP. Adding the addi-
tional endonuclease increases the discriminatory power by reducing the number of
restriction fragments, and provides discrimination at restriction sites of the third
endonuclease. This method can simplify the two-step amplification to one-step am-
plification in fingerprinting complex genomes.

1. Restriction-ligation:

Genomic DNA 20 ng
Tris-HCl, pH 7.6 10 mM
NaCl 50 mM
MgCl2 10 mM
DTT 1 mM
ATP 0.5 mM
Adapters 4 pmol
T4 DNA ligase 0.5 Weiss units
Xba I 6 U
BamH I 1.25 U
Rs aI 1 U
Add H2O to 20 mL

The reaction tube or plate is incubated for 1.5 h at 30 hC.
2. PCR amplification:

Digestion-ligation solution as
template

0.5 mL

Tris-HCl, pH 8.5 15 mM
KCl 50 mM
MgCl2 1.5 mM
dNTPs 0.2 mM
labeled forward primer 10 pmol
Unlabeled reverse primer 10 pmol
Taq DNA polymerase 2.5 unit
Add H2O to 50 mL

PCR program: denaturation at 95 hC for 2.5 min; 10 cycles at 95 hC for 30 s,
70 hC for 30 s, and 72 hC for 1 min; 40 cycles at 95 hC for 30 s, 60 hC for 30 s,
and 72 hC for 1 min; and a final extension at 72 hC for 20 min.

3. Electrophoresis: Same as for f-AFLP.

2.2.4.5 MEGA-AFLP
MEGA-AFLP (multiplex-endonuclease genotyping approach; Agbo et al. 2003) is
also a derivation of the conventional AFLP technique. In this approach, four or
more endonucleases in combination with one pair of adapters/primers are used
for accessing more robust loci of restriction sites than can the two endonucleases
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used in conventional AFLP. The principle of this method is that some endonu-
cleases create cohesive ends that are compatible with the overhang sites created
by other endonucleases. Only one pair of adapters is used for ligation to allow am-
plification of the fragments by a pair of cognate primers in PCR, permitting robust
and stringent reaction conditions.

1. Double digestion.
a. The first digestion uses Bgla and EcoR I.

Genomic DNA 100 ng
Tris-HCl, pH 7.5 at 37 hC 50 mM
NaCl 100 mM
MgCl2 10 mM
BSA 0.1 mg mL–1

Bgla 10 U
EcoR I 10 U
H2O to 20 mL

The reaction is incubated for 4 h at 37 hC.
b. Add 30 mL 2-propanol to precipitate digested fragments.
c. The digests are dissolved in 10 mL distilled water for the second digestion.
d. Second digestion:

Digested fragments 10 mL
Tris-HCl, pH 7.5 at 37 hC 10 mM
NaCl 50 mM
MgCl2 10 mM
BSA 0.1 mg mL–1

BclI 10 U
MunI 10 U
Add H2O to 20 mL

The reaction is incubated for 4 h at 37 hC.
e. The digests are precipitated using 2-propanol and again dissolved in 10 mL
distilled water.

2. Ligation:

Digested DNA 10 mL
Tris-HCl, pH 7.5 330 mM
MgCl2 25 mM
DTT 5 mM
ATP 5 mM
Bgla adapters 20 pmol
MunI adapters 20 pmol
T4 DNA ligase 400 U
Add H2O to 20 mL

The mixture is incubated for 2 h at 25 hC.
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3. Pre-selective amplification:

1:1 diluted ligation product 4 mL
Tris-HCl, pH 9.0 10 mM
KCl 5 mM
Triton X-100 0.1%
Gelatin 0.01% w/v
MgCl2 2.5 mM
dNTPs (for each) 0.2 mM
BglII pre-amp primer 5 pmol
MunI pre-amp primer 5 pmol
Taq DNA polymerase 1 U
Add H2O to 20 mL

PCR program: denature at 95 hC for 2 min; 20 cycles of PCR at 95 hC for 30 s,
56 hC for 30 s, and 72 hC for 2 min; and 40 cycles at 95 hC for 30 s, 60 hC for 30 s,
and 72 hC for 1 min.

4. Selective amplification:

1:20 diluted pre-amplification 4 mL
Tris-HCl, pH 9.0 10 mM
KCl 5 mM
Triton X-100 0.1%
Gelatin 0.01% w/v
MgCl2 2.5 mM
dNTPs (for each) 0.2 mM
BglII primer 5 pmol
Labeled MunI primer 5 pmol
Taq DNA polymerase 1 U
Add H2O to 20 mL

PCR program: denature at 95 hC for 2 min; 20 cycles of PCR at 95 hC for 30 s,
56 hC for 30 s, and 72 hC for 2 min; 40 cycles at 95 hC for 30 s, 60 hC for 30 s, and
72 hC for 1 min; and a final extension at 60 hC for 30 min.

5. Electrophoresis: Same as for f-AFLP.

2.2.4.6 MITE-AFLPs
Plant genomes have numerous families of transposable elements (TEs) that fre-
quently comprise the majority of genomic DNA and spread throughout the gen-
ome. Miniature inverted-repeat transposable elements (MITEs) are one of the
major transposable element families recently discovered in a number of plant gen-
omes (Casa et al. 2000). Each family of TEs has its own structural features that can
be utilized to distinguish one from the other, and to identify molecular markers
preferentially anchored in TEs. The MITE-AFLP technique has been developed
to assess genetic variation and phylogenetic analysis in species such as rice,
wheat, and maize because of the presence of MITE sequences in high copies across
whole genomes. It has been demonstrated that MITEs tend to be located in the 3l
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end of genes and are relatively polymorphic across inbred lines. The MITE-AFLP
technique is amenable for studying genetic variations and relationships within or
among species (Park et al. 2003).

1. Genomic DNA digestion: Digest 100 ng genomic DNA with Mse I.
2. Ligation with an adapter of Mse I: 5l-GACGATGAGTCCTGAG-3l and 5l-TACT-

CAGGACTCAT-3l.
3. Pre-amplification: Use Mse I pre-amp primer 5l-GACGATGAGTCCTGAGTAA-

3land one consensus sequence domain of MITEs. For example, for MITE ele-
ment Pangrangja, the primer is 5l-AARCAGTTTGACTTTGATC-3l (R¼A,G).
For MITE element Hbr, the primer is 5l-GATTCTCCCCACAGCCAGATTC-3l.

Digested ligation product 5 mL
10q buffer 5 mL
MgCl2 1.5 mM
dNTPs (for each) 0.2 mM
Mse I pre-amp primer 0.5 mM
MITE primer 0.5 mM
Taq DNA polymerase 1.5 U
Add H2O to 50 mL

PCR program: 72 hC for 2 min; denaturation at 95 hC for 3 min; 25 cycles of
PCR at 94 hC for 30 s, 53 hC for 30 s, and 72 hC for 1 min; and a final extension
at 72 hC for 5 min.

4. Selective amplification:

1:50 diluted pre-amplified products 3 mL
10q buffer 5 mL
MgCl2 1.5 mM
dNTPs (for each) 0.2 mM
Mse I selective primer 0.5 mM
MITE primer 0.5 mM
Taq DNA polymerase 1.0 U
Add H2O to 30 mL

PCR program: denature at 94 hC for 5 min; 10 cycles of touchdown PCR at
94 hC for 30 s, 62 hC for 30 s, and 72 hC for 1 min with a decrease of 1 hC of
the annealing temperature in each cycle; 26 cycles at 94 hC for 30 s, 53 hC for
30 s, and 72 hC for 1 min; and a final extension at 72 hC for 5 min.

2.2.4.7 AFLP Conversion
Although AFLP markers can be used for many applications, many AFLP markers
are redundant and dominant and cannot perform as well in high-throughput geno-
typing in an automated format as SSR and STS markers allow in MAS. There is a
strong need to convert specific AFLP markers into other easy-to-use, codominant,
and sequence-specific markers (Meksem et al. 2001; Nicod and Largiader 2003;
Weerasena et al. 2003), such as CAPS markers or SCAR or SNP markers, because
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the AFLP assay is more complex and AFLP primers cannot be directly used for am-
plifying the polymorphic markers on genomic DNA or cDNA. Therefore, it is ne-
cessary to have a reliable and efficient protocol for conversion of AFLP markers
into high-throughput, single-locus PCR markers. However, the design of new
PCR primers for a locus-specific marker requires information on the DNA se-
quence of the AFLP band, and a locus-specific marker should have the capability
to distinguish between diverse alleles. In order to isolate an AFLP fragment
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from multiple fragments with sizes almost the same as the AFLP fragment of in-
terest, more complicated procedures have to be taken. Polymorphic AFLP bands
are excised from polyacrylamide gels by cutting out the band. The DNA in the
gel fragment is extracted and then subjected to re-amplification using the same pri-
mer combinations as in the selective amplification. Re-amplified AFLP bands are
either sequenced directly or cloned. Based on the internal sequence variations of
AFLP bands, PCR primers can be designed for genomic amplification of the inter-
nal sequence, which can be used in generating sequence-specific CAPS, dCAPS, or
STS markers. When searching for internal polymorphisms with a lower success
rate, an additional step will be performed for identification of the SNP in the re-
striction sites or selective nucleotides that caused the original AFLP. As long as
the AFLP marker is a single-locus marker, there is no obstacle to exploit the unique
AFLP causing SNP to allow for the conversion of any AFLP marker into a simple
PCR-based marker. The flowchart of the protocol steps is overviewed in Figure 2.1
(Brugmans et al. 2003).

2.2.5
REMAP and IRAP

The retrotransposon-microsatellite amplified polymorphism (REMAP) and inter-
retrotransposon amplified polymorphism (IRAP) techniques are retrotransposon-
based DNA marker systems (Kalendar et al. 1999). Retrotransposons play an im-
portant role in genome components of many plant species, particularly in grasses
(Vicient et al. 2001). Their abundance, dispersion across the nuclear genome, and
insertional activity indicate that they are related to plant genome evolution, and
also provide an excellent basis for the development of DNA-based marker systems
that rely on PCR to generate fingerprints. The fingerprints are multi-locus profiles
revealing polymorphisms in the insertion of members of given families of retro-
transposons. The IRAP technique generates PCR products from retrotransposons
inserted near enough to each other so as to allow efficient amplification, and gen-
erally uses primers matching the outer segments of the long terminal repeats
(LTRs). The REMAP technique uses one LTR primer, together with a primer de-
signed for annealing to the 3l end of a stretch of simple sequence repeats (SSR),
and detects retrotransposons inserted near SSRs. Therefore, REMAP can amplify
a pool of three different sequences: fragments situated between an LTR and a mi-
crosatellite locus, sequences situated between two microsatellite loci, and se-
quences situated between retroelements. REMAP and IRAP are efficient at detect-
ing insertion events. The following protocol is an example developed from the
BARE-1 retrotransposon family (Kalendar et al. 1999).

472.2 DNA-based Markers Popularly Used in Genetic Mapping



2.2.5.1 IRAP
1. Design primers: The primers should be located to conserve stretches of the

BARE-1 LTR, particularly at the primers’ 3l ends.
2. PCR:

Genomic DNA 20 ng
Tris-HCl pH 8.8 20 mM
KCl 50 mM
Tween-20 0.01%
Glycerol 5%
MgCl2 2.0 mM
dNTPs (for each) 0.2 mM
Forward primer 5 pmol
Reverse primer 5 pmol
Taq DNA polymerase 1.0 U
Add H2O to 20 mL

PCR program: 94 hC for 2 min; 1 cycle at 94 hC for 30 s, 60 hC for 30 s, ramp
þ0.5 hC s–1 to 72 hC; 30 cycles of 72 hC for 2 min þ3 s; 72 hC for 10 min; and
4 hC.

3. Electrophoresis: Load PCR products on 2% NuSieve 3:1 agarose gel and detect
by ethidium bromide staining.

2.2.5.2 REMAP
1. Primer design: One of the primers should match the retrotransposon sequence,

like BARE-1a, the reverse primer 5l-GGAATTCATAGCATGGATAATAAAC-
GATTATC-3l corresponding to nt 369–393 of the BARE-1a LTR with the addi-
tion of a tail containing an EcoR I site at the 5l end. Forward primers can be
designed for microsatellite sequences based on two dinucleotide repeats,
(GA)n and (CT)n, and three trinucleotide repeats, (CAC)n and (GTG)n.

2. PCR reaction and program and product resolution are the same as in IRAP.

2.2.6
SRAP

Sequence-related amplified polymorphism (SRAP) is a new PCR-based marker
technique that has the features of simplicity, reliability, moderate throughput
ratio, and high percentage of fragments from coding regions. It preferentially tar-
gets open reading frames (ORFs) in the genome and results in a moderate number
of codominant markers. SRAP markers have been successfully used to construct a
genetic map and a transcriptome map in Brassica oleracea (Li and Quiros 2001) and
to evaluate genetic diversity of germ plasms (Budak et al. 2003; Ferriol et al. 2003).
Sequencing of the markers generated by the cDNA-SRAP approach allows it to be a
potentially powerful tool for aligning genes of a well-characterized model species to
other crops for gene discovery.
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1. Primer design: The design of SRAP primers is based on the fact that there is a
high percentage of “GC” content within coding regions in a genome and a high
percentage of “AT” content at the 3l untranslated regions (3l UTR). Each PCR
reaction needs two primers. The forward primer consists of 17 bases that con-
tain a core sequence of 14 bases rich in G and C and three selective nucleotides
at the 3l end. This primer preferentially anneals onto coding regions that tend
to be rich in C and G. The reverse primer consists of 18 bases that contain a
core sequence of 15 bases rich in A and T and three selective nucleotides at
the 3l end. This primer preferentially anneals onto un-coding regions that
tend to be rich in T and A. Examples of forward primers include me1, 5l-
TGAGTCCAAACCGGATA-3l and me2, 5l-TGAGTCCAAACCGGAGC-3l, and
examples of reverse primers include em1, 5l-GACTGCGTACGAATTAAT-3l
and em2, 5l-GACTGCGTACGAATTTGC-3l.

2. The PCR reaction mixture contains:

Genomic DNA or cDNA 20 ng
Tris-HCl, pH 8.3 10 mM
KCl 50 mM
MgCL2 1.5 mM
dNTPs 0.2 mM
Forward primer 0.3 mM
Reverse primer 0.3 mM
Taq DNA polymerase 1 unit
Add H2O to 25 mL

PCR program: 94 hC for 5 min; 5 cycles at 94 hC for 1 min, 35 hC for 1 min, and
72 hC for 2 min; 30 cycles at 94 hC for 1 min, 50 hC for 1 min, and 72 hC for
2 min; 72 hC for 5 min; and 4 hC.

3. Electrophoresis: Separation of amplification fragments can be accomplished on
12% polyacrylamide gels (acrylamide:bisacrylamide [29:1], 1q TBE) at 500 V
for 11 h or run on a sequencer.

2.3
Discussion

The foregoing text reviews the main molecular maker detection techniques – hybri-
dization-based and amplification-based – that are currently in vogue to study geno-
mic diversity and to construct genetic maps in many plant species. In utilizing any
DNA marker technique for a particular organism, there are many factors that need
to be taken into account. These broadly include polymorphism, dominance, effi-
ciency, simplicity, reliability, cost, reproducibility, prior sequence information,
and task. As reviewed, several techniques such as RFLP-PCR, RAPD, SSR, and
AFLP have been introduced as amplification-based protocols to further enhance
the resolution and detection of polymorphic DNA. However, the RAPD protocols
are relatively simple, straightforward, and less time-consuming compared with
RFLP and AFLP, but they are not very reliable or reproducible. Each of these tech-
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niques is best suited for specific tasks and should be chosen accordingly. SSR mar-
kers have the greatest value for poorly polymorphic self-pollinated species and co-
dominant features, whereas AFLP has great utility in the construction of genetic
maps in complex genomes but is a dominant marker system. Indeed, the wider
potential utility of the deviations of AFLP such as cDNA-AFLP and MITE-AFLP
should unequivocally target genes of interest and transposable repeat elements
that are spread throughout the genome. AFLPs have a great advantage in terms
of ease of use in a laboratory. Indeed, standard oligonucleotide primer sets consid-
erably reduce the effort and consumables. Once the technique has been set to work
in a laboratory, data can be produced for different species by using exactly the same
reagents and conditions. However, the drawback is that AFLP markers are gener-
ally dominant and generate anonymous loci. The dominance problem can be par-
tially overcome by the possibility of quickly generating high-density maps, estab-
lishing the linkage relationship between markers from a linkage group and a phe-
notype, and focusing only on that one particular region, leaving the rest of the gen-
ome aside. One major problem with RAPDs is their low reproducibility, depending
highly on the PCR conditions. In contrast, AFLP markers can be a good choice for
QTL mapping, high-density genetic map construction, and fine mapping. With the
advance of SNP markers, genetics study will become easier.

50 2 Molecular Marker Systems for Genetic Mapping

References

Agbo EC, Duim B, Majiwa PA, Buscher P,
Claassen E, Te Pas MF (2003) Multiplex-
endonuclease genotyping approach (MEGA):
a tool for the fine-scale detection of unlinked
polymorphic DNA markers. Chromosoma.
111(8):518–524.

Botstein B, White RL, Skolnick M, Davis RW
(1980) Construction of a genetic linkage map
in man using restriction fragment length
polymorphisms. Am J Hum Genet 32:314–
331.

Brugmans B, Fernandez del Carmen A, Ba-
chem CW, van Os H, van Eck HJ, Visser RG
(2002) A novel method for the construction of
genome wide transcriptome maps. Plant J.
31:211–222.

Brugmans B, van der Hulst RG, Visser RG,
Lindhout P, van Eck HJ (2003) A new and
versatile method for the successful conver-
sion of AFLP markers into simple single
locus markers. Nucleic Acids Res. 31:e55.

Budak H, Shearman RC, Parmaksiz I, Gaus-
soin RE, Riordan TP, Dweikat I (2003)
Molecular characterization of Buffalograss

germplasm using sequence-related amplified
polymorphism markers. Theor Appl Genet.
2003 Sep 13 [Epub ahead of print].

Bui MM and She JX (1996) Analysis of micro-
satellite polymorphism using the polymerase
chain reaction. In “Practical protocols in
molecular biology” edited by Yongming Li
and Yuqi Zhao, 1996, Science Press, Beijing,
New York.

Caetano-Anolles G, Bassam BJ, Gresshoff PM
(1991) DNA amplification fingerprinting
using very short arbitrary oligonucleotide
primers. BioTechnology 9:553–557.

Casa AM, Brouwer C, Nagel A, Wang L, Zhang
Q, Kresovich S, Wessler SR (2000) Inaugural
article: the MITE family heartbreaker (Hbr):
molecular markers in maize. Proc Natl Acad
Sci U S A. 97:10083–9.

Cregan PB, Bhagwat AA, Akkaya MS, Jiang
RW. 1994, Microsatellite fingerprinting and
mapping of soybean. Methods Mol. Cell Biol.
5:49–61.

Feinberg AP and Vogelstein B. (1984) A tech-
nique for radiolabeling DNA restriction



51References

fragments to a high specific activity. Anal.
Biochem. 132:6–13.

Ferriol M, Pico B, Nuez F (2003) Genetic di-
versity of a germplasm collection of Cucur-
bita pepo using SRAP and AFLP markers.
Theor Appl Genet. 107:271–82.

Fukumura R, Takahashi H, Saito T, Tsutsumi
Y, Fujimori A, Sato S, Tatsumi K, Araki R,
Abe M. (2003) A sensitive transcriptome
analysis method that can detect unknown
transcripts. Nucleic Acids Res. 31:e94.

Godwin ID, Aitken EA, Smith LW (1997) Ap-
plication of inter simple sequence repeat
(ISSR) markers to plant genetics. Electro-
phoresis 18:1524–8.

Hayden MJ, Sharp PJ. (2001) Sequence-tagged
microsatellite profiling (STMP): a rapid
technique for developing SSR markers. Nu-
cleic Acids Res. 29:E43–3

Hayden MJ, Good G, Sharp PJ. (2002)
Sequence tagged microsatellite profiling
(STMP): improved isolation of DNA
sequence flanking target SSRs. Nucleic Acids
Res. 30:e129

Hearne CM, Ghosh S, Todd JA (1992) Micro-
satellites for linkage analysis of genetic traits.
Trends Genet 8:288–294.

Kalendar R, Grob T, Regina M, Suoniemi A,
Schulman A. (1999) IRAP and REMAP: two
new retrotransposon-based DNA fingerprint-
ing techniques. Theor Appl Genet 98:704–
711.

Lai E, Riley J, Purvis I, Roses A. (1998) A 4-Mb
high-density single nucleotide polymorph-
ism-based map around human APOE.
Genomics 54:31–8.

Li G, Quiros CF (2001) Sequence-related am-
plified polymorphism (SRAP), a new marker
system based on a simple PCR reaction: its
application to mapping and gene tagging in
Brassica. Theor Appl Genet (2001) 103:455–
461.

Li YC, Korol AB, Fahima T, Beiles A, Nevo E
(2002) Microsatellites: genomic distribution,
putative functions and mutational mechan-
isms: a review. Mol Ecol. 11:2453–65.

Litt M, Luty JA. (1989) A hypervariable micro-
satellite revealed by in vitro amplification of a
dinucleotide repeat within the cardiac muscle
actin gene. Am J Hum Genet. 44:397–401.

Lyamichev V, Brow MAD, Dahlberg JE. (1993)
Structure-specific endonucleolytic cleavage of
nucleic acids by eubacterial DNA poly-
merases. Science 260:778–783.

Meksem K, Ruben E, Hyten D, Triwitayakorn
K, Lightfoot DA. (2001) Conversion of AFLP
bands into high-throughput DNA markers.
Mol Genet Genomics. 265:207–14.

Mueller UG,Wolfenbarger LL (1999) AFLP
genotyping and fingerprinting. Trends in
Ecology and Evolution 14:389–394.

Myburg AA, Remington DL, O’Malley DM,
Sederoff RR, and Whetten RW (2001) High-
throughput AFLP analysis using infrared
dye-labeled primers and an automated DNA
sequencer. BioTechniques 30:348–357.

Nagaraju J, Kathirvel M, Subbaiah EV, Muthu-
lakshmi M, Kumar LD (2002) FISSR-PCR: a
simple and sensitive assay for highthrough-
put genotyping and genetic mapping. Mol
Cell Probes 16:67–72.

Neff MM, Neff JD, Chory J, Pepper AE (1998)
dCAPS, a simple technique for the genetic
analysis of single nucleotide polymorphisms:
experimental applications in Arabidopsis
thaliana genetics. Plant J. 14:387–92.

Nicod JC , Largiader CR (2003) SNPs by AFLP
(SBA): a rapid SNP isolation strategy for non-
model organisms. Nucleic Acids Res. 31: e19

Palazzolo MJ, Sawyer SA, Martin CH, Smoller
DA, Hartl DL (1991) Optimized strategies for
sequence-tagged-site selection in genome
mapping. Proc Natl Acad Sci U S A.
88:8034–8.

Park KC, Kim NH, Cho YS, Kang KH, Lee JK,
Kim NS (2003) Genetic variations of AA
genome Oryza species measured by MITE-
AFLP. Theor Appl Genet. 107:203–9.

Reineke A and Karlovsky P (2000) Simplified
AFLP protocol: replacement of primer label-
ing by the incorporation of alpha-labeled
nucleotides during PCR. BioTechniques
28:622–623.

Scottdl, Walker MD, Clarck C, Prakash CS and
Deahl KL (1998) Rapid assessment of primer
combinations and recovery of AFLPTM pro-
ducts using ethidium bromide staining Plant
Molecular Biology Reporter 16:41–47.

van Der Wurff AW, Chan YL, van Straalen NM,
Schouten J (2000) TE-AFLP: combining ra-
pidity and robustness in DNA fingerprinting.
Nucleic Acids Res. 28:E105.

Vicient CM, Jaaskelainen MJ, Kalendar R,
Schulman AH. (2001) Active retrotranspo-
sons are a common feature of grass gen-
omes. Plant Physiol. 125:1283–92.

Vos P, Hogers R, Bleeker M, Reijans M, Van de
Lee T, Hornes M, Frijters A, Pot J, Pelman J,



52 2 Molecular Marker Systems for Genetic Mapping

M. Kuiper M, Zabeau M (1995) AFLP: A new
technique for DNA fingerprinting. Nucleic
Acids Research. 23:4407–4414.

Weerasena JS, Steffenson BJ, Falk AB (2003)
Conversion of an amplified fragment length
polymorphism marker into a codominant
marker in the mapping of the Rph15 gene
conferring resistance to barley leaf rust, Puc-
cinia hordei Otth. Theor Appl Genet. 2003 Oct
2 [Epub ahead of print]

Welsh J, McClelland M (1990) Fingerprinting
genomes using PCR with arbitrary primers.
Nucl Acids Res 8:7213–7218.

Wiesner I and Wiesnerov� D (2003) Insertion
of a reamplification round into the ISSR-PCR
protocol gives new flax fingerprinting pat-
terns. Cellular & Molecular Biology Letters
8:743–748.

Williams JGK, Kubelik AR, Livak KJ, Rafalski
JA, Tingey SV (1990) DNA polymorphisms
amplified by arbitrary primers are useful as
genetic markers. Nucl Acids Res 18:6531–
6535.

Williams MNV, Pande N, Nair S, Mohan M,
Bennett J. (1991) Restriction fragment length
polymorphism analysis of polymerase chain
reaction products amplified from mapped
loci of rice (Oryza sativa L.) genomic DNA.
Theor Appl Genet 82:489–498.

Zietkiewicz E, Rafalski A, Labuda D (1994)
Genomic fingerprinting by simple sequence
repeat (SSR)-anchored polymerase chain re-
action amplification. Genomics 20:176–183.



3
Methods and Software for Genetic Mapping

James C. Nelson

Overview

The aims of this chapter are to explain in general terms how plant genetic marker
genotype data are used for constructing linkage maps; to describe the evolution
and variety of statistical methods for combining marker and map data with pheno-
typic data to identify putative genes controlling quantitative trait loci (QTLs); to sur-
vey the software resources available for these two kinds of mapping; and finally to
offer remarks on current directions in these research areas. The chapter is aimed at
readers with basic but not extensive statistical- and quantitative-genetics knowl-
edge, who wish to turn genetic data intelligently into a map and/or QTL model
using available software tools or programming the methods for themselves. Mathe-
matical details are omitted, and reference to mammalian genetics where much the-
ory originated is out of our scope.

Abstract

Multilocus genetic mapping may be separated into three problems: grouping,
ordering, and distance estimation, of which the second is computationally the
most interesting. With the increasing abundance of DNA markers and availability
of DNA sequences for several species, the practical importance of these problems
declines and interest shifts to comparative mapping and recombination studies.
QTL mapping has evolved from the calculation of simple correlation statistics to
the identification of elaborate multigene models by methods such as Markov
Chain Monte Carlo (MCMC) for exploring high-dimension parameter spaces. Re-
cent trends are integration of QTL data with other genomic data, such as for gene
expression and metabolic pathways, and expansion of QTL models to exploit link-
age disequilibrium in populations and pedigrees. Computer software applications
for linkage and QTL mapping are numerous but are limited in analytical scope,
quality of interface, and opportunities for extension. An open-source development
platform might allow better exploitation of theoretical advances.



3.1
Introduction

Preceding chapters have described the genetic materials and laboratory operations
used to develop a set of DNA-marker genotype data from which a genetic map can
be developed. Chapter 1 introduced genetic recombination as the biological event
that governs the segmental distribution of grandmaternal and grandpaternal DNA
along individual chromosomes and that provides us with a measure of genetic dis-
tance between a pair of loci in the form of linkage.
Linkage mapping in self-pollinating crops poses few practical problems, though,

like any problem with a kernel of formal complexity, it retains theoretical attrac-
tion. The rich catalog of mapped crop species described nearly a decade ago (Pater-
son 1996) has only expanded, building on itself as genomic relationships between
related taxa emerge. For outcrossing and autopolyploid systems, software tools re-
main very basic or lacking. Beyond our scope is the current interest in interspecies
map comparison and in the use, treated elsewhere in this volume, of genetic maps
as assembly frameworks for physical maps.
A more fertile area for theoretical advances is QTL mapping. It has long been

evident that a more challenging problem than estimating the parameters of a
QTL model is identifying the model in the first place, i. e., how many QTLs,
where they are on the map, and how they are interacting. Much progress has
been made in recent years, but here too, satisfactory software tools for applying
these advances lag well behind theory. A perennial challenge has been to assess
epistasis between QTLs, because of the potentially limitless number of gene inter-
actions. Much interest now is in combining highly parallel gene expression assays
with QTL mapping as a way of grounding gene-interaction models in fine-scale ex-
perimental observation. Also of growing interest is the information about genetic
control of quantitative traits that is provided by linkage disequilibrium in natural as
well as experimental populations and pedigrees.

3.1.1
Methods and Tools for Genetic Linkage Mapping in Plants

3.1.1.1 Statement of the Problem
Linkage between two loci is the probability r of each crossover occurring between
them at a single meiosis. We estimate it by tabulating the distinct genotype com-
binations observed at these loci (each of which has a probability dependent on r
and on the crossing design of our experiment) and then finding a value for r
that maximizes the likelihood of the observed frequencies of these combinations.
Reference to maximum likelihood (ML) methods will recur below; for mathemati-
cal details of much of the statistics described, see Liu (1998). An additive measure
of distance can be obtained from linkage via an algebraic mapping function.
Let us now suppose that we have estimated the r for each pair of markers in our

dataset and, if our chosen method requires it, converted these linkages into dis-
tances. Our aims are to group loci into candidate chromosome segments – linkage
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groups – and arrange the loci within these groups at relative positions most com-
patible with their linkages. Sometimes we will have multiple experimental datasets
with disparate crossing designs but some common markers. For any design, we
want some way of evaluating the quality of the resulting maps, i. e., how much
better one map is than others, and which loci account for the difference.
We’ll ignore that in practice we often have more information than is supplied by

the marker dataset alone. We’ll also neglect complicating phenomena such as ge-
netic interference, recombination suppression, and special chromosome types and
aberrations.

3.1.2
Locus Grouping

Grouping is a matter of setting admission rules and requiring any candidate locus
ineligible for any existing group to initiate a new group. Usual admission rules are
based on upper linkage thresholds and lower limit of detection (LOD) score thresh-
olds for linkage with some other member of the group. These LODs are measures
of informativeness, based on r and the number of observations used to estimate it.
The resulting set of groups is uniquely determined by the admission thresholds,
which the analyst will set to give a balance between number and size of groups
that experience and prior knowledge of the genetic material will suggest. Too-
large groups lead to unstable locus orders; too-small groups result in a fragmented
map.

3.1.3
Locus Ordering

Ordering is the central problem in linkage mapping, and also the most interesting
in the sense that for groups of even modest size there is no sure way to find the
best of N!/2 possible orders. Here “best” depends on the criterion (objective func-
tion) adopted to evaluate candidate orders based on sums or products of the indi-
vidual linkage or LOD statistics for adjacent locus pairs. What is tricky is proposing
candidate orders by exploring the “order space” in some manner expected to lead to
progressively better solutions. Preliminary ordering based on two-point linkage dis-
tances can be refined by re-estimation of multipoint linkages along with local
reversals (“rippling”) in search of a globally improved order.
One of the simplest algorithms, seriation (Ellis 1997; Doerge 1996; Crane and

Crane 2004a), involves growing an order outward from the most tightly linked
locus pairs. It is “greedy,” in the sense that each successive addition is made to op-
timize the current order without consideration of the loci not yet added or removal
of any previously added. A more elaborate greedy algorithm is MAPMAKER’s
(Lander et al. 1987) method of finding all three-locus orders then excluding the
most unlikely and proceeding by evaluating permissible multilocus orders built
from the remaining ones. Final optimizing is then done by rippling. The method
of JoinMap (Stam 1993; Stam and van Ooijen 1995) is also sequential, adding the
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most informative markers one at a time, accepting only if a goodness-of-fit test
shows an improvement, and shuffle-optimizing at each step. A similar strategy
is used by Map Manager QTX (Manly and Olson 1999), hereafter abbreviated
MMQTX, which unites grouping and ordering operations by identifying the best
(if any) insertion point for a new marker as it is added to a group and optimizes
by rippling after all markers are distributed.
A few methods of map construction are not “bottom-up” but instead work by up-

dating, with various swap/evaluate operations, some initial order of all loci in a
group, using approaches derived from the well-known and closely analogous “tra-
veling salesman problem” (TSP). The TSP requires finding the shortest tour pas-
sing once through each of a given set of cities. Simulated annealing (SA), used by
GMendel (Liu and Knapp 1990), employs a “temperature” parameter that governs
the amount of change in a configuration that may be applied at each step, as well
as the probability of acceptance of a configuration with a lower (more unfavorable)
score than the current one. As the configuration stabilizes at some temperature,
the system is “cooled,” changes become less extreme, and unfavorable changes
are less readily accepted. CarthaGene (Schiex and Gaspin 1997) offers SA as well
as greedy methods, all derived from TSP heuristics, and also implements a genetic
algorithm (GA) for “evolving” a population of locus orders. GAs are intended to
emulate nature’s system for combinatorial optimization of species fitness using
sexual recombination with some mutation rate, followed by selection based on a
fitness function. Another evolutionary algorithm, but one relying on asexual repro-
duction and thus only on mutational variation, was reported to be fast and effective
(Mester et al. 2003).
Quality assessment in mapping can be incorporated into methods for succes-

sive assembly described above. CarthaGene provides a “framework”-building
method permitting the controlled exclusion of “bad” (unstably ordered) markers.
In MAPMAKER, suspect loci, such as those expanding the map by introducing
excessive double crossovers, can be identified by a “drop-one” feature. Where a
fast ordering algorithm is used (Mester et al. 2003), this operation can be auto-
mated with bootstrapping, or a Monte Carlo algorithm such as SA can be run re-
peatedly as in GMendel. Most of the above programs will produce a number of
“best” maps. Then the distribution of “best” scores (e. g., multipoint likelihood
or LOD) itself is a guide to reliability, with similar scores being evidence for at
least one unstable local order. Inspection often reveals the responsible markers.
Two novel ordering methods treat locus ordering as the reduction of a high-di-

mensional (N – 1, in the case of N loci) space to one dimension, with the constraint
of minimum loss of position information. Metric multidimensional scaling (Ukai
et al. 1990) is used by MAPL (Ukai 1997) to collapse the genetic distance matrix
into a 2D plot of points having the property that distances between all pairs of
points are optimally close in a least-squares sense to their distances in the original
matrix. The analyst is asked to select an end locus, and the rest of the loci are then
added in a presumably greedy way, though there seems to be no built-in way to
assess quality. The second algorithm (Newell et al. 1995) uses distance-geometric
methods to convert the distance matrix into points in N – 1-dimensional space
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and then a numerical gradient-descent method to arrive at least-squared-error 1D
coordinates. Uncertainty in a marker position is calculated from the uncertainty in
its distances from the other markers and can be displayed graphically. The compu-
ter program offered, DGMAP, does not appear to have been used for plants or to be
available any longer.

3.1.4
Multilocus Distance Estimation

Once a locus order has been obtained, the problem remains of computing inter-
locus distances. Naive methods retain the original distances between adjacent mar-
kers, an unsatisfactory resort since these were based on ML approximations and
partial information to begin with. One improvement described by Jensen and Jor-
gensen (1975), adapted by JoinMap, and reinvented by Newell et al. (1995) consists
of calculating the distances having least-squared errors from the two-point dis-
tances, while giving more weight to distance estimates based on more information.
MAPMAKER and CarthaGene update the linkage estimate directly, using an EM
algorithm (a class of convergent algorithm for estimating mutually dependent un-
known parameters by updating each in turn from the others). Both methods in-
crease the likelihood of the final map. GMendel uses a simpler and somewhat
less stable method that adjusts the raw distance estimate between two loci to
show least absolute deviation from that expected from the unweighted distances
between all flanking loci including the two themselves.

3.1.5
Using Variant and Mixed Cross Designs

3.1.5.1 Outbreeding Species
Line crosses in diploid or allopolyploid species tolerant of inbreeding account for
common mapping designs in plants. For obligate out-breeders, however, linkage
estimation must distinguish between coupling and repulsion phase, for both codo-
minant and dominant markers, and must accommodate as many as four (in a
diploid) alleles segregating at a locus. Though methods were elaborated by Ritter
et al. (1990), Ritter and Salamini (1996), and Maliepaard et al. (1997), available soft-
ware does not handle phase-unknown data. The analyst must infer the seven pos-
sible marker segregation types from two-locus genotype frequencies. The next step
is either to build separate maps in MAPMAKER and join them by hand with
“allelic bridges” – markers common to two classes segregating alleles from
both parents – or to submit the class-coded markers to software packages such
as JoinMap or CarthaGene, which accept multiple segregation types in a single
cross. MMQTX will handle mixed segregation and will flip phase, but it cannot
accommodate more than two alleles at a locus.
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3.1.5.2 Autopolyploid Species
For autopolyploids, where allele doses in conventional crossing designs can
amount to half the ploidy number, the phase problem is compounded by dose un-
certainty. Dose can be inferred from segregation frequencies and linkage estimated
for simplex (single-dose) (Wu et al. 1992) and higher-plex markers in tetraploids
(Hackett et al. 1998) and octoploids (Ripol et al. 1999). General mapping software
will not make these calculations, and one must either build a map solely from sim-
plex markers and add the higher-plex markers by hand or pre-compute linkages
and their LODs and supply them to a program such as JoinMap for assembly. Poly-
link (He et al. 2001) computes single two-point r values for even-ploidy designs, but
more useful is TetraploidMap (Hackett and Luo 2002; Hackett et al. 2003; Julier
et al. 2003), which computes two-point linkages and LODs, identifies linkage
groups, and uses SA and rippling for ordering. It can identify double reduction
(segregation of sister chromatids to the same gamete, owing to multivalent meiotic
pairing) but cannot compute recombination in this case. Wu et al. (2001) have
provided a full model.

3.1.5.3 Combining Datasets
It is also desirable to compute a linkage map from independent datasets containing
common markers. JoinMap computes common two-point linkages based on the as-
sumption of identical underlying linkages in all populations, supplying LOD scores
based on the variation in observed values for a given locus pair. CarthaGene per-
mits the assumption of only a common order but not necessarily common inter-
locus distances, leading to population-specific maps containing the merged mar-
kers. GMendel emits heterogeneity tests aimed at alerting the analyst to the danger
in pooling but computes joint r values based on pooled observed and expected two-
locus genotype frequencies, as an extension of the one-population ML methods.
Increasing interest in comparative mapping between species has led to a variety

of software for map viewing and comparison, based solely on locus positions in the
maps to be compared. These are outside of our focus on construction and evalua-
tion of linkage maps from segregation data, though one application, MapInspect
(van Berloo and Kraakman 2002), deserves note as a tool for assessing “tension”
indicated by large differences in two-point distances expected to be similar in dif-
ferent maps. This tension is analogous to that between observed and multipoint
distances that objective functions seek to minimize within any given dataset.

3.1.6
Linkage-mapping Software Availability, Interfaces, and Features

Of the software packages mentioned above, all but JoinMap, a commercial pro-
gram, are freely available. With respect to user interfaces (UIs), MAPMAKER
(except for the Apple Macintosh version), FLIPPER (Crane and Crane 2004b),
GMendel, andTetraploidMapall have command-lineUIs,while the othersmentioned
have simple to elaborate graphical UIs (GUIs). MAPMAKER and CarthaGene
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are scriptable. MMQTX offers an elaborate set of analyses including QTL mapping
(a feature also provided in MAPL), while the others are single-purpose. All handle
standard crossing designs (backcross, F2, doubled haploids, recombinant inbreds),
while MMQTX handles a further suite of designs including advanced intercrosses
and backcrosses. MMQTX and CarthaGene accept radiation-hybrid data as well.
MMQTX, GMendel, TetraploidMap, and JoinMap provide tests for deviation of seg-
regation from expectation, and the first two also provide statistical corrections to
linkage estimation in this case.

3.2
Methods and Tools for QTL Mapping in Plants

3.2.1
Statement of the Problem

Like the linkage-mapping section, this section gives only a brief explanation of the
mathematical basis of the practical statistical operations involved. Detailed treat-
ment can be found in Liu (1998) and Lynch and Walsh (1998). The focus will
be on methods of theoretical interest, whether or not they are much used in prac-
tice.
A QTL may be defined as a gene whose genotype cannot be unequivocally deter-

mined from phenotype. For QTL searches we start with DNA marker–genotype
data and trait data for a set of progeny derived from a planned cross and, ordinarily,
a genetic map constructed from either the same genotype data or a different set.
Our aim is to locate QTLs influencing our trait and to estimate their allelic effects,
i. e., additive and dominance effects at individual QTLs and interaction (epistasis)
among these effects at two or more QTLs. As with linkage mapping, we often have
more information than is contained in a single experimental dataset. Variables to
consider are mating design, type of trait, and the environmental variation inherent
in phenotypic data, which must be modeled and can be reduced by suitable repli-
cation. As always, we want to evaluate the stability of solutions.
In statistical terms our aim is to identify and solve a model whose predictor vari-

ables are either DNA markers or “virtual” QTLs and whose response variable is the
trait. A virtual QTL genotype is a function of marker genotypes and can be ex-
pressed as an array of genotype probabilities or an expectation. For any specified
model, estimates of the coefficients may be obtained by least-squares (LS) or ML
methods, but these will be wrong (Knapp et al. 1992) if the model poorly describes
the true genetical control of the trait. To specify a model is to write terms for all
QTL effects as well as QTL number and location. But since these last two are un-
known, we must properly include them in the model search. We must either test
all possible models in “model space” or find some way to wander the model space
in a generally upwards direction (towards higher likelihood), a process that re-
quires estimating the model coefficients anew at every step. We must also have
a way to rank models that balances explanatory power against complexity. The
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methods for these operations are loosely classified into LS, ML, and Bayesian
methods.
A recent review of QTL mapping methods (Doerge 2002) offers a somewhat

more general view of the sequence of ideas described below. A tutorial (Jones et al.
1997) directed at biologists introduces the QTL problem more simply. For a de-
tailed comparison of QTL-mapping software features, see Manly and Olson (1999).

3.2.2
Single-marker Association

3.2.2.1 Metric Traits
The notion of correlating genetic marker phenotypes with quantitative-trait pheno-
types is usually traced to Sax (1923) and reappears in later work cited by Soller et al.
(1979) done before DNA markers were available. The simple principle is that since
the genotype of a marker should be correlated with the genotype at a linked QTL,
the marker should also show a statistical influence on the trait, though one declin-
ing with increasing genetic distance from the QTL. This influence can be tested by
a contrast of phenotypic means of the marker-genotype classes, using t tests,
ANOVA, or regression. For regression, which requires a numerical explanatory
variable, the genotype of an individual at a marker locus may be expressed as
the quantity of the reference allele (in a diploid, 0, 1, or 2) that it carries. In designs
where all three genotypes are present the effect can be partitioned into additive and
dominance effects. In designs where more than two alleles may segregate at a
locus, regression may be replaced by a general linear model or nonparametric
equivalent such as the Kruskal-Wallis test.
The single-marker test does not require a genetic map and cannot distinguish a

nearby weak QTL from a more distant strong one. ML methods proposed to do so
by exploiting the expected variation within the genotype classes (Zhuchenko et al.
1979; Weller 1986; Luo and Kearsey 1989; Simpson 1989) have given way to more
powerful interval methods. Still, in a sufficiently marker-saturated map region
(Darvasi et al. 1993), in designs where recombination has been limited, or where
no map is available, single-marker testing is as good as any other method for find-
ing QTLs one at a time.

3.2.2.2 Categorical Traits
When plants are scored as belonging to discrete classes, e. g., of disease infection
type or growth habit, comparison of means is impossible. Binary-scored traits can
be treated as genetic loci and handled with linkage analysis, but where the data
fall into more classes, some form of categorical test is needed. Unordered classes
can be handled with chi-square tests of independence from cross-tabulated geno-
type classes, but more commonly phenotype classes have a natural order (the
usual case with disease data) and can be handled with nonparametric rank
tests. Qualitatively, recoding these ordinal class assignments as numerals 1
through (the number of classes) and handling them by regression seems to
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work. However, better methods using interval mapping have been developed for
such data.

3.2.3
Interval Mapping: Simple (SIM)

3.2.3.1 ML Methods
In a landmark paper, Lander and Botstein (1989) showed how we can estimate the
effects of a QTL at any tested location between a given pair of mapped markers.
With the flanking markers providing a probability distribution for the QTL geno-
types and the assumed normal distribution of the trait within QTL genotype
classes providing the probability of the phenotypic observations for each class,
the EM algorithm is used iteratively to find values for the trait means and variances
in these classes that maximize the likelihood of the phenotype/flanking-marker
genotype combinations observed in progeny individuals. A QTL mapping proce-
dure, implemented in MAPMAKER/QTL (Lincoln et al. 1992), “walks” along chro-
mosomes, performing the ML calculation at regularly spaced points one or two
centimorgans apart, and the resulting LOD scores are plotted to reveal candidate
QTL sites of highest likelihood.
Aware that this algorithm falls short of solving a complete QTL model, the

authors provided a way to incorporate a second possible QTL by searching the gen-
ome with the effects of a primary QTL fixed (Lincoln et al. 1992). But since even
single-QTL searches are computationally intensive and slow, simultaneously mod-
eling multiple QTLs with an ML treatment was impractical. Yet reliance on a sim-
ple model can give deceptive estimates of effect. Linked QTLs having positive
effects from the same parent appear as a single broad “ghost QTL” peak between
them, while those with opposite effects are invisible or insignificant (Martinez and
Curnow 1992). Other programs implementing ML-SIM are QTL Cartographer
(Wang et al. 2004), MAPL, and MultiQTL (Korol 2004).
A qualitatively different ML approach to SIM was adapted by Xu and Atchley

(1995) from a method from human genetics that requires only the estimation of
the identity-by-descent (IBD) proportion of alleles shared by pairs of individuals
at a map position. For a QTL at this position, high IBD should be accompanied
by low phenotypic difference. Such a “random model” algorithm, which models
the variance rather than the magnitude of QTL effects, has been implemented
for plant designs in the WWW-based software QTL Express (Seaton et al. 2002).
Its advantages over “fixed-model” methods are that it requires no knowledge of
linkage phase or number of alleles at loci and is readily adapted to complicated
pedigree designs.

3.2.3.2 Least-squares (Regression) and Nonparametric Methods
LS methods are much easier and faster to compute than ML methods and allow
more straightforward modeling of a large variety of effects, mating designs, and
generations with usually negligible loss of estimation accuracy and precision.
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The LS analogue of ML-SIM was described by Haley and Knott (1992) and Mar-
t�nez and Curnow (1992), who showed how, at a QTL position, simple regression
of phenotypic values on the expectation of genotype given flanking markers, ex-
pressed in terms of additive effect a and dominance d, leads to estimates of
these effects. The first authors extended the method to outbreeding designs
(Haley et al. 1994). Still, while these ideas are the basis of several modern software
packages, the method of building two-QTL models via two-dimensional searches
over all QTL positions is unrealistic for larger models. Equally rarely applied in
practice is the three-marker test for linked QTLs described by Mart�nez and
Curnow (1992). These authors (Mart�nez and Curnow 1994) went on to describe
how to compensate for a missing flanking-marker genotype in an individual, by
basing QTL expectations instead on the nearest available non-missing flanking
markers, and this was followed by a more general algorithm (Jiang and Zeng
1997) for producing the genotype probability distribution at any QTL position,
that employs all the information available from incompletely informative or domi-
nant flanking markers. Computer programs implementing LS-SIM are numerous
and include MQTL (Tinker and Mather 1995), MMQTX, QGene (Nelson 1997),
QTL Express, and MCQTL (Jourjon et al. 2004).
A different LS approach (Kearsey and Hyne 1994) involves regressing the differ-

ence between genotype-class means at every marker locus upon a function of the
recombination probability between that locus and a QTL position. Like the above
LS-SIM methods, it plots the resulting statistic (for example, residual sum of
squares) against the map at each of the regularly spaced QTL positions tested.
The method, which trades away the information from trait variation within marker
classes for that from variation between marker-class means, is easy to implement
in statistical programming languages and sometimes is used in practice and even
extended (Charmet et al. 1998). A less-used bivariate-regression approach described
by Whittaker et al. (1996) regresses phenotype on both flanking markers at once
and infers from the coefficients both the presence and the location of a QTL,
thereby dispensing with a full “walk.”
Several other extensions of SIM fall into the “rarely used” class. Among these are

a nonparametric method (Kruglyak and Lander 1995) for traits not following the
normal distribution expected by LS methods. A logistic-regression approach was
developed (Hackett and Weller 1995) for ordinal rather than metric traits, although
simulations (Reba� 1997) have since shown that treating the discrete trait data as
continuous and using ordinary regression is usually about as accurate. The multi-
ple-allele problem inherent in linkage mapping in autopolyploids also complicates
QTL mapping, and Xie and Xu (2000) and Hackett et al. (2001a) have introduced
ways of employing codominant markers.
Regression on a conditional QTL expectation, as in Haley and Knott (1992), in-

flates the residual-error estimate by the error in approximating the QTL genotype.
Of several remedies, one is an iteratively reweighted LS method of Xu (1998a),
while others are inherent in the composite methods discussed next.
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3.2.4
Interval Mapping: Composite (CIM)

The failures of SIM in the presence of multiple, especially linked, QTLs are the
result of its testing the wrong hypothesis at each map position, i. e., that of
“QTL at the test position” vs. “no QTL anywhere.” The correct test (Jansen 1993)
is that of a multiple-QTL model including versus one excluding a QTL at the
test position. Such tests fit well into a multiple linear-regression framework, and
the evolution of multiple-QTL modeling has progressed from regression on sets
of markers (Cowen 1989), to “hybrid” models containing both QTL expectations
at a test point and “background” cofactor markers at other places in the map
(Jansen 1992; Jansen and Stam 1994; Zeng 1994), and finally to models in
which all markers are replaced by QTL genotypes (Kao and Zeng 1999; Sen and
Churchill 2001).
“Composite” methods are not interested in the cofactor markers per se, which

are used only to absorb the approximate trait variation due to presumed QTLs out-
side the test interval. The QTL search is still a one-dimensional scan across the
map. A variety of methods are used for selecting the cofactor markers, though
the more added to increase QTL resolution, the lower the detection power and es-
timation precision. Error in the modeled QTL genotype can be minimized with
weighted regression (Jansen and Stam 1994) or use of ML instead of LS (Zeng
et al. 1999).
The “MQM” method of Jansen has been implemented in the commercial pack-

age MapQTL and the ML-CIM method of Zeng in QTL Cartographer. LS imple-
mentations are provided by MMQTX, PLABQTL (Utz and Melchinger 1996), and
QTLMapper (Wang et al. 1999). MultiQTL, another commercial program, offers
an elaborate suite of QTL analyses that includes CIM. A simpler version of CIM
(sCIM) was provided by (Tinker and Mather 1995) in the program MQTL, which
fits a multiple-regression model only once instead of at each QTL test position.
The “composite” feature of CIM can be incorporated into most variants of SIM,

which may be thought of as CIM with no cofactors. Noteworthy examples are the
logistic-regression method for mapping QTLs for binary diseases on the “thresh-
old” model (Xu and Atchley 1996) and the “random model” algorithm of Xu and
Atchley (1995). CIM has not yet been extended to autopolyploid models.

3.2.5
Significance Testing

A perennial problem in QTL mapping has been assessing the reliability of test sta-
tistics, e. g., LOD scores, from QTL scans. There simply is no single theoretical
sampling distribution that applies to all variants (e. g., differing numbers of indivi-
duals, mating design, trait distributions, marker density and information content)
of a QTL experiment. While theoretical significance thresholds were proposed by
Lander and Botstein (1989), Lander and Kruglyak (1995), and Mangin et al.
(1998), robust ones may be produced with shuffling (Churchill and Doerge
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1994), simulation (van Ooijen 1999), or resampling (Visscher et al. 1996; Lebreton
et al. 1998) methods. If the phenotype data are shuffled (randomized) with respect
to the marker data numerous times and the QTL test is computed at each shuffle,
the distribution of the resulting statistics represents that under the null hypothesis
of no effect. A suitable (say, 5th) percentile of this distribution can then be used as
a test threshold for the statistic computed on the unshuffled data. While these per-
mutation tests are free of the distributional assumptions that cause parametric
tests to fail, they can take a long time to run. Some as-yet unexploited ways of
speeding them up are discussed below. A fast, general method relying only on
the results of a QTL scan (Piepho 2001) appears to give the same results as permu-
tation testing.

3.2.6
Interval Mapping: Multiple-QTL Model Building

3.2.6.1 Stepwise and Exhaustive-search Methods for Building Multiple-QTL Models
An early effort to construct multiple-QTL models employed multiple regression
(Moreno-Gonzalez 1992a, 1992b) of the trait on dummy QTLs representing the
midpoint of each of the marker intervals in the genetic map. It could then be re-
fined by stepwise model-building methods to eliminate intervals of no influence
and to refine the positions of the QTLs in the remaining interval. Elements of
this method have reappeared in more recent efforts. Multiple interval mapping
(MIM; Kao and Zeng 1999; Zeng et al. 1999), implemented in QTL Cartographer,
uses a stepwise selection method to add and remove QTLs from a model first ar-
rived at by CIM, then employs the EM algorithm to estimate simultaneously the
QTL genotypes and their likelihoods, and finally searches for epistatic effects be-
tween modeled QTLs and each other or the unoccupied QTL positions on the
map. A second method (Sen and Churchill 2001) replaces this “exact” computation
method with Monte Carlo sampling. For a given dataset, many (10 to i200) inde-
pendent sets of QTL genotypes called pseudomarkers are generated (“imputed”) at
densely spaced test positions in the map by sampling from their conditional distri-
butions on the flanking markers in each individual, thus approximating the prior
probability distributions of the QTL genotypes. The posterior, taking into account
the phenotypes of the individuals, is produced by weighting each pseudomarker
set by the fit statistic from regression of the phenotype on it. These operations
are implemented in software (Broman et al. 2003). The method currently requires
a q-dimensional search, where q is the number of QTLs modeled (so that q i 3 is
impractical), but offers the advantage that only the weights, not the pseudomar-
kers, must be changed as the model is changed.
A method described by Wang et al. (1999) and implemented in QTLMapper 1.0

employs stepwise regression to select markers for inclusion in a mixed linear
model of main plus epistatic and environmental interaction effects.
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3.2.6.2 Markov Chain Monte Carlo (MCMC) Methods
MCMC (Hastings 1970) is a Bayesian method (one that estimates parameters by
updating the analyst’s prior suppositions about them with the information con-
tained in the dataset). MCMC aims to generate, by probabilistic (“Monte Carlo”)
sampling, a joint (collective) posterior distribution of QTL parameters, given the ob-
served QTL mapping data. The algorithm is related to EM in that it progressively
refines each parameter estimate in turn based on the pretense that the current es-
timates of the other parameters are correct. Beginning with initial values for QTL
genotypes, positions, and effects, MCMC (the analyst hopes) progresses towards a
stable and explanatory model by updating each parameter in turn. Where its prob-
ability distribution (say, that of an additive QTL effect) with respect to the other
parameters is known, a new value is created by random (“Gibbs”) sampling
from that distribution. Where the distribution is unknown (such as that of QTL
position), a new “proposal” value is randomly (within certain constraints) gener-
ated and “accepted” with a probability corresponding to the change in likelihood
that the new value would produce (a “Metropolis-Hastings” step). Thousands of
iterations furnish distributions (in contrast to point estimates) of parameter values,
providing built-in significance tests. Tuning MCMC is tricky, though diagnostics
are available (http://www.statslab.cam.ac.uk/Zmcmc/pages/list.html) to ensure that
the chain of updating adequately samples the parameter distributions.
While a Monte Carlo EM method for evaluating QTL likelihoods during a QTL

scan was described by Jansen (1996), the first application of MCMC – with QTL
number and location themselves treated as random variables – to plant QTL map-
ping appears to have been that of Satagopan et al. (1996). A few of the many sub-
sequent investigations of the method are due to Sillanp�� and Arjas (1998, 1999),
Bink et al. (2000), and Yi and Xu (2002). The only public software for MCMC QTL
mapping appears to be Multimapper (Sillanp�� 1998), which does not provide a
full QTL model-building scheme of the type described in Yi and Xu (2002), involv-
ing so-called reversible-jump MCMC (Green 1995) for switching between models
with different QTL numbers. MCMC analyses are computationally intensive and
can consume many hours of computing time. A comparative study (Maliepaard
et al. 2001) found general agreement between QTL findings of MQM and
MCMC but also “some differences” – not very helpful for practical guidance!

3.2.6.3 Genetic Algorithms
GAs, described above in the context of map ordering, appears promising for QTL
mapping. Carlborg (2000) addressed the problem of modeling epistasis, while
Nakamichi (2001) and Nakamichi et al. (2003) published a Unix computer pro-
gram. These studies reported speed gains of at least two orders of magnitude
over exhaustive-search or MCMC methods for model building and testing. Like
MCMC, GAs must be tuned for proper convergence.
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3.2.7
Multiple-trait (MT) QTL Mapping

Often in QTL studies some of the measured traits are intercorrelated. The analyst
would like to use this correlation structure to reduce the number of statistical tests
and, if possible, to refine estimates of QTL position and to test for pleiotropy versus
tight linkage of QTLs in the same map region affecting different traits. For the first
goal, Weller et al. (1996) and Mangin et al. (1998) replaced correlated traits with
their uncorrelated principal components, supposing that a QTL association with
one of these “composite” traits would be evidence for pleiotropy. Jiang and Zeng
(1995) and Korol et al. (1995) showed increased QTL detection power from MT in-
terval mapping, and Knott and Haley (2000) and Hackett et al. (2001b) described a
multivariate-regression method that is easy to program in statistical packages. QTL
Cartographer provides an MT method, but the most comprehensive implementa-
tion is that of MultiQTL.

3.2.8
Multiple-cross (MC) QTL Mapping

Use of complex cross designs such as those developed for classical quantitative-
genetics studies increases the power to detect QTLs that may not segregate in
every cross. LS models described in Reba� et al. (1997) and Reba� and Goffinet
(2000) have been implemented in QTL Express and MCQTL (Jourjon et al.
2004), and fixed- and random-model methods have been developed by Xu
(1998b) and Xie et al. (1998). In species such as Arabidopsis (Syed and Chen
2004) and mouse (Threadgill et al. 2001; Hitzemann et al. 2001), appropriate
crosses between well-genotyped inbred mapping lines lead to replicated heterozy-
gous F1 progenies with fully known genotypes, which are useful for testing inter-
esting genetic hypotheses. Such designs can be analyzed with minor modification
of standard QTL algorithms.

3.2.9
Computational Optimization Methods

Though the slowness of some QTL algorithms may be tolerated in comparison
with the time and expense required for producing the data, it holds up both
data exploration by the analyst and data processing that may be needed for produc-
tion operations such as marker-assisted selection. Speed of execution is a concern
of several recent papers, among them the GA articles cited above. Parallel comput-
ing (Carlborg et al. 2001), which involves distributing computing tasks to multiple
processors, is applicable to several areas of QTL mapping, perhaps the most
obvious being permutation testing.
Two further proposed improvements are in solving linear models and searching

for QTL models. In one-dimensional QTL searches, even though much of the
model matrix does not change from one test position to the next, na�ve implemen-
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tations expensively decompose the entire matrix anew into an intermediate format
known as QR matrices. Yet, updating the QR form rather than regenerating can
speed up CIM (by both LS and ML) by up to three orders of magnitude (Ljungberg
et al. 2002). The same authors (Ljungberg et al. 2004) describe a method that, given
a number of unlocalized QTLs and effects to be modeled, rapidly finds the global
optima (as confirmed by comparison with exhaustive search) for their parameter
values. The algorithm works by finding and progressively subdividing only those
regions in which the objective function is mathematically expected to have an op-
timum. It is reported to be up to four orders of magnitude faster than exhaustive
searching and one order faster than the (also fast) GA method.
For Bayesian algorithms, an acceleration method that also reduces the instability

of MCMC was described by Berry (1998).

3.3
Future Directions in Mapping Methods and Tools

3.3.1
Future of Linkage and QTL Mapping

Genetic mapping will remain a vital research activity for years to come. Only a frac-
tion of species are presently represented among mapped organisms. While it may
be thought that the acquisition of full-genome sequence will remove the need for
construction of these low-resolution maps, making crosses and acquiring marker
data is still much cheaper than sequencing and gives, as physical mapping cannot,
a view of the meiotic behavior of chromosomes.
Until recently, QTL analysis has been a search for correlations between genetic

markers and phenotypic observations representing the summation, over time, of
gene effects. These include interactions with other genes and with environment
(Korol et al. 1998; Wang et al. 1999; Cao et al. 2001; Carlborg and Andersson
2002). An area of growing interest is QTL variation over plant developmental stages
(Wu et al. 1999; Cao 2001; Wu et al. 2004); a WWW-interfaced computer program,
FunMap (Ma et al. 2004), for identifying these dynamic QTLs has recently ap-
peared. A second area is the use of RNA expression data as quantitative traits
for QTL scans (Jansen and Nap 2001), giving us an unprecedented ability to exploit
genome sequence and SNP data to identify cis and trans operating genetic regula-
tors (Morley et al. 2004). It appears that the aims of QTL research are evolving from
identification of individual genes at coarse resolution to elucidation of the full spec-
trum of gene action and interaction over time. A third trend is based on the recog-
nition of linkage disequilibrium (LD) as the basis of causative inference in genet-
ics, with naturally occurring LD carrying complementary information to LD
created with a planned cross (Wu et al. 2001, 2002; Jannink et al. 2001; Bink
et al. 2002).
The most active research in the coming years may be in general solutions, e. g.,

integration of sources of genetic information to predict phenotype, such that the
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experimental design is only one of the variables. Therefore, not only unified meth-
ods of handling different sources of LD are needed for this, but also meta-analysis
to unite disparate experiments (Goffinet and Gerber 2000; Arcade et al. 2004) and
methods for combining QTL models (Sillanp�� and Corander 2002).

3.3.2
Adequacy of Software Tools for Plant Mapping

3.3.2.1 Software Merit Criteria
From software, as from any analytical tool, researchers want ease of data prepara-
tion, ease of learning the use of the tool, suitable statistical methods readily ap-
plied, and readily understanddable output in a form suitable for communication.
Some may also wish for a richer set of features, e. g., ease of exploring and com-
paring data and the behaviors of algorithms, graphic visualization, or other sensory
conversion; integration with other software and with databases; programmatic
access to the software, or open availability of high-quality source code. Some
may insist that software, at least for public research, be free of monetary cost.

3.3.2.2 Analytical Scope
The software packages described above vary widely with respect to features and
ease of use. None covers more than a limited range of variations on mapping pro-
blems, though MMQTX and MultiQTL seem to be the most ambitious in offering
a widening array of options. The disuse in practice of many interesting statistical
advances described in the previous sections may stem less from lack of merit than
from lack of software to apply them.
Systematic comparative studies of output from the various programs are lacking,

though a common practice for publication of new theoretical methods or tools is to
compare their results with those from MAPMAKER, JoinMap, QTL Cartographer,
or other popular programs. While data preparation for one program may not be
hard, reformatting it for multiple programs that offer needed complementary ana-
lyses can be burdensome. Some software adopts data formats close to those of pop-
ular predecessors. MMQTX offers conversion routines to different formats.

3.3.2.3 Ease of Learning and Use
The author, himself a software developer with strong opinions about what consti-
tutes quality, finds fault with all packages he has tried. Indeed, the volume of pub-
lications still reporting the use of SIM and other one-dimensional approximations
for QTL mapping, a dozen years after clear demonstration of the weakness in this
approach, suggests that researchers (many, of course, students) choose familiarity
and ease of use over statistical power.
A minimal list of software properties that would seem to remove most excuses

for using outdated analytical methods would include an intuitive user interface
(UI) that prevents or forgives user errors such as in data formatting; requirement
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of minimal need for typing; clear and well-written documentation, UI labels, and
prompts; fast performance; and freedom from hanging or crashing. Higher-order
features – which, rather than merely providing accepted analysis methods, actually
help the analyst understand and communicate their behavior – include ease of
changing parameters or algorithms, facility of comparison between different ana-
lyses (e. g., marker regression and CIM), means of assessing the significance of
results, and effective and exportable graphic displays.

3.3.2.4 Accessibility and Extensibility
The only way for an analyst to extend the functionality of an executable software
program is to write a script to direct its operation, where the capability is offered
(e. g., MAPMAKER and CarthaGene). Where source code is open, an external de-
veloper can in principle modify and extend it to add new analyses and graphics;
however, unless the code is of good quality and is written in the preferred language
and style, it is easier to build an entirely new program. The result is the current
soup of limited-purpose programs written in diverse languages and styles, with di-
verse UIs, and without interconnectivity or ready comparability. In an academic
setting, developer turnover is apt to be high, so that a project may have uncertain
continuity; errors are not fixed, new analyses are not added, and the software is fro-
zen in time. High-quality, specialized analytical software is difficult and expensive
for academics to write and maintain. Is there any way to do it while keeping the
product freely available to the community?

3.3.3
A Development Model for Public Genetic Mapping Software

One way to reduce duplication of work, encourage the rapid and wide testing and
adoption of new analytical methods, and accommodate the work of statisticians
and developers without restrictions from closed code or licensing fees would be
an open-architecture system accommodating plug-in features. Two models for
such a system are ISYS (Siepel et al. 2001), a general platform for dynamically
connecting bioinformatics data with software services, and Eclipse (http://www.
eclipse.org/), a software-development environment, both written in the Java
language. But a QTL platform need not be of the generality and complexity of
these if all that is wanted is a way to incorporate new statistical analyses, graphical
displays, and data import and export utilities. Programmers familiar with the
language should not need to understand more than a few rules for “plugging
in” a new feature without rebuilding the entire application, but they would still
have a voice in larger design decisions because the code base is a community
resource. If such a system comes into use – and there appear to be several institu-
tions where similar ideas are being developed – implementing new QTL-analysis
methods in software would be easier to fund from public sources than would
developing more limited-scope, limited-UI, closed-source applications.
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4
Single nucleotide Polymorphisms: Detection Techniques and
Their Potential for Genotyping and Genome Mapping

G�nter Kahl, Andrea Mast, Nigel Tooke, Richard Shen, and Dirk van den Boom

4.1
Introduction

Among the many types of mutations that occur naturally in genomes, the single
nucleotide exchanges (“point mutations,” single nucleotide polymorphisms, SNPs,
pronounced “snips”) stand out by their sheer numbers per genome, their relatively
low mutation rates (as opposed to, e. g., microsatellites of all types), their even dis-
tribution across the genomes, and their relative ease of detection. In essence, the
term SNP describes single base pair positions in the genomes of two (or more) in-
dividuals, at which different sequence alternatives (alleles) exist in populations. As
a threshold, the least frequent allele should have an abundance of 1% (or more).
SNPs are the most prevalent sequence variations between individuals of all spe-

cies and are a consequence of either transition or transversion events:

Individual A 5l-ATGGATCGCCA-3l Individual A 5l-CGTTACAGGTT-3l
Individual B 5l-ATGGACCGCCA-3l Individual B 5l-CGTTCCAGGTT-3l

y y
Transitional SNP Transversional SNP

SNPs are di-, tri-, or tetra-allelic polymorphisms. However, in the human gen-
ome, di-allelic SNPs prevail massively. The higher level of, e. g., CmT (GmA)
SNPs is at least partly a consequence of deamination of 5-methylcytosine, particu-
larly at CpG dinucleotides.
Generally, SNPs are highly abundant, but their density differs substantially in

different regions of a genome and from genome to genome in any species, and
even more so from species to species. For example, the average number of SNPs
in the human genome is two to three per kilobase. However, in non-coding
HLA regions, SNP density (i. e., the frequency of SNPs per unit length of genomic
DNA, usually expressed as SNPs per 100 kb) increases dramatically (Horton et al.
1998). SNP density is generally high in intergenic and intronic regions, as com-
pared to the genic space. In the mouse genome, a series of SNP-rich segments



have been discovered in which 40 SNPs per 10 kb (as opposed to only 0.5 SNPs per
10 kb in the intermitting regions) can be located.
In plants, SNP research is still in its infancy. The total SNP content of plants is

unknown, and in only a few cases have SNPs been rigorously searched for,
although a high level of sequence polymorphism in many cultivated plants (e. g.,
maize) certainly facilitates SNP detection. In wheat, for example, SNP density is
two SNPs per kilobase but could be much higher in genes encoding enzymes of
starch biosynthesis (Bhattramakki and Rafalski 2001). In soybean, 1.64 SNPs per
kilobase are found in coding regions and 4.9 SNPs per kilobase are found in
non-coding regions. In wild soybean, repeated sequencing of distinct genomic re-
gions detected 99 coding SNPs and 329 non-coding SNPs, whereas a certain SNP
depression was found in cultivated soybean (from 33–59 coding SNPs and 127–
214 non-coding SNPs; Rafalski 2002). A number of SNPs are available for Arabi-
dopsis (http://www.arabidopsis.org/cereon/index.html), for which a first medium-
density SNP map has been established (Cho et al. 1999). SNP genotyping with
12 nuclear and 13 chloroplast interspecific SNPs of different tree species discrimi-
nated black spruce (Picea mariana) from red (P. rubens) and white spruce (P.
glauca; Germano and Klein 1999). Analysis of several hundred loci in eight
maize inbred lines revealed an extremely high prevalence of SNPs (one SNP per
83 bp), probably as a consequence of open pollination in this species (Bhattramakki
and Rafalski 2001). The flanking sequences of microsatellites in maize contain one
SNP for every 40 bp, bringing the total number of SNPs per whole genome to 62
million (Edwards and Mogg 2001). Furthermore, rather sporadic reports on the use
of SNPs in genotyping and genetic mapping in plants have appeared, but doubtless
SNPs are not yet in common practice in the plant sciences. The tremendous cost of
developing SNPs, especially the sequencing load, may be one reason to prefer
more economic markers such as SSRs in plant genomics.
SNPs fall into several classes, depending on (1) their precise location in a gen-

ome and (2) the impact of their presence within coding or regulatory regions
onto the encoded protein or phenotype. Since most of the genomic DNA of eukar-
yotic organisms is non-coding and mostly repetitive DNA, the majority of SNPs fall
into this category. They are deceptively called non-coding SNPs (ncSNPs). Among
these ncSNPs, many are located within introns (intronic SNPs). Fewer SNPs can
be found in coding regions (“coding SNPs”), e. g., in exons (exonic SNPs; also
gene-based SNPs or, misleadingly, copy SNPs or cSNPs). Exonic SNPs also appear
in the corresponding cDNAs and are then called cDNA SNPs, or cSNPs. Any SNP
in an exon of a gene that can be expected to have an impact on the function of the
encoded protein is named a candidate SNP. Still others occur in promoters or other
regulatory regions of the genome and are coined regulatory SNPs and promoter
SNPs (pSNPs), respectively. It is obvious that any promoter SNP can dramatically
influence the activity of the promoter-driven gene. If, for example, a pSNP prevents
the binding of a transcription factor to its recognition sequence in the promoter,
the promoter becomes partly dysfunctional. In contrast, intronic SNPs are re-
garded as more or less inert. However, many researchers value the extragenic
SNPs for association studies and whole-genome linkage-disequilibrium mapping.
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In this context, an anonymous SNP represents any one of the most frequently
occurring SNPs that have no known effect on the function of a gene. Any SNP
at a specific site of a genome (or part of a genome, e. g., a BAC clone) that serves
as a reference point for the definition of other SNPs in its neighborhood is called a
reference SNP (refSNP, rsSNP, rsID). An rsID number (“tag”) is assigned to each
refSNP at the time of its submission to the databanks (e. g., dbSNP, a public data-
base maintained by the National Center for Biotechnology Information, NCBI;
http://www.ncbi.nlm.nih.gov/SNP). As more and more SNPs are accumulating
in the databases, they are labeled with the organism of origin (e. g., human
SNP). Tapping the dramatically increasing source of genomic sequences, SNPs
can be identified by mining overlapping sequences in expressed sequence tag
(EST) or genomic databases and are coined in silico or electronic SNPs (in silico
SNPs, isSNPs, eSNPs). Since isSNPs represent “virtual” polymorphisms, they
have to be validated by resequencing the region in which they occur.
The appearance of a SNP in an exon may be totally neutral (i. e., it does not

change the amino acid composition of the encoded domain or protein and is there-
fore without any effect on its function). In such a case, the SNP is called a synony-
mous SNP (synSNP). A non-synonymous SNP (nsSNP) will change the encoded
amino acid. NsSNPs may therefore cause the synthesis of a nonfunctional protein
and therefore be involved in diseases (diagnostic SNPs). Clearly, the detection of
diagnostic SNPs is the aim of all SNP discovery projects. The underlying strategy
is either a whole-genome linkage approach, which uses a common set of evenly
spaced SNPs spanning the entire genome as a standard mapping panel to ran-
domly search for susceptibility alleles through linkage disequilibrium (LD), or a
more focused approach, in which only cSNPs of candidate genes for the targeted
disease are tested in association studies. Both strategies have their advantages
and disadvantages. In short, the former is extremely costly if one considers, for ex-
ample, 1000 individuals (e. g., patients) and 500,000 high-frequency SNPs to be
tested (adequate number of SNPs to find associations). This discovery would re-
quire some 200–400 million US$. The latter approach certainly is cheaper, but it
excludes SNPs in regulatory domains outside the coding regions, which may be
truly responsible for a disease and therefore be more diagnostic than cSNPs them-
selves.
The direct identification of diagnostic SNPs basically follows two approaches.

First, genomic regions containing the identified candidate genes are screened for
all SNPs by a series of techniques such as microchip hybridization (Wang et al.
1998; Cargill et al. 1999; Halushka et al. 1999), denaturing HPLC (Giordano et
al. 1999), or enzyme cleavage (Barroso et al. 1999), to name only few. Second,
SNPs are identified in silico. Presently, the resulting isSNPs are being discovered
at dramatic speed (see the Incyte program at http://www.incyte.com/) and may
soon represent the majority of newly discovered single-base exchanges.
Eventually, all common SNPs in a genome will be discovered and a comprehen-

sive SNP map will be established, the first most likely being the complete human
SNP map (Sachidanandam et al. 2001). For practical purposes, it is probably better
to identify haplotypes, linear arrangements of relatively few specific SNPs on a
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chromosomal segment (in diploids, on the corresponding segments of homolo-
gous chromosomes). If, for example, the target sequence from different individuals
is compared after repeated sequencing, the haplotypic organization becomes appar-
ent (also called “block” or “haplotype block,” “hapblock”) (Daly et al. 2001; Gabriel
et al. 2002). The coinheritance of SNP alleles in these haplotypes (so called haplo-
type-tagged SNPs) associates the alleles in a population (known as linkage disequi-
librium, LD). Research into the levels of LD in human populations revealed that
large regions of high LD extend over 100 kb and more (Goldstein 2001). Therefore,
genotyping only a few carefully chosen SNPs in the target region provides enough
information to predict the constitution of the remaining SNPs in the region. These
selected SNPs are known as “tag” SNPs. Therefore, a rough calculation led to the
assumption that most of the information about genetic variation represented by
the 10 million common SNPs in the population is already provided by genotyping
only 200,000–800,000 tag SNPs across the genome. Hence, determining haplo-
types spanning a candidate gene region is a more directed approach to detecting
a real association than is testing candidate SNPs individually. Haplotype analysis
thus is a logic approach to establishing genetic risk profiles and the prediction
of clinical reaction of an individual towards pharmaceutically active compounds.
Much of the haplotyping effort is bundled in the so-called HapMap Project of
the International HapMap Consortium (www.hapmap.org), which aims at estab-
lishing the haplotype map of the human genome and describing the common pat-
terns of variation as well as the association between SNPs.
The SNP genotyping process requires high-throughput automated platforms, of

which microarray- and bead-based techniques are most promising, though they
suffer from being closed technologies (Green et al. 2001). Also, a variety of micro-
titer plate–based platforms are available. Eventually, the target SNPs have to be de-
tected directly. Various assays have been developed for detection of known and un-
known SNPs, some of which are relatively easy to perform and low in cost. Others
manage high-volume screening and therefore are very costly. There is no one pro-
tocol that meets all needs; therefore, different protocols may have to be involved in
a single core genotyping lab to provide flexibility and accurate validation. Basically,
the major SNP genotyping techniques fall into five groups, though a series of novel
technologies are in the pipeline: (1) sequencing, (2) primer extension, (3) allele-
specific hybridization (allele-specific oligonucleotide hybridization), (4) allele-speci-
fic oligonucleotide ligation, and (5) in silico SNPs (SNP mining).
Sequencing is the method of choice for SNP discovery and is based on primer

extension with either (1) fluorophore primers and unlabeled terminators or (2) un-
labeled primers and fluorophore terminators. Reaction products are then separated
by either slab gel or capillary electrophoresis. For single-base primer extension, the
target region is first PCR-amplified. Then a single-base sequencing reaction is per-
formed that uses a primer annealing exactly one base off the polymorphic site. A
series of detection methods are available, one of which uses a labeled primer and
separates the extension products by gel electrophoresis. Alternatively, the single-
base extension product can be fragmented into smaller pieces, whose masses are
then measured by mass spectrometry. Most current SNP projects still involve fluor-
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ophore-labeled dideoxynucleotide terminators that stop chain extension. Allele-spe-
cific oligonucleotide hybridization discriminates between two target DNAs differ-
ing by one base. Fluorophore-labeled PCR fragments are hybridized to immobi-
lized oligonucleotides representing the SNP sequences. After stringent hybridiza-
tion and washing, fluorescence intensity is measured for each SNP oligonucleo-
tide. For an allele-specific oligonucleotide ligation, the genomic target sequence
is first PCR-amplified. Then, allele-specific oligonucleotides complementary to
the target sequence and with the allele-specific base at their 3l- or 5l ends are li-
gated to the DNA adjacent to the polymorphic site. Only in the case of a complete
match is ligation possible; mismatches are definitely excluded. SNP mining
(“in silico SNPing”) is becoming a very efficient SNP discovery strategy, especially
since it exploits already-existing and ever-increasing sequence databases. It de-
pends on effective bioinformatic tools for, e. g., base calling, assembly of called se-
quences, and editing of the assembled sequence contigs, some of which are already
in use (e. g., PolyPhred; Nickerson et al. 1997). A major concern relates to the se-
quence information from uncharacterized regions of genomes, which may well
contain sequencing errors that probably lead to false SNPs. Special software deal-
ing with these problems is available (e. g., POLYBAYES; Marth et al. 1999). Pre-
sently, most of the SNPs are extracted from EST databases (Picoult-Newberg
et al.1999; Beutow et al. 1999).
The choice of a particular detection technique depends on (1) the number of

SNPs, (2) the number of samples to be screened, and (3) the number of simulta-
neous SNP profiling projects. Usually a decision has to be made as to whether out-
sourcing is more economic than SNPing in-house. In-house SNP discovery re-
quires instrumentation, whose cost ranges from 25,000 to over 400,000 US$.
Costs for reagents, plates, and other plastic-ware are calculated from $0.10 to
$3.00 per single genotyping experiment. For example, if 100 SNPs have to be tested
in 1000 individuals, then the 100,000 genotyping reactions would amount to at
least 10,000 and a maximum of 300,000 US$.
Below we demonstrate the potential of four selected SNP discovery and genotyp-

ing technologies that provide the desirable criteria (high-throughput, automation,
and miniaturization), are firmly established, and have already shown potential in
SNPing. This selection is by no means complete but is restricted by space limita-
tions.
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4.2
Selected Techniques

4.2.1
SNP Analysis I: The Invader Technology

4.2.1.1 Introduction
The Invader platform is a genotyping method suitable for direct analysis of geno-
mic DNA with or without target amplification. It is an accurate and specific detec-
tion method for single-base changes, insertions, deletions, gene copy number, in-
fectious agents, and gene expression. Invader reactions can be performed directly
on genomic DNA or on RNA-, PCR-, or RT-PCR-amplified products. In an Invader
reaction, a target-specific signal is amplified, but not the target itself. This technol-
ogy is founded on the Cleavase enzyme’s ability to recognize and cleave a specific
invasive nucleic acid structure. This structure is generated when two oligonucleo-
tides (oligos) – the Invader oligo and primary probe – overlap on the nucleic acid
target.

4.2.1.2 Cleavase Enzymes
Cleavase enzymes are a collection of both naturally occurring and engineered ther-
mophilic structure-specific 5l endonucleases. Invader DNA assays use Cleavase en-
zymes that are derived from members of the flap endonuclease (FEN-1) family, ty-
pically found in thermophilic archaebacteria (Kaiser et al. 1999). The Invader RNA
format uses Cleavase enzymes that are engineered from the 5lexonuclease domain
of DNA polymerase I of thermophilic eubacteria (Lyamichev et al. 1993). The opti-
mal substrate for these nucleases is comprised of distinct upstream, downstream,
and template strands, which mimic the replication fork formed during displace-
ment synthesis. The enzymes cleave at the 5l end of the downstream strand be-
tween the first two base pairs and remove the single-stranded 5l arm or flap (Kaiser
et al. 1999).

4.2.1.3 Oligonucleotides and Structure
The primary probe consists of two regions: a 3l target-specific region (TSR) and a
5l flap. The sequence of the 5l flap is independent of the target and consists of a
universal sequence used for detection. In the presence of the specific target, the
3l base of the Invader oligo overlaps with the target-specific region of the primary
probe at the base referred to as “position 1.” If position 1 of the primary probe is
complementary to the target, the primary probe and Invader oligo create an over-
lapping structure. The Cleavase enzyme then cleaves the primary probe on the
3l end of position 1, releasing the 5l flap plus position 1 and the 3l TSR. If the
base at position 1 is not complementary to the target, a nicked structure is formed
instead of an invasive structure, and position 1 of the primary probe effectively be-
comes part of the non-complementary 5l flap. Because the proper substrate has not
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been formed, the Cleavase enzyme does not recognize and cleave the nicked struc-
ture. The requirement for complementarity at position 1 provides the ability to de-
tect single-base changes.

4.2.1.4 Probe Cycling and Signal Amplification
The TSR of the primary probe is designed to have a melting temperature that is
close to the reaction temperature to allow for the exchange of cleaved and un-
cleaved primary probes on the target. Following cleavage, the 5l flap and the
3l TSR dissociate from the target and a new, uncleaved primary probe takes
their place. Since the primary probe is present in excess, numerous primary probes
can be cleaved for each target molecule present, resulting in a linear accumulation
of cleaved 5l flaps. Once released, the 5l flap functions as an Invader oligo on a
universal fluorescence resonance energy transfer (FRET) oligo, which contains a
donor fluorophore and a quencher dye on each side of the cleavage site. The Clea-
vase enzyme separates the donor fluorophore from the quencher dye, generating a
fluorescent signal. Two sequences can be detected in a single well by using two dif-
ferent 5l flap sequences and corresponding FRET oligos with non-overlapping
fluorophores. Cleavage of primary probes and FRET probes takes place simulta-
neously in the DNA format. In the RNA format, the two reactions are sequential.
Endpoint fluorescence signal is detected using a standard fluorescence plate reader
after the sample has been incubated for 4 h at 63 hC. A ratio is determined for each
sample using the net signal from the wild-type and mutant probes. Ranges of wild
type/mutant ratios specify the homozygous and heterozygous genotypes. Copy
number is determined by comparing the specific signal generated from the gene
of interest with that of a constitutively expressed gene such as b-tubulin.

4.2.1.5 DNA Format
In the DNA format, the 5l flap forms a transient invasive duplex with a FREToligo.
The Cleavase enzyme recognizes the invasive structure and cleaves the 5l fluoro-
phore from the FREToligo. After the fluorophore has been released, the 5l flap dis-
sociates and is able to form an invasive structure with a new, uncleaved FREToligo.
Signal amplification results from the combined effect of having multiple flaps
cleaved for each target molecule and from each of those released flaps driving
the cleavage of multiple FRET oligos. The cleavage of both the primary probes
and the FRET probes occurs simultaneously at a single temperature near the melt-
ing temperature of the primary probe (Figure 4.1) (de Arruda et al. 2002; Kwiat-
kowski et al. 1999; Neville et al. 2002).

4.2.1.6 RNA Format
The FEN-type Cleavase enzymes used in the DNA format do not recognize RNA
targets. Therefore, the RNA format uses Cleavase enzymes derived from DNA poly-
merases (pol-type), which recognize both DNA and RNA. The reaction used to
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cleave the FRET oligo is adapted to accommodate the slightly different substrate
specificity of the pol-type Cleavase enzymes. The two sequential steps in the
RNA format are the primary reaction and the secondary reaction. During the pri-
mary reaction, the Invader oligo and primary probe form an invasive structure on
the RNA target. An additional oligo, the stacker oligo, coaxially stacks with the
3l end of the primary probe and allows the primary probe to cycle on and off the tar-
get at a higher temperature. Stacker oligos increase the sensitivity of the assay.
In the separate secondary reaction, in contrast to the DNA format, the cleavage

product of the primary reaction (the cleaved 5l flap plus position 1 of the TSR)
forms a one-base overlap structure with a secondary reaction template (SRT) and
a FRET oligo. The enzymatic cleavage of the FRET oligo separates a fluorophore
from a quencher molecule, as described for the DNA format, and fluorescent sig-
nal is generated. The released 5l flap remains bound while the FRET oligos cycle
on and off the SRT. Fluorescent signal accumulates linearly as a result of each
5l flap causing the cleavage of multiple FRET oligos. An arrestor oligo, which hy-
bridizes to the TSR and part of the 5l flap of the uncleaved primary probes, is
added to the secondary reaction. This allows for greater signal generation by pre-
venting the uncleaved primary probes, but not the 5l flaps, from hybridizing to
the SRTduring the secondary reaction (de Arruda et al. 2002; Eis et al. 2001; Kwiat-
kowski et al. 1999).

4.2.1.7 Alternate Detection Formats
The composition of the 5l flap is independent of the target and can be detected in a
variety of ways (e. g., by size, sequence, charge, or fluorescence). These properties
enable the Invader technology to be used with numerous alternate detection for-
mats, including mass spectrometry, capillary electrophoresis, microfluidics, univer-
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Figure 4.1. Schematic of the Invader
assay.



sal array chips, capture, eSensor, fluorescence polarization, and time-release fluor-
escence.
ACLARA Biosciences (Mountain View, CA) produces small, electrophoretically

distinct, fluorescent molecules called eTag reporter molecules that can be incorpo-
rated into primary probes as 5l flaps. The released eTag flaps are resolved and
quantitated using universal separation conditions on standard capillary DNA se-
quencing instruments. High-level multiplex capabilities are possible with the de-
velopment of hundreds of eTaq reporters. ACLARA has demonstrated the ability
to detect 26 Invader RNA assays from a single tube.

4.2.1.8 Specificity
Superior specificity has been achieved with the Invader technology by combining
sequence identification with enzyme structure recognition. The key to the assay’s
specificity is the strict requirement of an invasive structure. If the sequence at
the cleavage site is not complementary to the target, an invasive structure does
not form, and the 5l flap is not released for detection in the secondary reaction.
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Figure 4.2. Results from a corn Invader SNP assay. Diamonds: homozygous wild-type samples;
circles: heterozygote samples; triangles: homozygous mutant samples; squares: no target con-
trols. The data were analyzed using Invader Analyzer software (Third Wave Technologies, Madi-
son, WI).



For mutation detection applications, this discriminatory capability provides high
accuracy, as demonstrated by its ability to classify the three possible genotypes (Fig-
ure 4.2).
The quantitative aspect of the Invader platform allows for the determination of

chromosome and gene copy number directly from genomic DNA. This analysis
may be accomplished by comparing the specific signal generated from the gene
or chromosome of interest with that of a reference gene such as b-tubulin,
which is not known to be polymorphic for either duplication or deletion. Careful
design of the Invader oligos to regions with minimal homology to other regions
within the genome enables accurate quantitation of the desired target sequence
(Figure 4.3).
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Figure 4.3. Results from a corn Invader copy number assay. Solid bars represent signal from a
transgene inserted into corn DNA, and patterned bars represent signal from the internal b-tubulin
control gene. The ratio is determined by the formula ((transgene signal/no target control signal)
–1)/((internal control signal/no target control signal) –1). Plotting the sample ratios against a
linear range of numbers identifies the relative copy number of the transgene.



4.2.1.9 Robustness
Numerous sample preparation methods and sample sources are compatible with
the Invader assay. The Invader assay provides an accurate genotype for both
plant and animal samples using FTA-treated paper as a source for genomic
DNA (Kozlowski et al. 2003). In addition, many homebrew and commercially avail-
able sample preparation methods can be used with the Invader assay.
Ease of use, flexibility, and scalability are some of the advantages that make the

Invader platform ideally suited for automation. Assays using the Invader platform
are completely homogeneous, require minimal hands-on time, and can be carried
out in microtiter plates. Assays are readily adaptable from manual to semiauto-
mated to fully automated for use in ultrahigh-throughput settings with a variety
of standard plate formats. Most automated liquid handling systems can accomplish
the assay setup, which requires only a few pipetting steps. Regardless of format
(e. g., 96- or 384-well) or setup (e. g., manual or automated), the robustness of
the platform remains constant (de Arruda et al. 2002).

4.2.1.10 Invader Applications
Applications of the Invader technology include the following: mutation detection,
SNP scoring, high-throughput genotyping, marker-assisted selection, transgene de-
tection and quantitation, copy number determination, genetic disease testing, and
gene expression analysis. Custom assays have been developed for wheat, barley,
oat, corn, soybean, cotton, rice, canola, tomato, pepper, lettuce, tobacco, cattle,
swine, sheep, poultry, and mice.

4.2.1.11 Conclusion
The Invader platform is a homogeneous, isothermal DNA probe–based system for
the quantitative detection of specific nucleic acid sequences. Invader assays can be
performed directly on DNA-, RNA-, PCR-, or RT-PCR-amplified products. Based on
the ability of the Cleavase enzymes to recognize and cleave specific nucleic acid
structures, the Invader platform is a highly specific method for detecting SNPs, in-
sertions, deletions, and gene copy numbers. The flexibility, ease of use, and robust-
ness of the technology make it suitable for both small and high-throughput labora-
tories.

4.2.2
SNP Analysis II: Pyrosequencing

4.2.2.1 Introduction
Pyrosequencing technology is a method for sequencing by synthesis in real-time
(Ronaghi et al. 1998). It is based on an indirect bioluminometric assay of the pyro-
phosphate (PPi) released from each deoxynucleotide (dNTP) upon DNA chain
elongation (Ronaghi et al. 1998; Alderborn et al. 2000). A DNA template/primer
complex is presented with a dNTP in the presence of exonuclease-deficient Klenow
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DNA polymerase (see Figure 4.4). The four nucleotides are sequentially added to
the reaction mixture in a predetermined order. If the nucleotide is complementary
to the template base and thus incorporated, PPi is released and used as a substrate,
together with adenosine 5l-phosphosulphate (APS) for ATP sulfurylase, which re-
sults in the formation of adenosine triphosphate (ATP). Luciferase then converts
the ATP, together with luciferin, to oxyluciferin, AMP, Ppi, and visible light,
which is detected by a luminometer or charge-coupled device. The light produced
is proportional to the number of nucleotides added to the extended primer chain,
thus giving Pyrosequencing technology a unique position as a truly quantitative se-
quencing method. Excess nucleotide is digested by apyrase present in the reaction
mixture before the addition of the next nucleotide. Further improvements on the
initial method have enabled extended and more robust read lengths, e. g., through
the use of single-stranded DNA binding protein (SSB) to reduce secondary struc-
ture in DNA templates (Ronaghi 2000).

4.2.2.2 SNP Genotyping Using Pyrosequencing Technology
Pyrosequencing technology has been commercialized by Biotage AB (formerly
Pyrosequencing AB) in Sweden, which provides a range of systems, software,
and reagent kits for processing up to 96 post-PCR samples in parallel on solid
phase (see http://www.biotage.com). Methods are included for rapid sample pre-
paration (Dunker et al. 2003). The method also lends itself to automation, since
it involves a homogeneous assay. The software supports multiplexing of SNP or
mutation detection in different templates or positions, detection of multiple
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Figure 4.4. The principle of Pyrosequencing technology. Polymerase-mediated extension of a
primer on a template releases pyrophosphate (PPi). The PPi is converted to ATP and then to a
light signal via an enzyme cascade including ATP sulfurylase and luciferase. The light signal is
detected by a CCD camera. Excess nucleotide and ATP are degraded by apyrase before addition of
the next nucleotide.



SNPs in one template, analysis of insertions and deletions, quantification of allele
frequency, and sequencing of short stretches of typically 20–40 bases. Pyrosequen-
cing technology compares favorably to other techniques for genotyping of SNPs
(see, e. g., Nordfors et al. 2002).
This technology provides the option of analyzing neighboring, or even contigu-

ous, SNPs with the same primer, as well as SNPs on different templates, in the
same assay (multiplexing). In addition, primer placement is somewhat flexible,
since the 3l end does not need to be juxtaposed to the SNP, which can be an ad-
vantage in highly variable genomes such as those of certain plant species where
variation might compromise the placement of sequencing primers. An additional
aspect that is especially relevant in plant genomes is the ability to provide single
assays to deliver accurate, quantitative SNP genotyping data from genomes with
a high level of ploidy, in which allele ratios vary. Pyrosequencing technology has
been applied to several areas of research, such as human genetics, bacterial typing,
plant genetics, and animal breeding (see reviews by Ronaghi 2001; Berg et al.
2002).
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Figure 4.5. Pyrosequencing analysis of SNPs in three genes in maize. The polymorphic positions
are marked in bold type. (A) The B73 allele of nucleoside diphosphate kinase. (B) The Mo17 allele
of nucleoside diphosphate kinase (Ching and Rafalski 2002; reproduced with kind permission of
the authors).



An illustrative example of the use of Pyrosequencing technology is the genetic
mapping of ESTs in maize using SNPs (Ching and Rafalski 2002). Sequences ob-
tained from mapping parents identified SNPs in three genes, and Pyrosequencing
systems were used to analyze these loci in 94 individuals of a maize recombinant-
inbred population. The results of SNP genotyping of two alleles of nucleoside di-
phosphate kinase are shown in Figure 4.5. The sequencing primer was located two
nucleotides from the SNP. The Pyrogram results show the appearance of peaks,
where the correct nucleotide was presented and incorporated and peak height is
related to the number of nucleotides. The method also provides information on
the sequence around the analyzed SNP, which provides a quality assessment of
the data. In this example, the three loci were successfully mapped with a success
rate for individual genotyping of greater than 95% per locus. Failures were attrib-
uted to poor PCR yield.

4.2.2.3 Allele Frequency Quantification
Three significant issues in SNP-based mapping are the cost of large-scale genotyp-
ing itself, the accuracy of quantification, and the possibility of employing direct
(molecular) haplotyping to increase predictive power. Linkage disequilibrium stu-
dies on individual samples require high-throughput genotyping, which can be
cost-prohibitive. An alternative approach is to measure SNP allele frequencies in
DNA pools, which in turn places high demands on the accuracy of quantitative
genotyping. Pyrosequencing analysis is quantitative in that relative peak sizes indi-
cate the number of incorporated bases. This permits accurate detection of hetero-
zygotes and even quantification of allele frequencies in pools and sample mixtures
(Neve et al. 2002; Wasson et al. 2002; Gruber et al. 2002). This is illustrated in Fig-
ure 4.6, which shows the relationship between allele frequencies and Pyrogram
peak heights in a mixing experiment between two individuals homozygous for a
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Figure 4.6. Regression line
between allele frequencies and
Pyrogram peak heights in a
mixing experiment between
two individuals homozygous
for a particular SNP. Each
point is the mean of duplicate
determinations (Wasson et al.
2002; reproduced with kind
permission of the authors and
Eaton Publishing Co, USA).
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Figure 4.7. Genotyping of five possible different allele combinations of SNP-44/114 in the tet-
raploid genome of potato. The sequence to analyze was T/CCAAA. Panels (a) and (e) show the
two homozygotes, whereas panels (b–d) show the three heterozygous allelic states, together with
the percentage distribution of the Tand C allelic bases as calculated by the software (Rickert et al.
2002; reproduced with kind permission of the authors and Eaton Publishing Co, USA).



SNP (Wasson et al. 2002). The R2 for the regression line was 0.996, with a signifi-
cance of PI0.0001, which means that the authors could determine allele frequen-
cies from DNA pools with confidence.
Another example of the application of quantitative Pyrosequencing analysis is

shown in Figure 4.7 (from Rickert et al. 2002). In this example, five possible differ-
ent allele combinations of a SNP (SNP-44/114) in the tetraploid potato genome
were determined. The accuracy enabled all five possible allelic states to be correctly
identified. Over 80% of polymorphic sites could be genotyped successfully, which
favorably compared with other studies. It is likely that recent developments in
Pyrosequencing technology – including improved use of SSB, software-assisted pri-
mer design, and downscaling of reaction volumes – will result in an even higher
success rate at lower cost.

4.2.2.4 Haplotyping
The power of SNP genotyping in genome mapping can be extended to the con-
struction of haplotypes, which increase the information content. Sequencing meth-
ods, including Pyrosequencing technology, are particularly suitable for the con-
struction of molecular haplotypes, since they facilitate identification of several ad-
jacent SNP alleles (Bhattramakki and Rafalski 2001). One method of haplotype de-
termination exploits allele-specific polymerase chain reaction (AS-PCR) in combi-
nation with Pyrosequencing technology. For example, DNA pools and allele-speci-
fic, long-range haplotype amplification have been used in combination with geno-
typing using Pyrosequencing technology to directly measure haplotype frequencies
(Inbar et al. 2002). Similarly, Pyrosequencing has been used to analyze multiple
SNPs on amplified fragments, including introduction of a mismatch at the second
base from the 3l end of the PCR primer to dramatically improve allele specificity
(Pettersson et al. 2003). Genotyping of heterozygote samples after AS-PCR gave a
typical monoallelic pattern at each SNP, in which the identity of the present allele
depended on the allele-specific initial amplification. The results obtained by Pyro-
sequencing technology are truly quantitative, enabling detection of any nonspecific
allele amplification (Pettersson et al. 2003).
Haplotyping in multi-genomes, such as the allopolyploid genome of wheat

(AABBDD) is particularly challenging. Mochida and coworkers have successfully
tested the application of Pyrosequencing for generating haplotypes for poly-
morphic regions of purothionin genes in the wheat multi-genome, using normal
wheat and a nullisomic-tetrasomic series. Their method involved the use of a single
sequencing primer to simultaneously determine sequences, and thus allelic fre-
quencies, for the three genomes A, B, and D. The heights of the peaks were
used to calculate the ratios of the polymorphic nucleotides in the nullisomic-tetra-
somic series and enabled assignment of contigs (haplotypes) to their homoeolo-
gous chromosomes. The results from Pyrosequencing analysis fully agreed with
the chromosomal assignment of the purothionin gene previously reported. The
authors found Pyrosequencing technology to be the most suitable method for
SNP analysis among cultivars or strains of polyploid plants due to the linear
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response that provided quantitative SNP data in the hexaploid background, and
also because of the ability to produce sequence data that facilitated haplotype
and linkage analysis.
A natural extension of Pyrosequencing technology, which provides means for

genotyping at different positions along a template, would be to develop methods
for direct molecular haplotyping without AS-PCR. The possibility of designing
assay-specific orders for nucleotide addition means that Pyrosequencing techno-
logy provides the possibility of primer extension over a polymorphic site such
that the two alleles become out of phase, thus providing patterns that are specific
for each haplotype (Odeberg et al. 2002). Future improvements in read length are
expected to further extend the limits of direct haplotyping based on Pyrosequen-
cing technology.
In conclusion, Pyrosequencing technology has proved itself in a large number of

applications and offers unique features that make it suitable for gene mapping
based on SNP genotyping, particularly in the complex genomes of plants.

4.2.3
SNP Analysis III: A Scalable High-multiplex SNP Genotyping Platform

4.2.3.1 Introduction
It is estimated that there are over 10 million SNPs present at a population fre-
quency greater than 1% in the human genome (Kruglyak and Nickerson 2001).
Some of these SNPs, along with environmental factors, may be responsible for in-
dividual predisposition to common diseases, such as cardiovascular heart disease,
diabetes, and cancer (Goldstein and Weale 2001). In order to build and collect the
resources for large-scale genetic disease association studies, the International Hap-
Map project is determining a minimal set of approximately 500,000 tag SNPs
across a diverse population of individuals that will enable whole-genome studies
of complex genetic diseases. A need clearly exists for a high-throughput method
to determine the genotypes for a large set of SNPs across many individuals in
an efficient and cost-effective way. The Illumina genotyping platform enables
these large-scale genomic studies by combining several technologies. These in-
clude a miniaturized array of individual arrays (Sentrix Array Matrix), a high-reso-
lution confocal scanner (BeadArray Reader) with which the arrays are read, and a
highly multiplexed genotyping assay (GoldenGate assay). These combined technol-
ogies maximize ease of use, improve data quality, and reduce the cost per data
point. This section will provide an overview of the Illumina platform, which has
been used for high-throughput SNP genotyping studies.

4.2.3.2 The Illumina Genotyping Platform
The Sentrix Array Matrix consists of 96 miniature arrays, each 1.2 mm in diameter,
formatted in an 8q12 matrix suitable for mating to microtiter plates. Each of these
miniature arrays contains approximately 50,000 fiber optic strands, fused together
in a bundle to form the array (Michael et al. 1998). This array is chemically etched
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to form wells at the end of each fiber, each measuring 3 mm in diameter, with cen-
ter-to-center spacing of approximately 5 mm. Into these Z50,000 wells are randomly
self-assembled 3-mm beads that have covalently attached oligonucleotides (Figure
4.8). In our universal array product, we use 1624 unique oligonucleotide se-
quences. A different oligo sequence is associated with each bead type. Each bead
type forms an address sequence, which is designed to hybridize to an assay product
(Figure 4.8). The number of 3-mm wells in the miniature array outnumbers the
types of beads, so there are on average 30 beads for each bead type. This redun-
dancy of measurement improves genotyping assay results. Since these beads are
randomly assembled into the miniature array, a hybridization-based decoding pro-
cess is performed on the array to determine the type of bead that is in every posi-
tion on the array. This decoding process also enables a quality-control check of
every bead in every array.
The small feature size of the Sentrix Array Matrix necessitated the design and

manufacture of a laser confocal scanner that is uniquely tailored to read these
high-density arrays. Illumina’s BeadArray Reader has a resolution of approximately
0.8 mm (Barker et al. 2003). It has two excitation lasers (532 nm and 635 nm) and is
able to simultaneously capture images in two color channels. The BeadArray
Reader software automatically images all 96 miniature arrays in a Sentrix Array
Matrix, registers the images, and extracts and saves the intensity information,
which is used by the genotyping software to determine genotype calls.
The GoldenGate assay is designed to easily multiplex many loci in a single reac-

tion while maintaining the ability to target any particular SNP of interest. Previous
efforts on multiplexing assay development attempted to amplify the targets of in-
terest prior to allelic discrimination or attempted to perform allelic discrimination
during amplification. Those prior efforts had limited success because of site-speci-
ficity and/or allelic discrimination problems in the amplification reaction. We have
greatly improved the methods to successfully multiplex to high levels by separating
the site-specificity and the allelic discrimination process from the signal amplifica-
tion step. Separation of these steps further allows us to optimize each step inde-
pendently of the other. We optimized the assay oligo hybridization process
under conditions that are independent of the allelic discrimination step. Likewise,
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Figure 4.8. Universal arrays.



we were able to optimize the allelic discrimination condition independently of the
assay oligo hybridization condition or the signal amplification condition.
The DNA in the GoldenGate assay is first attached to paramagnetic particles and

acts as a purification scaffold on which properly hybridized assay oligos may be re-
tained (Figure 4.9). Three assay oligos are synthesized for each SNP locus: two al-
lele-specific oligos (ASOs) and one locus-specific oligo (LSO). The two ASOs have a
3l region complementary to the SNP genomic region, and each ASO has a 3l base
complementary to one of the two SNP alleles and a 5l region complementary to
one of two universal PCR primers (P1 and P2, Figure 4.8). The LSO has a 5l region
complementary to the SNP genomic region, a middle portion later used to target
one of 1624 capture sequences, and a 3l portion complementary to universal PCR
primer P3. The LSO is phosphorylated on the 5l end. The GoldenGate assay multi-
plexes at a level greater than 1536 SNP loci. All three assay oligos for all 1536 SNP
loci are pooled and hybridized to a sample of genomic DNA. The hybridization pro-
cess is performed, and properly hybridized assay oligos are preferentially retained,
while improperly hybridized or non-hybridized oligos are washed away.
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Figure 4.9. The Illumina genotyping
platform.



DNA polymerase is added to the hybridized assay oligos, and allelic discrimina-
tion is carried out directly on the solid-phase DNA. The 3l ends of ASOs that prop-
erly base-pair with the SNP site on the genomic DNA are extended to the 5l ends of
the LSO. A ligase is then added and the extended ASO is joined with the nearby
LSO to form a PCR template. The requirements that the ASO hybridize indepen-
dently of the LSO and that an extension reaction be performed prior to a ligation
reaction serve two purposes. An extra degree of freedom is added to the positioning
of the LSO, thus providing better hybridization targets, and mis-hybridized oligos
are unlikely to be adjacent to each other and thus are unlikely to be extended and
joined.
PCR primers P1, P2, and P3 are added to the extended and ligated products. P1

and P2 are fluorescently labeled with Cy3 and Cy5, respectively. In the example dia-
grammed in Figure 4.9, P1-A-P3 product would be produced for the SNP loci gen-
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Figure 4.10. Results from a 1152-loci multiplex reaction on 96 DNA samples.



otyped. Likewise, if the SNP in the figure were a heterozygote, both P1-A-P3 and
P2-G-P3 products would be produced. If it were a homozygote G, then only P2-
G-P3 product would be produced. The PCR primers P1, P2, and P3 amplify the
signal from all 1536 loci simultaneously. The fluorescently labeled PCR products
are made single-stranded and hybridized to the Sentrix Array Matrix. The address
sequence on the LSO is unique for each interrogated SNP locus and will hybridize
to the complementary oligo sequences on the beads in the array. A reaction that is
highly multiplexed in solution is de-multiplexed onto an array for readout. The pic-
ture at the bottom of Figure 4.9 is a composite image of a single array, scanned in
two colors. The white beads have Cy3 signal, the dark gray beads have Cy5 signal,
and light gray beads have both Cy3 and Cy5 signal. Intensity information in both
color channels for each bead is determined. Since there are on average 30 beads
per bead type, the trimmed mean of the intensity in each color channel is calcu-
lated for each bead type.
Four representative plots of genotyping data for a 1152-loci multiplex reaction on

96 DNAs are shown in Figure 4.10. Each dot represents the signal intensity for a
single DNA sample. The y-axis of these graphs represent the normalized intensi-
ties, and the x-axis represents the normalized theta angles (theta¼[2/p]Tan–1[Cy5
intensity/Cy3 intensity]). The ovals enclosing the samples are the two standard de-
viation boundaries for each genotype cluster. The genotype clusters are well sepa-
rated from each other and the sample-to-sample variation within each cluster is
low.

4.2.3.3 Genotyping Data
In a recent genotyping study, 17,280 human SNPs were run through the Golden-
Gate assay (Fan et al. 2003). These SNPs were selected from a collection of approxi-
mately 124,000 high-quality SNPs that have relatively high minor allele frequency,
and each allele was independently observed by at least two sequence reads. These
17,280 SNPs were chosen because they were predicted by the assay design software
to have a high likelihood of success. The SNPs were grouped into 15 sets of 1152
loci multiplex pools. Assays for 10q1152 SNPs were developed on both strands
and 5q1152 SNPs were developed on only one strand. The results of this study
are represented in Table 4.1. Assay conversion rates ranged from 96% to 99%
when assays were designed to both strands, and data are from the better-perform-
ing strand. The assay conversion rate drops only slightly to a range between 94%
and 96% when assays are designed for only one strand. The very high assay con-
version rates observed in this study are due to the selection for the highest-quality
SNPs. In another study, in which SNPs were chosen randomly from dbSNP and
assays were designed to both strands, an assay conversion rate of 81% was ob-
tained (Fan et al. 2003).
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4.2.3.4 Conclusion
The Illumina genotyping platform is an efficient, accurate, and cost-effective sys-
tem for high-throughput SNP genotyping. The GoldenGate assay coupled with
the Sentrix Array Matrix is a flexible platform that allows the genotyping of a
large number of user-definable SNPs across a large number of samples. The
throughput and scalability of the assay are well suited for large-scale association
studies to discover the genetic basis of complex diseases.

4.2.4
SNP Analysis IV: High-throughput SNP Analysis by MALDI-TOF MS

4.2.4.1 Introduction
The rapidly expanding field of biotechnology has fostered the development of sev-
eral high-throughput technologies. Although widely applied in analytical settings
for several decades, mass spectrometry found more widespread use in biotechnol-
ogy only after the “soft” ionization and desorption technologies matrix-assisted
laser desorption (MALDI) and electrospray ionization (ESI) were developed.
These new techniques of mass spectrometry enabled analysis of large biomolecules
such as proteins and nucleic acids.
The core process of MALDI-TOF (time of flight) mass spectrometry is the laser-

induced desorption of biomolecules mediated by an excess of co-crystallized matrix
substance. Matrix substances are organic molecules selected for their energy ab-
sorption spectrum (matching the selected laser wavelength). They are also chemi-
cally inert towards the molecule of interest. The matrix absorbs the laser energy
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Table 4.1. Assay development conversion rate and genotyping call rate for 17,280 loci
(modified from Fan et al. 2003).

Bundle Multiplex Successful
assays

Conversion
rate (%)

Called
genotypes

Possible
genotypes

Call rate
(%)

DS_1 1152 1136 99 107,882 107,920 99.96
DS_2 1152 1129 98 107,232 107,255 99.98
DS_3 1152 1132 98 107,515 107,540 99.98
DS_4 1152 1134 98 107,704 107,730 99.98
DS_5 1152 1121 97 106,464 106,495 99.97
DS_6 1152 1112 97 105,619 105,640 99.98
DS_7 1152 1112 97 105,575 105,640 99.94
DS_8 1152 1120 97 106,376 106,400 99.98
DS_9 1152 1114 97 105,794 105,830 99.97
DS_10 1152 1107 96 105,139 105,165 99.98
SS_1 1152 1101 96 104,540 104,595 99.95
SS_2 1152 1107 96 105,111 105,165 99.95
SS_3 1152 1097 95 104,189 104,215 99.96
SS_4 1152 1086 94 103,132 103,170 99.96
SS_5 1152 1084 94 102,947 102,980 99.97
Total 17,280 16,692 97 1,585,219 1,585,740 99.97



and evaporates into the vacuum of the mass spectrometer. Analytes are co-des-
orbed with the matrix and are ionized by proton transfer. The ions are then accel-
erated in an electric field, and their flight time (TOF) through a field-free drift re-
gion is determined. The flight time is proportional to the molecular mass of the
analytes: molecules of small masses travel through the drift region faster than mo-
lecules of large masses.
The matrix-mediated desorption process yields more intact analyte molecules

than do other types of mass spectrometry (with the exception of ESI-TOF) and is
the preferred method when nonvolatile substances such as nucleic acids and pro-
teins need to be detected with appropriate sensitivity.
Analysis of DNA by MALDI-TOF MS offers some significant advantages. For ex-

ample, the analyte is analyzed directly rather than through surrogate markers such
as fluorescent labels. Determination of an intrinsic molecular property of the ana-
lyte, the molecular mass, is more accurate and allows discrimination between arti-
facts and desired reaction products. Determination of the molecular mass is also
independent of structural features. Hence, misinterpretations due to secondary
structures of the analyte – as observed, for example, in gel electrophoresis – are
avoided. Additionally, the MALDI process is extremely fast. Today, data acquisition
can be achieved on the order of a few hundred milliseconds and allows real-time
analysis of samples.
Within recent years, MALDI-TOF MS has been developed into a viable platform

for high-throughput genotyping. Several further qualitative and quantitative appli-
cations have now been added to the nucleic acid analysis portfolio. These include
the relative quantitation of genetic information in DNA pools and sample mixtures
(Bansal et al. 2002; Buetow et al. 2001; Mohlke et al. 2002; Ross et al. 2000; Werner
et al. 2002) and resequencing methods that allow the rapid discovery of SNPs, the
screening for mutations or signature sequence-based identification of organisms
such as pathogens (Hartmer et al. 2003; Lefmann et al. 2004; Stanssens et al.
2004), as well as relative and absolute quantitation of gene expression (Ding and
Cantor 2003). With these, MALDI-TOF MS has matured into a high-performance
nucleic acid analysis method. A recent review summarizes these developments
(Jurinke et al. 2004). The focus of the present contribution will be the analysis
of SNPs by MALDI-TOF MS.

4.2.4.2 SNP Analysis Using the Massarray Platform

The Homogeneous MassEXTEND (hME) Assay

The most common mass spectrometry–based methods for genotyping of SNPs or
known mutations employ primer extension (Braun et al. 1997). The homogeneous
MassEXTEND assay (originally published as PRimerOligoBaseExtension) is a pri-
mer extension assay specifically developed for high-throughput processing (Rodi et
al. 2002). It is usually performed in 384-well microtiter plates.
Figure 4.11 depicts the basic steps of MassEXTEND. The region containing the

SNP is first amplified in a PCR reaction. Unreacted dNTPs are then dephosphory-
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Figure 4.11. Schematic overview of the MassEXTEND process. The SNP-specific target region is
amplified by PCR. Unincorporated dNTPs are dephosphorylated. In a post-PCR primer extension
reaction, allele-specific termination products are generated. Samples are transferred to a chip
array and automatically analyzed by MALDI-TOF MS.



lated by shrimp alkaline phosphatase (SAP) treatment. A sequence-specific hME
primer is annealed immediately adjacent to the polymorphic site. The hME primer
is extended in the presence of three dideoxyribonucleotide triphosphates (e. g.,
ddA, ddC, and ddG) and one deoxyribonucleotide. The selection of the deoxyribo-
nucleotide is driven by the nature of the polymorphism. The dNTP should corre-
spond to one of the alleles (in the depicted case the dTTP corresponds to the A al-
lele). Analysis of a SNP leads to three possible masses: a mass signal for unex-
tended primer, a mass signal corresponding to a single nucleotide extension spe-
cific for one allele (allele 1), and a mass signal corresponding to a primer extended
by two or more nucleotides specific for the other allele (allele 2). The masses gen-
erated in this reaction differ by at least the mass of a single nucleotide (around
300 Da). This mass difference is about two orders of magnitude more than the ac-
tual resolving power of instruments currently employed.
Upon completion of the cycled primer extension reaction, ion-exchange resin is

added to the reaction vessels. This step removes sodium and potassium from the
phosphate backbone of the nucleic acid products and conditions the sample for
MALDI-TOF MS.
Following conditioning, samples are dispensed onto chip arrays (SpectroCHIP).

The chip arrays are highly precise and uniform silicon chips pre-applied with ma-
trix. Only a minute volume of about 10 nL analyte is required for analysis. The dis-
pensing step is carried out by a specialized Pintool device. Sample measurement
from miniaturized chip arrays allows fully automated assignment of genotypes.
During the measurement, algorithms can evaluate the data quality and decide
within microseconds whether a genotype call can be made accurately or whether
more data should be acquired from a sample spot. The user is presented with
the genotyping results in real time. Databasing allows visualization of mass spectra
and post-acquisition data handling such as application of statistical tools.

Rapid SNP Validation and Genome-wide Association Studies in DNA Pools

As described above, MALDI-TOF MS efficiently genotypes sequence variations
using primer extension. The same platform also allows relative quantification of
primer extension products (Buetow et al. 2001; Ross et al. 2000). For each sample,
the ratio of analytes that are co-crystallized with matrix and subsequently ionized
after laser desorption is proportional to the peak area of the corresponding mass
signals. This allows for relative quantitation of DNA analytes and thus facilitates
estimation of the relative abundance of alleles in sample mixtures or DNA pools.
Technically, the relative quantitation is achieved by normalizing the baseline of
each mass spectrum. A Gaussian fit is then applied to specified mass signals (cor-
responding to targeted alleles of the hME reaction) and the area under the curve is
integrated. Allele frequencies of the primer extension products are estimated as the
ratio of the area of one allelic mass signal to the total area of all expected allelic
mass signals.
The process of allele frequency estimation (allelotyping) by MALDI-TOF MS was

implemented originally as a rapid means to validate SNPs. The analysis of each
SNP marker in a sample pool provides a fast way to separate true SNPs from se-
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quencing errors or false positives of the in silico selection process and allows the
characterization of the allele frequency in selected populations without the experi-
mental burden and cost of individual genotyping (Buetow et al. 2001). The techni-
cal characteristics of this process have been evaluated in several studies (e. g., Ban-
sal et al. 2002; Mohlke et al. 2002; Werner et al. 2002). Using MALDI-TOF MS
from miniaturized chip arrays, the limit of detection (LOD) was determined at
2% minor allele frequency, whereby the limit of quantitation (LOQ) was deter-
mined at 5–10% minor allele frequency. The precision of the process (including
sample pooling) allows the estimation of allele frequencies in DNA pools with a
standard deviation of e3.0%, whereby the majority of deviation is introduced in
the PCR amplification. MALDI-TOF MS contributes only around 1% standard
deviation (SD) to the overall process.
SEQUENOM has used allelotyping to validate over 400,000 SNPs and to gen-

erate a human genome gene-based SNP map consisting of over 100,000 SNP
markers with experimentally validated allele frequencies. The assay database
www.realsnp.com contains 400,000 working assays with associated frequency in-
formation for polymorphic SNPs (assays are specific to the human genome).
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Figure 4.12. Allelotyping results of a SNP in the CETP gene obtained from DNA pools of indi-
viduals with high HDL levels and low HDL levels, respectively. The two predominant mass signals
represent the primer extension products for the A and G alleles of the CETP SNP. As can be seen,
the relative peak intensity (peak area) of the two alleles changes drastically between the two
pools. This indicates that the G allele is less prevalent in individuals with low HDL. The example
demonstrates how the combination of DNA pooling and a technology providing precise as-
sessment of the relative abundance of alleles can be used to minimize processing efforts and cost
in association studies.



Although an established SNP assay portfolio exists, analysis of large numbers of
SNPs by individual genotyping of sample numbers large enough to provide suffi-
cient statistical power in linkage studies or association studies is still costly and
time-consuming. Several groups have therefore proposed the use of sample
pools rather than individual genotyping. The estimation of allele frequentcies
from case and control DNA sample pools allows for a significant reduction of ex-
perimental workload without major compromises in statistical power. For compar-
ison, the analysis of 100,000 SNPs over two pools of 300 samples each requires
only 200,000 reactions, whereas individual genotyping requires 6q107 reactions.
Several groups have used allelotyping by MassARRAY successfully for candidate
gene approaches or genome-wide association studies (Bansal et al. 2002; Mohlke
et al. 2002). Figure 4.12 exemplifies the principle of association testing by DNA
pooling using the MassARRAY system. The allele frequency of a SNP in the
CETP gene changes significantly between a sample pool of individuals with
high HDL values and a sample pool of individuals with low HDL values.
This allows the prioritization of particular genomic regions for more in-depth
analysis.

Multiplexing SNP Genotyping

A simple way to increase throughput and reduce cost per genotype is to perform
multiple PCR/hME reactions in a single reaction vessel (multiplexing). The avail-
able mass window for analysis of primer extension products ranges from 5000 Da
to 9000 Da (equivalent to products of 17–30 nucleotides). If primers targeting dif-
ferent SNPs or mutations are designed such that the masses of unextended pri-
mers and their corresponding extension products do not overlap, a single mass
spectrum allows for unambiguous genotyping of multiple SNPs.
Although not all aspects of multiplexed SNP genotyping can be discussed here, a

few points need to be highlighted. The most important aspect of multiplexing is
the efficient but balanced PCR amplification of multiple SNP-specific target re-
gions. As a first consideration, PCR primers should be checked for cross-loci am-
plification and, if sufficient genome sequence information is available, should also
be blasted against the chosen genome to assure that each PCR primer pair ampli-
fies only the desired region. We have found that a balanced primer Tm (around
60 hC), a balanced GC content, and a balanced amplicon length of roughly 100 bp
usually provide good performance. Despite necessary adjustments in dNTP, en-
zyme amount, and primer concentrations, the two most critical factors for ampli-
fication are the ion strength of the PCR buffer and the final concentration of “free”
Mg2þ ions. We found a final PCR buffer concentration of 1.25q (compared to the
usual 1q) and a free magnesium concentration between 1.3 mM and 1.7 mM to be
essential for efficient multiplexed amplification.
Multiplexed hME reactions follow considerations similar to those of the PCR

step. hME primers should exhibit low hairpin formation and should not form pri-
mer-dimers. They should anneal specifically to only one amplicon in the multi-
plexed reaction. Primers and their extension products should be intercalated in
such a way that each mass signal allows unambiguous assignment of alleles. Po-
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tential mass signal conflicts with byproducts, such as those generated by polymer-
ase pausing or salt adducts, need to be avoided.
On a larger scale, the design of multiplexed PCR, the selection of appropriate

termination mixes, and the efficient intercalation of assays are best performed
with a computer-aided assay-design program (such as MassARRAY Assay Design
available from SEQUENOM). Using these programs, up to 15 plexed MassEX-
TEND reactions can be designed, implemented, and analyzed in a fully automated
manner. Using standardized reaction conditions, current MALDI-MS multiplexing
(12-plex level) provides a first-pass call rate of 90% (first-pass is defined as assays
run straight from in silico design without prior knowledge of assay performance).
The accuracy of the genotype data (automated calls, first-pass) averages to 99.7%.
Removal of those assays, which repeatedly did not PCR-amplify, increases the call
rate to over 97% and the averaged accuracy to 99.8%. These are remarkable num-
bers considering that no prior assay optimization is necessary.
Figure 4.13 depicts a mass spectrum of a successfully called 12-plex reaction. All

expected signals are marked with a dotted line. Signals with the descriptor “P” are
unextended primers. Signals with the descriptor “Pausing Peak” mark polymerase
artifacts (unspecific termination of the primer extension reaction). All termination
mixtures are selected such that mass signals of pausing products do not interfere
with allele calling.
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Figure 4.13. Mass spectrum of a 12-plex MassEXTEND reaction. Dotted lines mark all possible
extension products of the multiplexed reaction, including unextended primer, alleles, and po-
tential pausing signals. All mass signals (indicated by the dotted lines) are sufficiently separated
to ensure that each genotype can be assigned unambiguously.



Performance Summary

The following features characterize the performance of MALDI-TOF MS-based
SNP genotyping using the MassARRAY system.

x Efficient assay design: The simplicity of the MassEXTEND assay design and
MALDI-MS readout combined with in-house experience comprising hundreds
of thousands of hME reactions has generated a specific software tool (MassAR-
RAY Assay Design) that matches the speed of the MALDI process. The designs
include both PCR and hME primers; determination of optimal terminator mixes;
reaction plate confirmation; primer purchase requisitions; and allow multiplex-
ing of reactions. The use of ordinary oligodeoxyribonucleotide primers without
any modification keeps the assay design fast, simple, and inexpensive. Imple-
mentation of in silico-designed multiplexed assays provides first-pass call rates
of 90% without assay optimization. This allows rapid generation of SNP assay
panels for genetic studies with minimal experimental effort prior to the initiation
of a study.

x Simple assay processing: Multiplexed MassEXTEND assays are designed as addi-
tion-only assays. Both PCR and hME steps are designed as single-tube reactions,
which enables automated assay setup on standard liquid handling equipment
and simplifies sample tracking.

x Automated data collection and genotype reporting: Current MALDI-TOF MS in-
struments generate mass spectra in less than 1.5 s per chip array element, in-
cluding transit time to the next element. Using recently released software (Mass-
ARRAY TYPER), genotypes can be analyzed in real-time during these same 1.5 s.

x MassARRAY throughput: The described combination of factors enables the pro-
cessing and determination of thousands of genotypes in a single day using auto-
mated assay setup and a MassARRAY system. Acquisition/ real-time analysis of a
384-element chip array proceeds in z30 min. This translates to an analytical
speed of about 150 genotypes per minute (9000 genotypes per hour). This
throughput coupled with a cost per genotype of less than $0.10 renders whole-
genome scans feasible and affordable (see www.sequenom.com).

4.3
Conclusions and Perspectives

The portrayed technical platforms in this chapter, though being only four among
several others, are witness to the advance of technologies since the advent of the
SNP era some 10 years ago. A continuing effort to improve the available techniques
and the design of novel methods for SNP discovery and SNP genotyping will ex-
pand the repertoire of technologies markedly. Up to now the SNP technology
has almost exclusively been used in animal, particularly human, genomics. And
it is obvious that the major breakthroughs will occur in mammalian systems, be
it forensic analyses, comparative and evolutionary genetics, or the use of SNPs
in large-scale association studies to identify disease-susceptibility genes for com-
mon human disorders such as type II diabetes, hypertension, and cancer. Once
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the culprit genes are identified, the encoded proteins can be targeted by novel di-
agnostic tests or therapeutic drugs. Comprehensive SNP maps will be available for
the human genome, and haplotype blocks for the detection of real associations
with candidate disease genes will be identified. All these techniques are already
miniaturized and designed for high-throughput (in some cases ultrahigh-through-
put) settings. All these exciting developments somehow bypassed plant genomics.
Though the value of SNPs is highly praised and appreciated, factual research on
SNPs in plant genomes is rare and is still restricted to powerful breeding compa-
nies. We hypothesize that the costs for SNPing are presently still prohibitive for the
average plant genomics laboratory. However, with the availability of SNP chips and
affordable technologies Lemieux 2001, SNPs will arrive on the plant (especially
crop) market as tools for DNA fingerprinting, genomic mapping, and linkage ana-
lyses, at least for the more economically important crop plants.
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Breeding By Design: Exploiting Genetic Maps and Molecular
Markers Through Marker-assisted Selection
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Abstract

The potential value of genetic markers, linkage maps, and indirect selection in
plant breeding has been known for over 80 years. However, it was not until the ad-
vent of DNA marker technology in the 1980s that a large enough number of envir-
onmentally insensitive genetic markers could be generated to adequately follow the
inheritance of important agronomic traits. Since then, DNA marker technology has
dramatically enhanced the efficiency of plant breeding. In the past decade, a num-
ber of breeding companies have, to varying degrees, started using markers to in-
crease the effectiveness of selection in breeding and to significantly shorten the de-
velopment time of novel varieties. Now, advances in automated technology enable a
new approach in marker-assisted breeding: “Breeding by Design.” The advances in
applied genomics and the possibility of generating large-scale marker datasets pro-
vide us with the tools to determine the genetic basis for all traits of agronomical
importance. Methods for assessing the allelic variation at these agronomically im-
portant loci are also now available. This combined knowledge will eventually allow
the breeder to combine favorable alleles at all these loci in a controlled manner,
leading to superior varieties. Changing concepts and molecular approaches provide
opportunities to develop rational and refined breeding strategies. Here it is argued
that knowledge about map position and allelic variation at agronomically important
loci in concert with available, easy-to-assay molecular markers allows the design of
superior varieties. Depending on the crop-specific generation time, controlled mar-
ker-assisted selection strategies can lead to the development of superior varieties
within 5 to 10 years.



5.1
Introduction

The purpose of plant breeding has always been to adapt the growth and production
of the plant to the needs of man. The earliest advance in meeting this purpose is
now called crop domestication and, for cereals and pulses, took place ca. 10,000
years ago. [1]. The first selections in natural populations were aimed at preventing
seed dispersal at maturity, leading to the selection of the non-brittle spikes in cer-
eals. As a result of this domestication, today’s crops must rely on human interven-
tion for their reproduction.
After the rediscovery of the Mendelian principles of heredity, the methodologies

of modern plant breeding through directed crosses and selection for the desired
recombinants were developed, leading to an enormous and steady increase in
crop productivity and quality. The progress in plant breeding is based entirely on
the availability of genetic variation. In principle, exploitation of genetic variability
is the task of the modern plant breeder. With conventional breeding schemes,
the genetic variation of breeding populations is estimated (and selected) by
means of the phenotypic performance only. Even though this process has proven
to be very effective, a selection procedure directly at the genotype level would
greatly increase the efficiency of breeding efforts [2]. This is due to environmental
influence on the phenotypic measurements, resulting in a biased measure of the
true genetic potential of an individual. A prerequisite for the use of selection
based on genotype is that the relative value of the different genotypes be well
known and predictable.
After the discovery of the DNA molecule as the carrier of genetic and heritable

information [3], followed 27 years later by the first description of the use of mole-
cular (RFLP) markers for the construction of genetic maps [4], the possibility of fac-
tually describing the genotype of individuals, and thus using this information
through selection, became theoretically feasible. The first molecular technique to
address this challenge in plants, the RFLP technique, was reviewed by Tanksley
et al. in 1989 [5]. However, it was only after the development of PCR-based mole-
cular marker technologies such as RAPD [6] and AFLP [7] that the technologies
could be applied at an acceptable cost to marker-assisted selection in plant breed-
ing. The challenge since then has been to develop the methodologies needed for
molecular marker assays and screens, which can link the genotypic scores to phe-
notypic performance in a repeatable, robust, and affordable manner [8]. This chal-
lenge has been a major focus of Keygene over the last 14 years.
The following two sections will summarize the knowledge and experience that

has been generated through many different marker-assisted selection projects.
The section on Breeding by Design (Section 5.4) presents our current vision on
the optimal utilization of technologies and methodologies, with the ultimate aim
of maximizing the exploitation of genetic variation in plants.
In our view, different stages of impact can be distinguished in the use of

molecular markers in plant breeding. These stages are described below in more
detail.
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5.2
Marker-assisted Selection

DNA markers are reliable selection tools because they are stable, are not influenced
by environmental conditions, and are relatively easy to score in an experienced la-
boratory. Compared to phenotypic assays, DNA markers offer great advantages in
accelerating variety development time as a result of:

1. Increased reliability: the outcome of phenotypic assays is affected by factors
such as environmental factors, the heritability of the trait, the number of
genes involved, the magnitude of their effects, and the way these loci interact.
Hence, error margins on the measurement of phenotypes tend to be signifi-
cantly larger than those of genotyping scores based on DNA markers.

2. Increased efficiency: DNA markers can be scored at the seedling stage. This is
especially advantageous when selecting for traits that are expressed only at later
stages of development, such as flower, fruit, and seed characteristics. By select-
ing at the seedling stage, considerable amounts of time and space can be saved.

3. Reduced cost: there are ample traits where the determination of the phenotype
costs more than the performance of a PCR assay. In a high-throughput setting,
the material and consumable cost for a PCR assay will typically not exceed
2 Euro. In comparison, the growth of a tomato or pepper plant to full maturity
in a heated greenhouse will cost approximately 20 Euro. Every plant that can be
rejected before planting will in such settings save a considerable amount of
money.

Before deciding to follow DNA marker-assisted approaches, practical concerns and
cost-benefit analyses need to be addressed. Leaders of breeding programs must ad-
dress a multifaceted evaluation of DNA marker-assisted approaches before commit-
ting to such new endeavors. Where none of the above arguments apply, the utiliza-
tion of markers does not make any sense, at least for the above-described purposes.
The use of DNA markers for indirect selection offers the greatest benefits for

quantitative traits with low heritability, as these are the most difficult characters
to assess in field experiments. Obviously, the development of marker-assisted as-
says for such traits is difficult and costly due to the extensive phenotypic assays.
However, once the knowledge exists to estimate the parameters that determine
the trait of interest, a well-designed experimental setup will result in the availability
of marker-assisted selection tools that can reduce the future application of pheno-
typical assays to a major extent.
The most straightforward applications of DNA markers in marker-assisted selec-

tion include genetic distance analysis, variety identification, identification of mar-
kers tightly linked to specific genes, and marker-assisted backcrossing. These appli-
cations are discussed in more detail in the following sections.
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Figure 5.1. Combined AFLP fingerprint (below) and dendrogram (above) of a panel of grape
varieties and rootstocks. Based on the AFLP fingerprint data, the genetic relatedness of all the
varieties was determined and displayed by using a dendrogram. Subsequently, the fingerprints of
the varieties were reordered according to the order of the dendrogram.



5.2.1
Genetic Distance Analysis, Variety Identification, and Seed Purity Analysis

Genotyping using DNA markers can be considered the most reliable method for
the identification of lines and varieties. Therefore, the DNA fingerprinting meth-
ods can be used to analyze the purity of seed lots. Genetic distance analysis also
provides a powerful tool for breeders to identify different heterotic groups and to
increase the efficiency of finding crosses with good combinability. To determine
the genetic distance between lines and groups of lines, the lines are fingerprinted
and the markers are scored for each line. Based on the obtained score table, simi-
larity indices can be calculated for all combinations of lines. Subsequently, the re-
latedness amongst the lines can be visualized using a dendrogram display or PCA
plots (Figure 5.1).

5.2.2
Indirect Selection

Indirect selection can be a powerful method of selection in plant breeding. Espe-
cially for traits for which the phenotypic tests are unreliable or expensive, mar-
kers can offer a solution. Before indirect selection can be applied, the genetic
basis of the trait of interest needs to be elucidated and markers linked to the
gene(s) of interest have to be identified. The methods for identifying linked mar-
kers are described below. The AFLP marker technology has been used at Key-
gene for this purpose in a great variety of species for numerous traits. Once
linked markers have been identified, the AFLP markers can be converted into
simple PCR assays, which allow screening of large numbers of plants for the
trait of interest in a cost-effective manner. A suitable linked DNA marker should
allow prediction of the phenotype in a broad range of the germ plasm. To en-
sure reliable implementation of the marker in the practical breeding schemes,
the identified marker must typically be located within 1–2 cM from the trait
of interest. The occurrence of multiple alleles in the germ plasm for a desired
locus may often complicate the identification of one single marker that will pre-
dict the phenotype in the entire breeding germ plasm. This hurdle can be over-
come by the method of “locus haplotyping” (this method is explained further in
Section 5.3.5).

5.2.2.1 Monogenic Traits
For the identification of markers linked with monogenic traits, different ap-
proaches can be followed. The preferred approaches are all based on the screening
of a limited number of samples with a relatively large number of markers. In this
way, many loci can be screened with limited effort. The number of samples that
need to be fingerprinted can be limited by screening on set(s) of near-isogenic
lines (NILs), if these are available. Candidate markers that are identified in this
way are then screened on a panel of phenotypically well-characterized germ
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plasm lines to confirm their linkage and to determine the predictive value of the
markers on the germ plasm.
An extremely powerful approach to identifying linked markers consists of the

bulked segregant analysis (BSA) method [9]. For this type of screening, individuals
from a segregating population are pooled on the basis of their phenotype, and the
pools are then fingerprinted until a sufficient number of markers emerge. This
method can be used for both dominant and recessive monogenic traits. For domi-
nant genes, cis markers (linked with the trait of interest) will emerge from the
screening, whereas trans markers (linked with the opposite allele) will be identified
for recessive traits.
The BSA approach has proved to be useful for the identification of linked mar-

kers for oligogenic traits as well. An example where this is demonstrated is in an
AFLP marker screening for disease resistance in tomato. The BSA screening
yielded trans markers for a recessive gene involved in the resistance. When screen-
ing the trans markers on individuals of the segregating population, the resistance
could be predicted in only z75% of individuals, and the remaining 25% of the
individuals could not be explained as a result of recombination events. The results
suggested that an additional (dominant) gene is needed for full resistance. By re-
constructing the plant pools among the remaining 25% of the individuals, an ad-
ditional locus involved in the resistance could be identified.

5.2.2.2 Polygenic (Quantitative) Traits
The classical approach to the identification of loci involved in complex polygenic
traits consists of screening a large number of individuals from a segregating po-
pulation with a set of markers that are evenly distributed throughout the genome.
Subsequently, statistical analysis is performed to identify regions in the genome
that are involved in the trait. The laborious nature of this approach makes it
unrealistic to screen sufficiently large populations to precisely locate the
quantitative trait loci (QTLs). As a consequence, the QTLs cannot be localized pre-
cisely on the map, and sufficiently closely linked markers cannot be obtained,
thereby preventing the broad-scale application of indirect selection for quantitative
traits.
To increase the number of markers linked with the QTLs, a new approach based

on the BSA principle can be applied. As an example, an oilseed rape F2 population
of z2500 individuals segregating for two quantitative traits, glucosinolate and
erucic acid content, has been used. Based on the phenotypic scores, bulks were
composed and approximately 2000 loci were screened on those bulks using the
AFLP fingerprinting technique. Candidate markers that were identified on the
bulk screening were subsequently analyzed on z200 randomly chosen individuals
of the F2 population. This screening demonstrated that the candidate markers
identified using the BSA screening approach were derived from three different
loci involved in glucosinolate content and two QTLs involved in erucic acid content.
The results have been confirmed by independent studies in which the same map
positions have been identified to be involved in the respective traits [10, 11]. The
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results demonstrate that a BSA strategy may be useful even for the identification of
markers for quantitative traits.
To efficiently improve the precision of the interval in which oligogenic traits can

be mapped, we have also devised a new method called reverse QTL mapping
(RQM) [12, 13]. This method enables precise mapping of QTLs within very narrow
genetic intervals. The principle of the approach relies on the selective phenotyping
and genotyping of only those plants yielding information on the map position of
the QTL. In the first step, a classical QTL analysis is performed on a fraction of
a segregating population (e. g., 200 F2 individuals) to identify the major QTL for
the trait of interest. Subsequently, markers flanking the major QTL are used to
screen the entire population (e. g., 2000 F2 plants) to identify QTL isogenic recom-
binants (QNIRs): plants that carry a recombination at one QTL region and bear
identical homozygous genotypes at the other QTL. These QNIRs are then geno-
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Figure 5.2. Principle of reverse QTL mapping demonstrated for three QTLs segregating in an F2
population. (a) A stepwise reduction of the interval for QTL 1 for a single QTL near-isogenic
recombinant (QNIR) set of plants. The position of the gene is determined based on the phe-
notypic values of the recombinants relative to the values of the control plants. (b) The different
types of recombinants at QTL 1 that can be found for a single QNIR set. Such recombinants for
QTL 1 also exist for other types of homozygotes at QTL 2 and QTL 3 (c). In a similar way, other
QNIR sets exist for QTL2 and QTL3.



typed with sufficient markers at the recombinant QTL region to precisely map the
recombination events. By growing progeny or clones of the QNIRs, highly accurate
phenotyping data can be obtained on those plants. Comparison of the (averaged)
phenotypic values of the QNIRs will lead to precise localization of the QTL gene
within a sub-centimorgan interval (Figure 5.2).
The principle of RQM was demonstrated by using a subset of 1000 individuals

derived from the same F2 population as described above, which enabled the map-
ping of a QTL involved in erucic acid content within an interval smaller than 1 cM.
The RQM method has now been used successfully in our lab for several oligo-

genic traits. RQM is considerably more cost-effective than other approaches for
fine mapping of oligogenic QTL traits. Because of the high resolution that can
be obtained, the approach should also greatly facilitate map-based cloning of QTLs.

5.2.2.3 Marker-assisted Backcrossing
With the cost reductions that can be achieved using DNA markers, marker-assisted
backcrossing (MABC) has become an important application in modern plant
breeding. Two different aspects can be distinguished in MABC:

1. Selection for high recurrent parent genomic content: in this application, the
DNA fingerprints are used to calculate the percentage of recurrent parent gen-
ome in each backcross individual, thereby taking the genome representation of
the markers into account. In the case that genetic maps are constructed of the
BC progeny, the analysis allows for a selection based on the number and posi-
tion of remaining donor segments.

2. Selection against linkage drag: when negative characteristics are linked with the
trait that needs to be introgressed, molecular markers can be used to select for
recombinants in the genomic region surrounding the trait of interest. After
phenotypic testing of these recombinants, individuals may be selected in
which the region responsible for the linkage drag has been removed from
the locus of interest.

MABC has been successfully implemented in a number of crops. For example, in
maize the number of generations needed for recovery of the recurrent parent gen-
ome is reduced by MABC from eight to three [14].

5.3
The Creation of Novel Varieties (Marker-assisted Breeding)

The application of DNA markers in the breeding process can create substantially
more added value than just improving the quality or cost of existing selection pro-
grams. By applying markers in a creative manner, new traits can be introduced that
either could not be obtained or could be obtained only with great difficulty by clas-
sical breeding. Therefore, the application of markers in breeding can create a major
competitive advantage to those breeders/companies that have integrated markers
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as part of their working tools. Where breeding goals cannot be achieved through
traditional approaches, there is considerable scope for the use of molecular mar-
kers at almost any stage of development of new varieties. Here the limitation is
not the facilitating technology but the imagination and motivation of the (mar-
ker-assisted) breeder. Below, a number of examples are provided where creative ap-
plications of markers clearly provide a major benefit over classical breeding.

5.3.1
Removal of Linkage Drag

In the mid-1990s, Keygene was involved in a marker-assisted breeding approach
that led to the development of a novel lettuce variety resistant to the aphid Nasono-
via ribisnigri [15]. This aphid is a major problem in areas in Europe and California,
causing reduced and abnormal growth in addition to the spread of viral diseases.
Resistance to this aphid could be introgressed from a wild relative of lettuce, Lac-
tuca virosa, by repeated backcrossing. However, despite many rounds of backcross-
ing, the new product was of extremely poor quality, bearing yellow leaves and a
greatly reduced head. This could have been caused either by a pleiotropic effect
of the resistance gene or by so-called linkage drag, a negative trait closely linked
to the positive trait of interest. Marker analysis eventually demonstrated that the
reduced quality was indeed caused by linkage drag. In this case, the linkage
drag was recessive, only visible in the homozygous state, thereby seriously increas-
ing the difficulty in selecting for recombinations based on the phenotype. It was
decided to use DNA markers flanking the introgression to pre-select for individuals
that were recombinant in the vicinity of the gene. More than 1000 F2 plants were
screened this way, leading to the selection of some 100 individuals bearing a re-
combination or even double recombinations in the vicinity of the gene. Only
those individuals needed to be phenotyped for both the resistance and, at the F3

level, the absence of the negative characteristics. This approach eventually led to
the selection of an individual bearing recombination events very close to each
side of the gene, thereby removing the linkage drag. The results demonstrated
that the (recessive) linkage drag was located on both sides of the resistance
gene, in addition to being tightly linked. This result would have been very hard
to obtain by classical selection methods (Figure 5.3).

5.3.2
Pyramiding Resistance Genes

Another example using markers for the creation of novel varieties is the pyramid-
ing of disease-resistance genes. This approach can offer great financial rewards
through extending the lifespan of new varieties.
Such an approach has been used for the backcross transfer of QTL for downy

mildew resistance in pearl millet [16]. Here, a limited number of RFLP markers
have been used for marker-assisted selection to improve disease resistance in
both parent lines of a popular hybrid variety. Despite the labor-intensive nature

1175.3 The Creation of Novel Varieties (Marker-assisted Breeding)



118 5 Breeding By Design

Figure 5.3. Example of a novel variety created by marker-assisted breeding.



of this approach and the resulting limitation in population size in a given genera-
tion, good progress has been made and field evaluation of the finished projects is
underway just four years after initiation of the project.
As resistance genes tend to reside in resistance gene clusters, interesting alleles

of different resistance genes may be located in tandem but be present in different
accessions. In such a case, it is of paramount importance to precisely fine-map the
alleles of the different genes with respect to one another. This goal can be most
easily achieved using DNA markers. Subsequently, the linked markers can be uti-
lized to select for the rare recombinants that combine the favorable alleles in tan-
dem.

5.3.3
Marker-assisted Breeding of Polygenic Traits

Keeping track of all the genes involved in complex traits during a breeding pro-
gram is an enormous challenge, if not an impossible task. In our experience, we
have observed the loss of minor QTL when a round of marker-assisted selection
was replaced by a round of phenotypic selection. The utilization of markers can
obviously prevent such loss of QTL.
Simulation studies, although based on some oversimplified scenarios, provide

some interesting insight into the optimum number of locations, replications,
and population sizes in molecular breeding programs [17]. In these simulation stu-
dies, marker-assisted approaches remained efficient for QTLs with even very low
heritability (0.15).
DNA markers allow us to unravel the genetic basis of traits expressing continu-

ous phenotypic variations, as they are abundant and scattered throughout the gen-
ome. By using dense genetic marker maps, the contributions of separate regions of
the genome on the trait values can be estimated once the mapping population is
sufficiently large. Agronomically important traits such as nutritional quality,
yield, flowering time, and “durable” resistance are all traits that appear to follow
complex, polygenic inheritance patterns, with multiple genes having small effects
on the trait value. Nevertheless, various lines of evidence obtained from various
crops indicate that even such complex traits appear to be determined by only a
few major factors [18–21].
We therefore argue that simplification of these complex analyses can offer an im-

portant key to success in mapping the loci involved in these traits. Such simplifica-
tions can be obtained at several levels.

1. Simplification of the phenotype: division of a complex phenotype into its sepa-
rate genetic components. For example, an extremely important phenotype such
as yield is determined by a vast array of component characters, e. g., root size,
plant size, number of fruit, size of fruit, fruit contents, etc. Mapping the genes
involved in these separate components provides a better understanding of the
complex trait and a higher chance of success.
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2. Simplification of the mapping: separating the effect of each QTL by generating
NILs or by using the technique of introgression line libraries [22, 23] or RQM
[12, 13] enables the more precise measurement of the effect of the QTL and
thereby the precise/fine mapping of the QTL. Fine mapping of a QTL is an es-
sential step in exploiting the QTL by marker-assisted selection.

These approaches significantly aid in unraveling the complexity of agronomically
important traits. It is with such traits that, in the long term, the biggest benefits
of marker-assisted selection can be obtained.

5.3.4
Introduction of Novel Characteristics

An innovative approach for introducing novel polygenic characteristics from wild
germ plasm in a controlled manner is the application of advanced backcross breed-
ing. This approach involves the simultaneous discovery and transfer of important
QTL from unadapted germ plasm into elite breeding lines [24]. The advanced back-
cross breeding strategy postpones QTL mapping until the BC2 or BC3 generation.
During the generation of BC2 or BC3 populations, negative selection is exercised to
minimize the occurrence of unfavorable donor alleles. The advantage of focusing
on BC2 or BC3 populations is that they offer sufficient statistical power for QTL
identification on the one hand and provide sufficient similarity to the recurrent
parent to select for QTL-NILs in a short time span (within 1–2 years) on the
other. By use of QTL-NILs, the QTLs discovered can be verified and the NILs
may serve directly either as improved varieties or as a parent variety in the case
of hybrid crops.
The advanced backcross approach has been successfully used to identify markers

for QTLs contributing to fruit size, shape, color, and firmness together with the
content of soluble solids and total yield in tomato. On this basis, QTL marker as-
sociations were identified in one backcross generation and immediately applied in
the subsequent backcross generation some six months later [25].

5.3.5
Effective Exploitation of (Exotic) Germ Plasm

Breeders have traditionally been reluctant to use wild germ plasm in their breeding
programs due to complex, long-term, and unpredictable outcomes, particularly in
crops where quality traits are important market criteria. This is a pity, because in
most crops the cultured germ plasm represents only a small section of the vast di-
versity available in the species. Tanksley and coworkers have clearly demonstrated
that wild relatives of tomato contain genes that contribute to interesting culture
characteristics generally not expected to reside in those species [19, 26]. Marker-
assisted backcrossing now enables the breeders to precisely introgress small sec-
tors of wild/exotic accessions, thereby providing breeders with the tools to effec-
tively unleash the vast resources held in germ plasm collections.
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DNA marker-based diversity analysis enables gene banks to define core collec-
tions, which will provide a user-friendly entry point for breeders to access large
and varied germ plasm collections. A large-scale genetic distance analysis of the
complete CGN gene bank of lettuce in the Netherlands has been performed
using AFLP markers. The analysis involved more than 6800 samples, and an en-
ormous dataset of more than 1.35 million data points was produced in this
study [27].
This type of analysis also greatly aids in selection of genotypes for broadening

the genetic base of breeding populations and for the development of heterotic po-
pulations for breeding F1 hybrid varieties.
By using markers tightly linked to a gene of interest, so-called locus haplotyping

can be performed on accessions of germ plasm to identify those samples that bear
different alleles at the locus of interest. It enables identification of accessions/lines
bearing different alleles at a single locus, which can then be evaluated in further
detail with respect to performance. This enables the breeders to efficiently identify
new traits or better versions of existing traits that can then be quickly introgressed
into their breeding lines. This approach allows the effective exploitation of germ
plasm without the impossible task of having to phenotype all accessions.

5.4
Breeding by Design

The examples above show that the application of markers in breeding not only im-
proves existing selection processes but also can aid in creating novel varieties bear-
ing new characteristics of agronomical importance. Extending on these capabil-
ities, an understanding of the genetic basis of all agronomically important charac-
ters and the allelic variation at those loci would enable the breeder to design super-
ior genotypes in silico. We call this concept Breeding by Design. This goal can be
reached by following a three-step approach.

5.4.1
Mapping Loci Involved in All Agronomically Relevant Traits

To elucidate the genetic basis of agronomically important traits, mapping popula-
tions are needed in which those traits are segregating. To map all traits that are
relevant in breeding a crop, we strongly prefer the use of introgression line (IL)
libraries. An IL library consists of a series of lines harboring a single homozygous
donor segment introgressed into a uniform, cultivated background (reviewed in
[23]) (Figure 5.4).
The following are great advantages of IL libraries in comparison with other map-

ping approaches.

x IL libraries consist of homozygous “immortal” lines and therefore can be pheno-
typed repeatedly and used for the simultaneous mapping of many traits.
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x IL libraries contain homogenous genetic backgrounds, only differing from one
another by the introgressed donor segment. Thus, epistatic effects from the
donor parent are eliminated.

x QTLs are dissected into separate monogenic components, which increases the re-
liability of measuring phenotypic traits.

x ILs containing interesting QTLs can be backcrossed to various lines to investigate
interactive effects.

x Although dependent on the resolution of the IL library (i. e., average introgres-
sion segment size), QTLs are typically mapped into smaller intervals than by clas-
sical QTL mapping.

x IL libraries provide optimal starting material for the fine mapping of the mapped
loci and for generating improved breeding lines.

x A secondary bonus from using IL libraries is that often new “exotic” alleles can
be found that have a positive effect in the culture crop germ plasm.

To study interaction (epistasis) between genes, reciprocal IL libraries can be con-
structed. In such cases, IL libraries from line A into B and vice versa are con-
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Figure 5.4. Example of an IL library construction process in tomato (12 chromosomes each
separated by a gray bar) by marker-assisted backcrossing. Each horizontal bar represents an in-
dividual (best visible in the BC1 selection). Homozygous recurrent parent segments are shown in
red. The homozygous donor segments are indicated in blue. Green bars represent heterozygous
segments. The black bars on top show the relative positions of the markers used to assist the
selection of the appropriate introgression lines. The construction and use of IL libraries are
extensively reviewed by Zamir [23].



structed. By doing so, phenotypes that cannot be detected because they are
mediated by interacting loci in the AqB library will be measured as a knocked-
out phenotype in the BqA library. Subsequently, crosses between individual intro-
gression lines, each bearing one of the interacting alleles, can be made to investi-
gate the extent of the interaction [28].
To map loci contributing to heterosis, the IL library can be crossed to a tester par-

ent. This will create an F1 IL library in which each introgression segment is present
in the heterozygous state. This F1 IL library is then phenotyped to detect heterotic
effects caused by specific introgression segments (Figure 5.3). In the past five
years, considerable progress has been made for a number of different crops in
the construction of IL libraries [23]. In the quest for mapping the loci underlying
all agronomically important traits, IL libraries provide an extremely powerful tool.
In order to identify the allelic variation at each locus of interest by using chromo-

some haplotyping (see below), it is essential to determine a precise position for the
loci of interest. IL libraries also provide perfect starting material for this purpose:
each line containing a locus of interest can be backcrossed to the recurrent parent
(and, if necessary, selfed) to create a large segregating population. This population
can be used to identify recombinants within the introgression segment using
flanking markers. Phenotyping these recombinants will enable the mapping of
the locus at high resolution.
Another powerful fine-mapping approach is provided by the wealth of sequence

information available from model plant species in combination with the rapidly ex-
panding understanding of the function of genes. This knowledge can be linked to
commercial species by exploiting synteny between both species, thereby opening
the possibility for developing candidate-gene mapping approaches and markers
[29, 30]. In our view, the candidate gene approach can provide a shortcut in the
fine mapping or cloning of loci that are roughly mapped using an IL library.
An alternative but not yet sufficiently validated approach to fine-map loci of in-

terest is provided by linkage disequilibrium mapping (LD mapping). LD mapping
relies on associations between the phenotype and neutral polymorphisms located
near the trait locus [31]. The predictive value of a marker for a trait of interest in
a broad germ plasm is basically determined by the mode of inheritance of the
trait, the recombination distance between the marker and the trait locus, and the
mutation rate of the marker. Instead of single-marker-based tests, combinations
of linked marker alleles at the same chromosome (haplotypes) can be used to pre-
dict phenotypic trait values in a panel of lines. Haplotypes of multiple markers
have higher information content compared to single markers. Therefore, an in-
creased predictive power is achieved by using haplotypes. We have successfully ap-
plied this approach in different crop species by using AFLP markers to identify and
predict different alleles of agronomically important loci.
Figure 5.5 shows an example of three allelic variants of a hypothetical gene.

Three tightly linked SNP markers were identified in a segregating population de-
rived from parental lines G1 and G2. However, once the linked markers are used in
a germ plasm panel (G1–G6), typically the association between (most of) the mar-
kers is lost, which is due to the independent origin of the SNPs. In this example,
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the haplotypes composed of the three SNPs are required to discriminate the three
different alleles.
Haplotype-based analysis of SNPs is currently the focus of intensive research as

result of the effectiveness of haplotypes in (fine) mapping of complex traits and
scanning for allelic variants (e. g., [32, 33], see chapter 4). Because of the complexity
of this approach and the associated uncertainties, our preference is to use “targeted
LD mapping.” Once a rough position of a locus is known, LD mapping can be
applied using markers or haplotypes (Figure 5.5) in that area of that locus, leading
to the identification of markers or haplotypes that show a strong association with
the phenotype under investigation, thereby fine-mapping the locus of interest [20].

5.4.2
Assessment of the Allelic Variation at the Loci Associated With Agronomically Relevant
Traits

Although several strategies based on different population structures exist to unra-
vel the genetic basis of complex traits, it will still be impossible to predict the phe-
notypes generated by those genes in the germ plasm. This is caused by the allelic
variation that exists in the germ plasm at those loci. Typically, in a segregating po-
pulation (F2, BC, RIL, DH, IL library) only two alleles are segregating per locus.
Mapping of the genes involved in a desired phenotype will enable prediction of
only the phenotype within the same population or within populations in which
the same alleles are segregating at that locus. To obtain broad predictive power,
it is of paramount importance to be able to distinguish all alleles at the locus of
interest and to assign phenotypic values to the different alleles.
As mentioned above, a potential shortcut to mapping genes and allelic variation

simultaneously could be by using LD mapping with single markers [31]. However,
a better method for assessing allelic variation at loci of interest is by using marker
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Figure 5.5. Predictive value of haplotypes. G1 and G2 represent parents of a segregating po-
pulation, while G3–G6 represent germ plasm lines. Three gene alleles are distinguished: orange,
white, and green. For clarity reasons, the genotypes of three SNP markers are indicated as “þ/–”
scores. Two different haplotypes are indicative of the white allele, whereas the orange and green
alleles correspond to unique haplotypes.



haplotypes. By using a set of tightly linked markers at a candidate locus, the com-
bined scores of all markers in principle can distinguish all the different alleles that
occur at that locus in a set of accessions (Figure 5.5). For example, a high correla-
tion was found between resistance phenotypes and marker haplotypes derived for
the largest resistance gene cluster in lettuce [34].
By extending this technique to the whole genome, complete chromosome haplo-

types can be generated (Figure 5.6). Assuming a high level of saturation with mar-
kers, these chromosome haplotypes enable the determination of the allelic varia-
tion at any position in the genome. After having fine-mapped the genes of agro-
nomic importance, e. g., by using IL libraries combined with targeted LD mapping,
these chromosome haplotypes can be used to assess the allelic variation at those
loci.
Once the allelic variation at the loci of interest is identified, it is essential to at-

tribute phenotypic values to the different alleles. For this purpose, the inbred lines
bearing different alleles at the loci of interest need to be thoroughly phenotyped. In
the case of polygenic traits, it is possible to pre-select those lines that bear different
combinations of alleles at the different loci for phenotyping. Currently, we are de-
veloping algorithms that can combine those data with the phenotypic data on the
lines to determine the contributing value of each allele to the phenotype.
In our view, the mapping of loci using simple mapping populations together

with allele assessment using chromosome haplotyping of lines in combination
with phenotyping provides the most powerful route to optimally exploiting the
germ plasm of a species.

5.4.3
Breeding by Design

Eventually, the knowledge of the map positions of all loci of agronomic interest, the
allelic variation at those loci, and their contribution to the phenotype will enable
the breeder to design superior genotypes consisting of a combination of favorable
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Figure 5.6. Chromosome haplotypes of a set of maize lines for one chromosome. Horizontal
lines represent the same chromosome for a panel of lines. Identical stretches of marker scores
(haplotypes) are indicated by the same color. The boxes indicate genome positions of interest.



alleles at all loci. Since the positions of all loci of importance are mapped precisely,
recombination events can be accurately selected using flanking markers to collate
the different favorable alleles next to each other (Figure 5.7). Software tools will en-
able determination of the optimal route to generate those mosaic genotypes by
crossing lines and using markers to select for the specific recombinants that will
eventually combine all those alleles. Since this is a precisely defined process, selec-
tion by phenotyping can be omitted. Only the eventually obtained superior varieties
will have to be evaluated for field performance.
The above-described approach contains a number of prerequisites that require

more discussion. Firstly, extremely saturated marker maps must be available to en-
able the generation of high-resolution chromosome haplotypes. Preferentially, a
few markers are needed per window of LD to ensure reliable high-resolution chro-
mosome haplotypes. Obviously, the extent of LD is strongly dependent on a num-
ber of factors, including, the crop species, the germ plasm selection, the genome
region of interest, etc. [31]. Taking the rice genome as an example, let us assume
that the average size of an LD window in rice is 100 kb and that the rice genome
comprises 450 Mb, this means that 10,000–20,000 mapped markers need to be
scored on a panel of inbred lines. With the currently available automation tools,
this is a feasible task. Especially when using a multiplex PCR marker system
such as AFLP [7, 35], which generates 20–100 markers per PCR, such a job can
be performed reasonably within one year with a few well-trained people and the
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Figure 5.7. The principle of Breeding by Design. Subsequent crosses and selections using
markers lead to the desired superior elite line genotype. Dotted lines indicate marker positions
used to select for the desired recombinants.



appropriate equipment. High-resolution mapping of AFLP markers can be per-
formed by using physical mapping strategies such as HAPPY mapping and radia-
tion hybrid mapping [36] or the application of BAC pooling strategies [37].
Secondly, the described approach requires extensive phenotyping of all agrono-

mical traits on both the mapping populations and the inbred lines that are used
for chromosome haplotyping and allele assessment. Moreover, to map loci involved
in heterosis, it is also necessary to phenotype hybrids derived from selected com-
binations of haplotyped lines. The most important factor determining success
will be the precision of the phenotyping. Dissection of the phenotypes into compo-
nents aids in objectively measuring phenotypes: for example, a complex trait such
as taste can be dissected into sugar, acid, and volatile flavor molecules, which can
be measured separately by using biochemical analysis equipment (e. g., gas chro-
matographers, etc.). Extending on this approach for all traits of agronomical impor-
tance will require great organization skills and will represent a major effort. In our
view, phenotyping is the most critical and challenging factor in achieving the goals
set by Breeding by Design.

5.4.4
Future of Breeding by Design

Breeding by Design contains an integrative, complementary application of the
technological tools and materials currently available to develop superior varieties.
During this process, enormous resources of knowledge are generated that will en-
able breeders to deploy more rational and refined breeding strategies in the near
future. The recent developments in technology and statistical methodology have
now brought this strategy within reach. The optimal exploitation of the naturally
available genetic resources can create unsurpassed possibilities to generate new
traits and crop performance. In our view, Breeding by Design will reach as
much crop improvement potential as GMO strategies while requiring fewer invest-
ments and without challenging public acceptance.
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Physical Mapping of Plant Chromosomes

Barbara Hass-Jacobus and Scott A. Jackson

6.1
Introduction

All organisms contain DNA, which in higher organisms such as plants is orga-
nized into chromosomes. As the field of genetics moves forward into areas such
as genomics and proteomics, it is increasingly important to investigate how the lin-
ear organization of genes and other sequences is involved in the structural organi-
zation of chromosomes and how genomes of different organisms are similar to
and different from one another. Recombination has been used to order genes
and molecular markers into linkage groups on genetic maps, but this has been
done with the understanding that genetic distance (usually expressed in terms of
centimorgans and based on the frequency of recombination between genetic mar-
kers) on a genetic map does not necessarily reflect the physical distance in base
pairs between markers. Physical mapping – the ordering of genetic components
on chromosome maps in terms of physical distance – is becoming increasingly im-
portant for our understanding of how genomes are regulated and their evolution.
Physical mapping allows one not only to determine where markers are on a chro-
mosome in relation to the centromere and telomeres but also to detect phenomena
such as insertions, deletions, and translocations. Using physical mapping techni-
ques, it is possible to differentiate between chromosomal segments from two dif-
ferent species in a hybrid organism. As the sequencing of genomes from all king-
doms of life continues to accelerate, physical mapping is being used to verify se-
quence data and to allow the comparison of sequenced genomes to genomes
that have not yet been sequenced, a field of study called comparative genomics.
This chapter will examine physical mapping, with an emphasis on the work

being done in plant systems. We will begin with a discussion of classical physical
mapping methods, followed by a discussion of more-modern molecular physical
mapping techniques. We will examine the reasons for physical mapping and
look at which areas of the genome are investigated in physical mapping studies.
Finally, we will briefly discuss the future direction of physical mapping as more
genomes are fully sequenced.



6.2
Classical Physical Mapping Techniques

6.2.1
Knob Mapping in Maize

Knob heterochromatin in maize represents a unique chromatin feature that can be
used for physical mapping. Knob heterochromatin was first observed by Barbara
McClintock in 1929. Her observations state, “In the fourth from the smallest chro-
mosome there is a deeply staining body which becomes very conspicuous during
late prophase. Other chromosomes have less conspicuous bodies of this kind, but
their exact position requires further study.” By 1930, McClintock was using a term-
inal knob to map translocations in maize. Knobs are used to distinguish between
each of the 10 maize chromosomes and can be used as markers to determine ge-
netic distances (Mohammed and Shoeib 1965). While the number, size, shape, and
distribution of knobs vary among lines of maize, these traits are genetically inheri-
table and can be used to differentiate between maize strains (Chughtai and Steffen-
sen 1987). Also of cytological importance, it has been observed that knobbed chro-
mosomes, under certain conditions, undergo chromatin loss; the larger the knob,
the more frequently the arm of the knobbed chromosome is lost, whereas knobless
arms are stable (Rhoades and Dempsey 1973).
Knobs have been used to study maize evolution and are thought to have played a

significant role in the adaptation and evolution of maize and its relatives. Maize
lines isolated from the regions where cultivated maize was thought to have origi-
nated, namely, Guatemala and Mexico, have the greatest number of knobs, while
maize lines with the lowest number of knobs are found in outlying areas (Longley
1952; Moll et al. 1972). A large portion of knob heterochromatin contains a 180-bp
repeat, a 27-bp region of which is conserved among maize and the relatives of
maize teosinte and Tripsacum (Chughtai and Steffensen 1987). Another 350-bp re-
peat, TR-1, has also been found in knob heterochromatin. These arrays of tandem
repeats have been found to be interrupted by retrotransposon insertions, and it has
been hypothesized that knobs may be complex megatransposons (Ananiev et al.
1998). Although knob mapping in maize could be considered outdated due to
the availability of molecular mapping and other physical mapping techniques
that have been developed, the implications of knob heterochromatin in cell division
and in maize genetics will continue to be studied and will likely play a role in the
comparative genetics and evolutionary studies involving maize and its relatives in
the future.

6.2.2
Deletion/Aneuploid/Substitution Mapping

Deletion mapping has been used in bacteria to analyze gene mutations and to de-
termine gene structure. Deletions may be detected and mapped in a number of
ways, including by an observed lack of reverse mutations, pseudodominance,
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and recessive lethality and by the appearance of deletion loops in chromosome pre-
parations. In humans, deletion lines have been used to find recessive oncogenes
that have been inactivated by a homozygous deletion. In plants, deletion lines
have been used in wheat to place sequences on the chromosome map (Qi and
Gill 2001).
Cytogenetic and DNA-based maps can be related to one another through the use

of aneuploid and substitution lines (Young 2000). Aneuploids are organisms that
have an increase or decrease in the normal chromosome number. The change in
chromosome number can involve as little as a portion of a chromosome (i. e., tel-
osomics) or may involve more than one chromosome (i. e., nullisomic-tetrasomics).
Aneuploids of tetraploid and hexaploid wheat have been used to locate genes on
chromosomes, to map gene-to-centromere distances, and to identify chromosome
homoeologies (Joppa 1987). The hybridization of a genetically mapped clone to di-
gested DNA from aneuploid lines that results in the loss of a band (nullisomics) or
a change in the signal on an autoradiogram indicates the chromosomal location of
the clone (Young 2000). Monosomic lines of maize and oat and trisomic lines of
tomato are just three examples of species in which aneuploids have been used
to physically map genetic markers to specific chromosomes (Young et al. 1987;
Rooney et al. 1994). A major disadvantage of this technique is the availability of
viable aneuploids, as few species are able to tolerate aneuploidy very well, making
maintenance of the genetic lines difficult. Aneuploid mapping, nevertheless, has
been widely used in plant physical mapping. In general, plants are much more tol-
erant of aneuploidy than are animal systems.
Substitution mapping is similar to deletion mapping, except that substitution

mapping uses meiotic recombinants instead of deletion events (Paterson et al.
1990). In substitution mapping, lines of a species are developed where chromo-
somes or chromosome arms have been substituted with homoeologous chromoso-
mal segments from another species (Young 2000). Traditionally, before genetic en-
gineering was so widely used to introduce genes into lines, substitution lines were
used in plants to develop varieties with traits of interest, such as disease resistance.
More recently, these lines have been used to physically map genetic markers. Re-
striction fragment length polymorphisms (RFLP) are identified that lie near the
gene or QTL of interest. Different chromosomal segments carrying the RFLP are
identified, and their overlap is determined as precisely as possible using mapped
genetic markers (Paterson 1990). The DNA from the substitution lines is restric-
tion-digested and blotted onto a membrane, which is then probed with a DNA
clone. The substitution line corresponding to the clone’s location shows a different
restriction-digest fingerprint (RFLP) compared to the other substitution lines, iden-
tifying the location of that clone (Young 2000; Sharp et al. 1989). The resolution of
substitution mapping is limited to the resolution of existing genetic maps, because
the number and spacing of genetic markers is used to determine the overlap of
chromosomal segments (Paterson et al. 1990) One example of substitution map-
ping is that of mapping QTLs in tomato. Paterson et al. (1990) used substitution
mapping to increase the resolution of the tomato linkage map from Z20-cM inter-
vals to intervals of 3 cM, allowing finer mapping of their QTLs of interest.

1356.2 Classical Physical Mapping Techniques



Aneuploid, substitution, and deletion mapping represent three classical physical
mapping techniques that use cytogenetic stocks to confirm results obtained with
molecular mapping projects in plant systems. The ability to correlate the genetic
and physical maps is becoming crucial to plant mapping, especially as more and
more laboratories become interested in comparative genomics. The major disad-
vantages of these techniques are the difficulty in isolating a large number of
lines and the fact that the cytogenetic lines cannot be developed in all plant species
due to issues such as viability and chromosome identification (Cheng et al. 2001).

6.2.3
Polytene Chromosomes in Drosophila

Polytene chromosomes represent one of the earliest tools used by geneticists to
physically map chromosomes. First discovered in the salivary glands of the fly
Bibio hortulanus, polytene chromosomes consist of a chromosome that has been
replicated many times without the replicas separating into chromatids. Instead,
the replicas remain aligned and bundled together and have characteristic banding
patterns as well as regions that appear swollen. These chromosomal landmarks are
excellent for mapping regions of the chromosome. Maps of polytene chromosomes
of Drosophila melanogaster have been around since the 1930s (reviewed in Rubin
and Lewis 2000). Polytene chromosomes are also useful for visualizing mutation
events such as deletions. A bulge, or looped configuration, can be seen in the poly-
tene chromosomes of deletion heterozygotes, allowing the mapping of genes and
markers in the deletion zone. Polytene chromosomes are especially good for phy-
sical mapping techniques such as FISH, where the hybridization signal is very
clear compared to background hybridization, as it appears as a nice, distinct line
across the width of the chromosome as compared to a small spot normally ob-
served in FISH in plant mitotic spreads.
In plants, polytene chromosomes are somewhat different from those found in

insects. The banding patterns are not as well developed and the degree of conden-
sation of the chromosomes varies. While they have been found in some plants,
such as Phaseolus (http://www.ba.cnr.it/Beanref/polytene.htm), polytene chromo-
somes have not been used extensively for physical mapping in plants, primarily
due to the difficulty in obtaining them and the low resolution compared to other
available methods.

6.2.4
Chromosome Banding

The analysis of longitudinal banding patterns that are produced when chromo-
somes are stained with various dyes is a classical tool for the identification of in-
dividual chromosomes and chromosome segments, as banding patterns provide
unique fingerprints for individual chromosomes. There is a wide variety of chro-
mosome banding techniques, many of which are described below, that have
been used for physical mapping, mostly in animal systems. Some are widely
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used in plant systems while others are not, and many of the techniques have re-
quired modification for use with plants and seldom give the resolution obtained
with animal chromosomes.
C-banding is a technique used widely in physical mapping in plants. It was first

reported for use with animal chromosomes (Hsu 1973). C-banding stains the cen-
tromeric regions and other constitutive (C) heterochromatic regions (Knight 2003).
The DNA is denatured under alkaline conditions, leading to depurination of the
DNA. The DNA is then renatured (Sengbusch 2002). The degree to which the de-
natured DNA reanneals and the time it takes to do so (renaturation kinetics) is an
index of the degree of repeats present on the chromosome (Sharma and Sharma
1999). After a wash step, the chromosomes are stained with Giemsa solution,
which binds primarily to the repetitive DNA, or heterochromatin (Sengbusch
2002). These stained repetitive DNA bands are called C bands. DAPI/distamycin
A can be used to label a subset of C bands to identify pericentromeric breakpoints
and to identify chromosomes that are too small for standard banding techniques
(Knight 2003). C-banding has been used extensively in the physical mapping of
crop plants such as wheat. C bands are polymorphic among wheat cultivars and
therefore provide cytological markers along the entire lengths of wheat
chromosome arms. The bands can be mapped in relation to other genetic
markers and are used to build cytogenetic maps (Jiang and Gill 1993). Studies of
repetitive DNA sequences in rye (Secale cereale) showed that sequences of the
480-bp family are located mainly at the telomeres on all seven pairs of rye chromo-
somes. Later studies found that the locations of these repetitive sequences corre-
spond to most of the major C-banded regions in rye, revealing a relationship be-
tween heterochromatic bands and repetitive sequences in plants (reviewed in
Jiang and Gill 1994c).
N-banding is another Giemsa-staining method. Whereas C-banding stains all

heterochromatin, N-banding stains only chromatin containing polypyrimidine se-
quences (Gill 1987). Staining of chromosomal regions containing (GAA)m(GAG)n
satellite DNA results in a banding pattern that is conserved between the genomes
of different accessions of the same species (Zoller et al. 2001). N-banding is used in
nucleolar regions to differentiate heterochromatin from C-banded centromeric
sites on the chromosome (Sharma and Sharma 1999). While N-banding is less uni-
versal than C-banding for chromosome identification because it stains only a select
portion of the heterochromatin, it is rapid and reproducible and provides excellent
band resolution. Modifications of C-banding methods can produce N bands, and
modification of N-banding methods can be used to produce C bands. In fact,
N- and C-banding can be used on the same chromosome preparations to show
heterochromatin heterogeneity (reviewed in Gill 1987).
Q-banding was first described by Caspersson et al. (1971). In this technique,

chromosomes are stained with the fluorescent quinacrine mustard solution to
identify specific chromosomes and structural rearrangements. Most of the stained
DNA is heterochromatin (Knight 2003). The stain binds AT- and GC-rich regions of
the DNA, although only the AT-rich regions, which are more common in hetero-
chromatin than in euchromatin, fluoresce (Sengbusch 2002).
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The R (reverse)-banding technique is used to look for deletions or translocations
at the telomeres of chromosomes. Chromosomes are incubated in hot phosphate
buffer followed by Giemsa staining, resulting in a pattern of dark R bands and
pale G bands. When the chromosomes are denatured in the hot buffer, the AT-
rich regions of the chromosome are readily denatured, while the GC-rich regions
remain annealed, resulting in the staining of the R bands (Knight 2003). R-banding
gives bands opposite to Q- and G-banding (Sharma and Sharma 1999).
Hy-banding is a method reported in plant cells that is not used as commonly as

the techniques described thus far. In this method, the cells are treated with hot hy-
drochloric acid and then stained with acetocarmine. The binding of proteins to the
DNA affects the binding ability of the stain (Sengbusch 2002).
In plants, banding analysis of paired chromosomes in hybrids during meiosis

revealed aberrancies in pairing that were not detected using conventional staining
techniques. Chromosome banding has also been used in plant breeding to assay
the quality of cytogenetic stocks and to identify interspecific hybrids, addition
lines, substitution lines, and translocation lines (reviewed in Gill 1987). In terms
of physical mapping, banding is used to map genes in relation to cytological mar-
kers on the chromosome (reviewed in Gill 1987).
Chromosome banding can be used in conjunction with in situ hybridization

(ISH) techniques to map specific DNA sequences to chromosomal regions. In
plants, this was first tried by Hutchinson and Seal (1983), who used an isotopic
ISH technique followed by a C-banding procedure to locate a repetitive DNA se-
quence on rye chromosomes (reviewed in Jiang and Gill 1994c). The C-banding re-
solution of this technique was poor, and use of this technique in plants was not
reported again for 10 years, at which time Jiang and Gill (1993, 1994a, 1994b)
used a modified N-banding/ISH procedure to localize repetitive DNA sequences
and the breakpoints of intergenomic translocation chromosomes in wheat (re-
viewed in Jiang and Gill 1994c).
Recently, a fluorescent banding technique termed comparative genomic in situ

hybridization (cGISH) was developed by Zoller et al. (2001). In this protocol,
total genomic Arabidopsis DNA (labeled with biotin or digoxigenin) was hybridized
to chromosomes of various plant species and was found to produce species-specific
banding patterns, depending on the hybridization conditions and on the conserva-
tion and organization of repetitive DNA relative to Arabidopsis. The genomic probe
detected signals in regions containing rDNA, telomere, and satellite sequences.
The detection of these conserved sequences generated banding patterns that
were specific enough to allow the identification of each chromosome tested in
the study. The cGISH bands corresponded to some of the C bands and most of
the N bands of rye. The technique also gave bands at previously unmarked posi-
tions on the chromosome, resulting in new markers for mapping. Zoller et al.
(2001) recommend the technique for use especially in plant systems where C-band-
ing has not been successful.
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6.3
Molecular Physical Mapping Techniques

6.3.1
CHEF Gel Mapping

When physically mapping a genome, it is often desirable to separate DNA frag-
ments of 100 or more kilobases in size on an agarose gel. However, standard gel
electrophoresis can resolve fragments up to only Z40 kb in length (Sambrook
and Russell 2001). Fortunately, this limitation was overcome by the use of
pulsed-field gel electrophoresis (PFGE) (Schwartz et al. 1982), which allows the se-
paration of fragments up to 5 Mb in length. In PFGE, the electrical field is
switched between two different directions every 0.1 to 1000 s or more, causing
the DNA molecules to reorient. Smaller molecules are able to reorient themselves
more rapidly than larger molecules and thus wiggle their way through the gel more
quickly as the electrical field switches, allowing the DNA fragments to be fractio-
nated according to size (Sambrook and Russell 2001; Carle and Olson 1984; Chu
et al. 1986; Smith et al. 1987).
There are many applications for CHEF gels in the physical mapping process.

When large segments of DNA, such as BAC clones, are digested with rare-cutting
restriction enzymes, CHEF gel electrophoresis allows the determination of insert
sizes in high-capacity vectors used in physical mapping projects. Size fractionation
of clones on CHEF gels can also be used to determine the sizes of deletions and
insertions in chromosomal regions of interest. The DNA from a CHEF gel can
also be blotted onto a membrane and used in Southern hybridization experiments
to give physical estimates of distances between markers for comparison with ge-
netic maps, such as RFLP maps. Sadowski and Quiros (1998) used PFGE to ana-
lyze and determine the chromosomal location of a gene complex of Arabidopsis
thaliana in the Brassica nigra genome, powerfully demonstrating the importance
of PFGE as a physical mapping tool.

6.3.2
Radiation Hybrid Mapping

Radiation hybrid mapping is a tool for mapping specific chromosomal regions.
This technique is currently being used to map chromosome segments in a
number of mammalian systems, including horse (Chowdhary et al. 2003),
mouse (Rowe et al. 2003), dog (Guyon et al. 2003), and human (Deloukas
et al. 1998; http://www.ncbi.nih.gov/mapview/static/humansearch.html#Radiation
HybridMaps), and is just beginning to be used as a mapping tool in plants
(Ananiev et al. 1997; Kynast et al. 2002).
The use of radiation hybrid somatic cell lines to map chromosomes was first de-

veloped by Cox et al. (1990) for the construction of high-resolution maps in mam-
malian systems. In this technique, X-rays are used to break the chromosome of in-
terest into fragments, which are recovered in cells of another species. The frag-
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ments are then analyzed for the presence or absence of specific DNA markers, al-
lowing an estimate of the frequency of breakage, or genetic distance, between two
markers. Once the distance between the markers has been determined, the mar-
kers can be placed in order on a chromosome map. This method is similar to tra-
ditional meiotic mapping, which uses polymorphisms between two copies of the
same chromosome to calculate the recombination frequency (genetic distance) be-
tween markers. A major advantage of recombinant hybrid mapping is that only
one copy of the chromosome of interest is being analyzed, so DNA markers
need not be polymorphic.
A variation of the radiation hybrid technique was first proposed as a physical

mapping tool in plants by Ananiev et al. (1997). Disomic addition lines for each
maize chromosome except for chromosome 10 have been established in an oat
background; chromosome 10 is available in a haploid oat background. Radiation
is then used to induce translocations of maize chromatin into oat, creating radia-
tion hybrid lines containing fragments of maize chromosomes in an oat back-
ground. The maize genome is highly rearranged and duplicated. The removal of
DNA segments from the native background into an alien background simplifies
the physical mapping of duplicated sequences and gene families to their chromo-
somal location, enabling the structural and functional analysis of duplicated gen-
omes (Kynast et al. 2002).
It is important to remember that radiation hybrid mapping is a statistical

method; thus, the best map obtained using the technique does not necessarily re-
flect the actual order of markers on the chromosome. The method is most useful
when combined with other physical mapping methods, such as CHEF gel analysis,
to confirm the results obtained from the radiation hybrid analysis (Cox et al. 1990).
The advantage of this system over conventional bacterial, yeast, or phage cloning
systems is that all of the alien chromosome fragments (maize) would be derived
from a known chromosome.

6.3.4
Large-insert Clone Libraries (YACs, BACs, Cosmids)

(This topic is discussed in more detail in Chapter 8.) Genomic libraries, prepared
by digesting genomic DNA with restriction enzymes and then ligating the frag-
ments into high-capacity vectors, have become staple ingredients for physical map-
ping projects. Digesting large-insert clones with restriction enzymes and hybridiz-
ing the fragments to the clone libraries, then end-sequencing the clones and using
computer software to align the sequences, allow the construction of overlapping
arrays of clones (contigs). These contigs are widely used in sequencing and in phy-
sical mapping projects in both plants and animals. Each type of large-insert vector
has advantages and disadvantages; therefore, physical maps are often constructed
from a combination of clone types (Sambrook and Russell 2001), the three most
common of which are discussed here. The choice of vector depends on a number
of factors, including the size of the insert, the ease of screening and maintaining

140 6 Physical Mapping of Plant Chromosomes



the libraries, the ability to recover cloned sequences, and the stability of the cloned
sequences in the chosen vector (Sambrook and Russell 2001).
Yeast artificial chromosomes (YACs) are made by ligating large genomic DNA

fragments between the two arms of a YAC vector. The vector and DNA are then
transformed into yeast for clone propagation. Each arm of the YAC vector contains
a selectable marker, DNA sequences that function as telomeres, centromeric DNA
segments, and an origin of replication. YACs are designed so that clones contain-
ing empty vectors are easily distinguished from clones containing the inserts.
YACs have no packaging limit, so the insert size is determined mostly by the qual-
ity of genomic DNA used in the ligation. On average, YAC clones contain DNA in-
serts ranging from 250 kb to 400 kb (Sambrook and Russell 2001).
Bacterial artificial chromosome (BAC) vectors contain an antibiotic resistance

gene; a replicon derived from the F factor of E. coli; an ATP-driven helicase
(repE) for DNA replication; and the parA, parB, and parC loci, which ensure accu-
rate partitioning of low-copy-number plasmids to daughter cells. The genomic
DNA of interest is ligated into the BAC vector, which is then transformed into
E. coli. BAC vectors use a-complementation to screen for clones containing inserts.
Like YACs, BACs have no packaging limits, and the average insert size ranges from
120 kb to 300 kb (Sambrook and Russell 2001).
Cosmids are the oldest type of high-capacity vector in use. They are plasmids that

contain one or two copies of a region of bacteriophage l DNA, the cohesive end
(cos) site, required for packaging viral DNA into bacteriophage l particles. Restric-
tion fragments containing a cos sequence are ligated onto each end of a DNA mo-
lecule and then cleaved to generate a linear molecule with termini that are comple-
mentary to each other. The molecules are then injected into host bacterial cells,
where the termini anneal to one another, generating circular DNA molecules
that also contain a colicin E1 plasmid replicon and a selectable marker. The biggest
disadvantages of using cosmids is their relatively small insert size of only 43–45 kb
and the more labor-intensive packaging and transformation protocols as compared
to YACs and BACs (Sambrook and Russell 2001).
With the exception of sequencing the genome, physical mapping through contig

assembly yields the highest resolution of physical map. Contig assembly can, how-
ever, be expensive, especially for plants with large genomes, and it is dependent on
the quality of the large-insert DNA libraries used to construct the contigs. In poly-
ploidy species or species with a high level of sequence duplication, the assignment
of clones to the correct contig can be technically difficult (Cheng et al. 2001). While
high-capacity vectors are routinely used in plant mapping, it is important to re-
member that the quality of the clones must be verified by PFGE and fingerprint
analysis. Clone order in the contigs must also be eventually verified using physical
mapping techniques such as FISH to confirm the chromosomal location and order
of the clones in each contig.
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6.3.5
Fluorescent in situ Hybridization

The in situ hybridization (ISH) technique, developed in 1969 (Gall and Pardue
1969; John et al. 1969), is used by cytogeneticists to map genes and DNA sequences
directly onto chromosomes. In ISH, denatured DNA probes are hybridized to dena-
tured chromosomes that have been prepared on a microscope slide. ISH has been
used to map sequences to chromosomal regions, to determine the locations and dis-
tribution of repetitive sequences on chromosomes, to develop molecular karyotypes,
and to map multicopy gene families, such as rDNA genes, on plant chromosomes.
Originally, probes used for ISH were isotopic and, while they could detect single-
copy DNA sequences, the technique had a limited resolution and was time-inten-
sive. The subsequent development of non-isotopic probes, e. g., those labeled with
biotinylated dUTP, has greatly improved the sensitivity and resolution of the ISH
technique. Using enzymatic detection, antibodies with enzymatic reporter mole-
cules such as horseradish peroxidase are used to visualize the signals. Enzymatic de-
tection is advantageous in that the signals do not fade over time; however, only one
probe can be visualized in a given experiment (reviewed in Jiang and Gill 1994c).
Fluorescent in situ hybridization (FISH), which uses fluorochromes conjugated

to antibodies to detect the probes, overcomes this disadvantage. Multiple probes la-
beled with different conjugates can be detected simultaneously on a single slide,
allowing each probe to be visualized as a different color signal using a fluorescence
microscope. While the fluorochromes will fade over time, mounting agents that
minimize this problem have been developed. Multicolor FISH can be used to phy-
sically order probes on chromosomes and to map probes to their locations on spe-
cific chromosomes (reviewed in Jiang and Gill 1994c). In addition, FISH has im-
proved resolution, allowing the detection of single- and low-copy sequences in
chromosome preparations (Peterson et al. 1999). FISH has been used to map
4-kb, single-copy T-DNA sequences onto metaphase chromosomes to study recom-
bination and T-DNA integration in petunia (ten Hoopen et al. 1996). With large-
insert clone libraries becoming more widely used in physical mapping, FISH
has proved to be a powerful technique to map the clones onto chromosomes, con-
firming their positions within the assembled contigs and their relationships to
markers on the genetic map (Figure 6.1; Jiang et al. 1995).
Variations on FISH are used for different physical mapping applications. Geno-

mic in situ hybridization (GISH) is basically FISH that uses genomic DNA as a
probe. GISH is used to estimate the amount of alien chromatin within chromo-
somes in interspecific hybrids and to detect the breakpoints of the translocation
chromosomes. It can also be used to analyze the distribution of chromatin from
different genomes in interspecific hybrids, to monitor homoeologous chromosome
pairing, and to analyze chromosome structure in allopolyploids (reviewed in Jiang
and Gill 1994c). Another variation of the FISH technique, chromosome painting,
uses chromosome-specific probes to label chromosome regions. A widely used
technique in animal studies, this has been done only recently in plants using chro-
mosome-specific repeats as probes (Lysak et al. 2001).
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Scientists are constantly refining FISH in order to improve the resolution of the
technique, which will lead ultimately toward more-accurate physical maps. One
way of doing this is through the use of pachytene chromosomes rather than mito-
tic metaphase chromosomes. These spreads have relatively decondensed chromo-
somes that are about 10 times longer than metaphase spreads of the same chromo-
somes, and the chromosomes are more accessible to probe hybridization (Peterson
et al. 1999). Cheng et al. (2001) were able to use FISH of BAC clones to pachytene
chromosomes to create a physical map of rice chromosome 10 and to integrate that
map with the existing genetic map. The advantages of high-resolution pachytene
FISH to plant physical mapping over genetic mapping are clearly demonstrated
in studies such as that of Zhong et al. (1999). In this study, FISH on tomato pachy-
tene chromosomes located the nematode-resistance gene Mi-1, thought to be on
the long arm of chromosome 6 due to its tight genetic linkage (1 cM) to a genetic
marker on that arm, on the short arm of the chromosome, at least 40 Mb away
from the marker to which it is so tightly linked on the genetic map.
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Figure 6.1. The correlation of genetic and physical maps. Genetic markers can be used to screen
large-construct libraries, such as BAC libraries. The clones identified in the screen are then used
as probes in FISH mapping and fiber-FISH experiments to determine the physical location of the
genetic marker.



The highest resolution using FISH thus far has been achieved through the de-
velopment of fiber-FISH. Instead of using metaphase or pachytene chromosome
preparations for FISH, interphase nuclei are lysed open and the chromatin fibers
are dragged down a glass slide using a coverslip. Fibers can be stretched to approxi-
mately 3.0 kb mm–1, a length close to the Watson-Crick DNA length estimate of
2.9 kb mm–1 (Fransz et al. 1996; Jackson et al. 1998). Fiber-FISH has been used
in human studies to physically map multigene families (Nishio et al. 1996), to char-
acterize repetitive DNA sequences (Shiels et al. 1997), and to validate the orienta-
tion, overlap, and size of BAC clones used to generate a physical map (Poulsen et
al. 2001). In plants, fiber-FISH was first used by Fransz et al. (1996), who used the
method to confirm the order, size, and overlap of cosmids in Arabidopsis and to
map small repetitive sequences in tomato to a lower detection limit of 0.7 kb.
Fiber-FISH has since been used in physical mapping to determine the size of
gaps on molecular contig maps in Arabidopsis (Jackson et al. 1998).
Recently, molecular biologists have begun to embrace FISH as a tool for com-

parative genomic studies. Chromosome painting and FISH have been used in
human studies to determine DNA sequence copy number, particularly in cancer
cell lines (Kallioniemi et al. 1994) and to study intrachromosomal rearrangements,
chromosomal synteny, and chromosomal evolution between humans and other
mammals (M�ller et al. 2000). In plants, comparative mapping has been done
by sequencing orthologous regions of DNA from related species, by using PFGE
followed by blotting and probe hybridization, and by doing FISH in related species
using the same probes. As discussed previously, fiber-FISH provides excellent re-
solution for constructing physical maps and has already been used in comparative
studies in Arabidopsis (Jackson et al. 2000), rice, maize, and soybean (Hass and
Jackson, unpublished data).

6.3.6
Mapping Gene Space

We have discussed how physical mapping has aided in cloning genes and in the
sequencing of genes and whole genomes. We have also seen examples of how phy-
sical mapping techniques can be used to investigate plant evolution and to com-
pare genomes, a field called comparative genomics. Physical mapping can also
be used to describe genome organization on a global level. The discovery of
“gene space,” a term applied to the compositional compartmentalization of
genes within a narrow GC range of the genome such that genes are contained
in long, gene-rich regions separated by long, gene-empty regions, has raised impor-
tant questions regarding how different regions of the chromosome are evolving
(Barakat et al. 1997). Examination of the gene spaces of Gramineae has shown
that gene spaces in this family of plants fall within a 0.8–1.6% GC range and re-
present only 12–24% of the genome. While gene space has been described for
plant species outside of the Gramineae, such as pea, it is not present in all species;
gene space was not found in Arabidopsis, tomato, or date palm. Gene space is
thought to be correlated with genome size, repeat abundance, and transposon ac-
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tivity within the genome (Barakat et al. 1999). The discovery of gene space can aid
in focusing sequencing projects on gene-rich regions of genomes of interest, and
in situ hybridization can be used to physically map gene space onto chromosomes.

6.4
Discussion

Cytogenetics has experienced a renaissance with the development of new molecu-
lar technologies and their application. In particular, FISH in its various incarna-
tions has been useful for many modern genomic-type studies. FISH to various cy-
tological targets has been used to integrate genetic and physical maps (Cheng et al.
2001), to associate chromosome bands with sequence data (Jiang and Gill 1994c),
to gauge gaps existing in sequence maps (Jackson et al. 1998), and to map the gene
space of complex genomes, which leads to more efficient gene cloning and gen-
ome sequencing (Bakarat et al. 1997).
In the future there are many exciting avenues of research where physical map-

ping and cytogenetics will be invaluable. The first is integrating the linear arrange-
ment of DNA sequences with the functional organization of chromosomes and
genomes. It is well known that the organization of chromatin in the eukaryotic nu-
cleus is closely correlated with the regulated expression of genes (Lusser 2002). Re-
searchers are just now beginning to use the tools of genomics and genome se-
quences to begin to investigate this association. For example, in yeast the ubiqui-
tination of histone H2B was recently shown to regulate histone H3 methylation
and gene silencing (Sun and Allis 2002). In humans, heterochromatin-mediated
gene silencing has been implicated in triplet-repeat diseases such as myotonic dys-
trophy and Friedreich’s ataxia (Saveliev et al. 2003), and chromatin modifications,
particularly DNA methylation, have been linked to the regulation of tumor sup-
pressor genes and oncogenes in cancer (reviewed in Plass 2002). Studies of Arabi-
dopsis have revealed associations between gene regulation and DNA methylation,
histone methylation, histone acetylation/deacetylation, and ATP-dependent chro-
matin remodeling via Swi2/Snf2 protein complexes (reviewed in Lusser 2002).
The second area of research where physical mapping and cytogenetics will be

further employed is in the fields of comparative and evolutionary genomics. Cyto-
genetics has had a long history of research in chromosome and genome evolution
using classical methods such as pairing studies and chromosome banding (re-
viewed in Knight 2003; Sengbusch 2002; Gill 1987); however, with FISH and the
available genome sequences and BAC-based physical maps, researchers are now
able to use new tools to ask these basic questions. One important development
is the discovery that genomic clones can be used as heterologous probes in cytolo-
gical studies (Jackson et al. 2000; Zwick et al. 1998), similar to the discovery that
genetic mapping probes could be used in heterologous systems (Melake-Berhan
et al. 1993; Devos et al. 1993). Also, integrating BAC-based physical maps from re-
lated systems is proving to be an important comparative physical mapping techni-
que that yields information on genome evolution and DNA sequence conservation
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that can be used to infer gene and promoter structure (Thomas et al. 2002; http://
rice.genomics.purdue.edu; http://www.omap.org). One of the challenges in the
current genomics era is to provide a physical mapping toolbox to a wide variety
of organisms chosen for both their economic importance and their position on
the “tree of life” to represent important nodal evolutionary branches (Maddison
2001). These tools, such as BAC libraries and eventual DNA sequences, will give
researchers the necessary tools to use comparative genomics to identify and
clone important DNA sequences (i. e., genes) and to develop models of chromo-
some/genome evolution among a broad range of species.
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Chromosome Flow Sorting and Physical Mapping

Jaroslav Dole�zzel, Marie Kubal�kov�, Jan Barto�ss, and Ji�rr� Macas

Overview

Methods for chromosome analysis and sorting (flow cytogenetics) were originally
developed for human and some animal species. Modification of the methodology
for plants has been delayed by difficulties in preparation of suspensions of intact
chromosomes suitable for flow cytometry and in discrimination of individual chro-
mosome types. These problems have been overcome by preparing chromosome
suspensions from synchronized root tips and by using cytogenetic stocks, respec-
tively. Until now, chromosome analysis and sorting has been reported in 17 spe-
cies, including legumes such as chickpea, field bean, and garden pea and cereals
such as barley, maize, rye, and wheat. Chromosomes are classified by flow cytome-
try according to their relative DNA content, and the analysis of resulting distribu-
tions (flow karyotypes) permits quantitative detection of structural and numerical
chromosome changes. Large quantities of chromosomes may be purified by flow
sorting, and sorted fractions have been used for physical mapping, production of
recombinant DNA libraries, targeted isolation of markers, and protein analysis.
This chapter reviews the methodology and application of flow cytogenetics and pre-
sents typical results. In addition, the potential of flow cytogenetics for plant gen-
ome analysis is evaluated.

Abstract

Flow cytometry is a powerful tool for quantitative analysis and purification of mi-
totic chromosomes. The analysis is performed at high rates, typically 102–103 sec–1,
and large quantities of chromosomes stained by a DNA-binding fluorochrome are
classified according to fluorescence intensity, which reflects their relative DNA con-
tent. The resulting distributions of DNA content are called flow karyotypes. Ideally,
each chromosome on a flow karyotype is represented by a single well-discriminated
peak. Any chromosome or a group of chromosomes that may be discriminated
may also be purified by sorting. Two different chromosomes may be sorted simul-



taneously. Flow karyotyping has been found to be suitable for quantitative detection
of specific structural and numerical chromosome changes. Large numbers of chro-
mosomes that may be sorted onto microscopic slides facilitate high-resolution phy-
sical mapping using FISH or PRINS and discovery of rare structural changes. PCR
with chromosomes sorted into reaction tubes allows physical mapping of short and
single-copy targets; the use of deletion and translocation chromosomes enables
subchromosomal localization of mapped sequences. DNA of sorted chromosomes
is suitable for cloning and preparation of chromosome-specific DNA libraries.
Short-insert libraries have been used for targeted isolation of molecular markers
from specific genome regions. It is expected that the availability of chromosome-
and chromosome arm–specific BAC libraries harboring large inserts will greatly
simplify development of physical contig maps and gene isolation in plant species
possessing large and complex genomes.

7.1
Introduction

Many crops possess genomes whose size exceeds that of human and which are
characterized by a large proportion of repetitive DNA sequences. As some species
are known to be ancient or recent polyploids, their genomes contain many regions
that share significant sequence homologies. These features hamper genome map-
ping and gene isolation efforts. Fractionation of genomes into single chromo-
somes, which represent small and defined genome parts, appears to be an attrac-
tive way to simplify and speed up genome analysis and mapping. Flow cytometry is
the only method that is capable of separating chromosomes in large quantities and
high purities (Dole�zzel et al. 1994).
To do this, flow cytometry analyzes light scatter and fluorescence properties of

mitotic chromosomes in aqueous suspension. The suspension, which contains
chromosomes stained by a DNA-specific/binding fluorochrome, is injected into a
flow chamber and the particles are constrained to flow in single file within a
fluid stream past a narrow beam of excitation light. The chromosomes cause the
light to scatter and the molecules of fluorochrome(s) bound to them become ex-
cited. The chromosomes are measured individually and at high rates, typically
100–1000 sec–1, and thus large populations may be evaluated in a short time
and chromosomes differing in light scatter and fluorescence properties may be
identified (Figure 7.1). Any chromosome that is discriminated based on the optical
properties can be sorted in large quantities.
Procedures for flow cytometric chromosome analysis and sorting, later called

flow cytogenetics (Carrano et al. 1983), were first developed for Chinese hamster
(Gray et al. 1975; Stubblefield et al. 1975) and subsequently for human (Carrano
et al. 1979) and a number of animal species (Ferguson-Smith 1997). Flow cytome-
try has been used for classification of chromosomes according to relative DNA con-
tent (Young 1990), AT/GC ratio (Gray and Cram 1990), and presence of antigens
(Levy et al. 1991). The resulting frequency distributions were named flow karyo-
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types. While the attempts to use flow karyotyping for routine detection of structural
chromosome changes in human did not meet with great success (Boschman et al.
1992), chromosome-specific DNA libraries prepared from flow-sorted chromo-
somes (Van Dilla et al. 1986) played an important role in mapping of the
human genome. The most frequent application of sorted human and animal chro-
mosomes has been the preparation of chromosome-specific paints (Pinkel et al.
1998), which have been utilized in phylogenetic, evolutionary, and genetic studies,
as well as diagnostic tools (Tian et al. 2004; Langer et al. 2004). These successful
applications stimulated the development of flow cytogenetics for plants.

7.2
Development of Flow Cytogenetics for Plants

The early efforts were hampered by difficulties in achieving a high degree of mi-
totic synchrony, in releasing intact chromosomes from cells with rigid walls, and
in discrimination of single chromosome types (Dole�zzel et al. 1994). The first suc-
cessful report of de Laat and Blaas (1984) described discrimination and sorting of
both chromosome types of Haplopappus gracilis (2n¼4). The authors prepared sus-
pensions of mitotic chromosomes after a hypotonic lysis of protoplasts obtained
from synchronized suspension cultured cells. However, recent studies employ
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Figure 7.1. Schematic view of a flow cytometer and sorter. The example considers the analysis in
a species where all chromosomes differ in DNA content and each of them is represented by a
single peak on a flow karyotype.



chromosome suspensions prepared from synchronized root tips (Dole�zzel et al.
1992, 2001). Meristem cells of root tips are karyologically stable and can be syn-
chronized to a high degree, and intact chromosomes can be easily released from
them (Dole�zzel et al. 1999a, 1999b).
In contrast to the model plant H. gracilis, in the majority of plants the analysis of

isolated chromosomes results in flow karyotypes with composite peaks represent-
ing groups of chromosomes. Due to the similarity of relative DNA content, only
one or a few chromosomes can be individually discriminated and sorted (Table
7.1). Various approaches have been tested to overcome this problem, including
the analysis of AT/GC ratio and fluorescent labeling of repetitive DNA sequences
(Lucretti and Dole�zzel 1997; Lee et al. 1997; Pich et al. 1995). However, only the
use of cytogenetic stocks (lines carrying chromosome deletions, translocation,
and additions) was found to be useful. Lucretti et al. (1993) and Dole�zzel and Lu-
cretti (1995) were the first to show that alteration in chromosome size facilitates
discrimination of specific chromosomes. Following their work, various cytogenetic
stocks were used in a number of species to discriminate specific chromosomes and
chromosome arms (Gill et al. 1999; Li et al. 2001; Kubal�kov� et al. 2002, 2003a,
2003b).
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Table 7.1. List of plant species from which flow cytometric analysis of mitotic chromosomes has
been reported.

Species n* N** Reference

Avena sativa 21 0 Li et al. (2001)
Cicer arietinum 8 5 Vl��ccilov� et al. (2002)
Haplopappus gracilis 2 2 de Laat and Blaas (1984)
Hordeum vulgare 7 1a Lys�k et al. (1999)
Lycopersicon esculentum 12 0 Arumuganathan et al. (1991)
Lycopersicon pennellii 12 2 Arumuganathan et al. (1991)
Melandrium album 12 2 Veuskens et al. (1995)
Nicotiana plumbaginifolia 10 0 Conia et al. (1989)
Petunia hybrida 7 1 Conia et al. (1987)
Pisum sativum 7 2b Neumann et al. (1998)
Secale cereale 7 1c Kubal�kov� et al. (2003a)
Triticum aestivum 21 1d Kubal�kov� et al. (2002)
Triticum durum 14 0e Kubal�kov� et al. (2003b)
Vicia faba 6 1f Lucretti et al. (1993)
Zea mays 10 2g Lee et al. (1996)

* Haploid chromosome number.
** Number of chromosomes that could be discriminated unambiguously in standard flow karyotype.
a Up to three chromosomes could be sorted from specific translocation lines.
b Up to four chromosomes could be sorted from specific translocation lines.
c Rye chromosomes 2R–7R could be discriminated from wheat-rye chromosome addition lines.
d Sorting of almost all chromosome arms is possible in hexaploid wheat using individual ditelosomic
lines.

e All chromosome arms may be sorted from individual (double) ditelosomic lines.
f Six chromosomes may be sorted from chromosome translocation line EF.
g Maize chromosome 9 could be discriminated in oat-maize chromosome addition line (Li et al. 2001).



7.2.1
The Uses of Flow Karyotyping

Provided that a specific chromosome is resolved as a single peak on a flow karyo-
type, any change in its relative frequency and size is reflected by a change in chro-
mosome peak area and position, respectively. This facilitated the use of flow karyo-
typing for quantitative detection of numerical and structural chromosome changes.
Thus, Lee et al. (2000) were able to detect trisomy of chromosome 6 in barley. Alien
chromosomes present in chromosome addition lines were detected in an oat-maize
addition line (Li et al. 2001) and in wheat-rye addition lines (Kubal�kov� et al.
2003a). Flow karyotyping revealed the presence of B chromosomes in a rye cultivar,
where their existence had not been reported before (Kubal�kov� et al. 2003a).
Following the studies of Lucretti et al. (1993) and Dole�zzel and Lucretti (1995) on

field bean, the ability of flow karyotyping to detect chromosome translocations was
verified in garden pea (Neumann et al. 1998), barley (Lys�k et al. 1999), rye (Kuba-
l�kov� et al. 2003a), and wheat (Vr�na et al. 2000; Kubal�kov� et al. 2002). Flow kar-
yotyping was found to be sensitive enough to detect polymorphism in chromosome
DNA content in wheat (Kubal�kov� et al. 2002), rye (Kubal�kov� et al. 2003a),
maize (Lee et al. 2002), and barley (Lee et al. 2000). The “fingerprint” patterns
of flow karyotypes characteristic for certain cultivars were found to be heritable.
Flow karyotyping of telosomic lines of hexaploid bread wheat and tetraploid
durum wheat allowed facile identification of telosomes (Gill et al. 1999; Kubal�kov�
et al. 2002, 2003b).

7.2.2
Applications of Flow-sorted Chromosomes

Among the many uses of flow-sorted chromosomes, physical mapping using PCR
with specific primers has been one of the most frequent. As sorting of hundreds of
chromosomes, which are sufficient for PCR, takes only a few minutes, high-
throughput mapping is feasible. Macas et al. (1993) were the first to perform
PCR on sorted chromosomes and localized seed storage protein genes in field
bean. Sorting of translocation chromosomes facilitated gene mapping to subchro-
mosomal regions and integration of genetic and physical maps (Macas et al. 1993;
Vaz Patto et al. 1999). Other species in which this approach was used to physically
map DNA sequences and/or integrate genetic and physical maps include barley
(Lys�k et al. 1999), white campion (Kejnovsk� et al. 2001), chickpea (Vl��ccilov�
et al. 2002), and garden pea (Neumann et al. 2002).
The use of sorted chromosomes for targeted isolation of molecular markers is an

attractive way towards the saturation of genetic maps in regions of interest. Thus,
Arumuganathan et al. (1994) developed 11 RFLP makers from a short-insert DNA
library prepared from flow-sorted tomato chromosome 2. An efficient procedure
for the development of microsatellite markers from chromosome-specific DNA li-
braries was described by Macas et al. (1996) and Kobl��zzkov� et al. (1998). Po�zz�rkov�
et al. (2002) used the method to develop microsatellite markers from chromosome
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1 of field bean. An added advantage of using flow-sorted chromosomes is that they
can be used to confirm chromosome specificity of newly developed markers
(Po�zz�rkov� et al. 2002).
Chromosomes sorted onto microscope slides are an ideal target for fluorescence

in situ hybridization (FISH) and primed in situ DNA labeling (PRINS). They are
free of cytoplasmic contamination and facilitate high-resolution cytogenetic map-
ping. As thousands of chromosomes can be analyzed on one slide, screening of
large chromosome populations is possible. Kubal�kov� et al. (2002) took advantage
of this and analyzed intravarietal polymorphism in genomic distribution of GAA
clusters in wheat. As shown by Kubal�kov� et al. (2003a), this approach is attractive
for detection of rare structural chromosome changes. Furthermore, flow-sorted
chromosomes can be stretched linearly up to 100-fold compared with untreated
chromosomes and can be used for high-resolution physical cytogenetic mapping
(Val�rik et al. 2004).
Chromosome-specific DNA libraries represent a valuable tool allowing for tar-

geted genome analysis. The first chromosome-specific DNA library was produced
by direct cloning of 105 wheat chromosomes 4A in a plasmid vector (Wang et al.
1992). In order to avoid sorting large numbers of chromosomes, several authors
employed DOP-PCR amplification (Telenius et al. 1992) and its modifications
and prepared chromosome-specific libraries from only hundreds or thousands of
chromosomes (Arumuganathan et al. 1994; Macas et al. 1996; Po�zz�rkov� et al.
2002). Compared to short-insert DNA libraries, large-insert libraries represent
more valuable tools for genome mapping. However, their construction was ham-
pered by the requirement of microgram quantities of high-molecular-weight
DNA. �SSimkov� et al. (2003) developed a protocol to prepare such DNA from sorted
plant chromosomes, which allowed preparation of subgenomic, chromosome-, and
chromosome arm–specific BAC libraries in wheat (�SSaf��rr et al., in preparation,
Janda et al., in preparation).
The range of applications of plant flow cytogenetics is similar to that of human

and animals, with one great exception. While the current use of sorted chromo-
somes in these organisms is mainly for production of painting probes from
wild-type and derivative chromosomes (Langer et al. 2004; Tian et al. 2004), at-
tempts to produce chromosome-specific paints from sorted plant chromosomes
have failed, most probably due to homogenous interchromosomal distribution of
dispersed repeats (Schubert et al. 2001). Despite this limitation, plant flow cytoge-
netics provides a rich toolbox for plant geneticists.
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7.3
Methodologies and Techniques

A general outline of the procedure for flow cytometric analysis and sorting of plant
chromosomes consists of the following steps: (1) cell cycle synchronization, (2) ac-
cumulation of cells in metaphase, (3) preparation of chromosome suspensions,
and (4) flow analysis and sorting. In this chapter, these steps are described and ty-
pical applications of flow karyotyping and chromosome sorting are presented.

7.3.1
Cell Cycle Synchronization and Metaphase Accumulation

Efficient cell cycle synchronization in cultured cells and root tip meristems has
been achieved by using DNA synthesis inhibitors such as hydroxyurea and aphidi-
colin, which accumulate cycling cells at the G1/S interface (Dole�zzel et al. 1999a,
1999b). Removal of the block causes the cells to transit the S and G2 phases and
to enter mitosis synchronously (Dole�zzel et al. 1999a) (Figure 7.2). Accumulation
of mitotic cells in metaphase has been achieved by the action of the mitotic spindle
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Figure 7.2. Schematic representation of a synchronization procedure based on a reversible in-
hibition of DNA synthesis at the G1/S interface. After the removal from the block, the cells tra-
verse the S and G2 phases in a synchronous manner. Cells entering mitosis are arrested at me-
taphase by the action of a mitotic spindle inhibitor. Root tips with cells accumulated at meta-
phase are used to prepare aqueous suspension of chromosomes. Top: histograms of nuclear
DNA content show cell cycle distribution in populations of meristem cells growing asynchro-
nously (leftmost histogram) and during the procedure (x-axis: DNA content; y-axis: number of
nuclei).



inhibitors, including alkaloid colchicine (de Latt and Blaas 1984; Conia et al. 1987)
and the synthetic herbicides amiprophos-methyl (Dole�zzel et al. 1992), oryzalin
(Veuskens et al. 1995), and trifluralin (Lee et al. 1996). Metaphase frequencies
over 50% were reached in synchronized root meristems (Lee et al. 1996, 1997;
Lys�k et al. 1999; Kubal�kov� et al. 2003a), a level considered critical for preparation
of chromosome suspensions for flow cytogenetics (Dole�zzel et al. 1999b).

7.3.2
Chromosome Isolation

Currently the only efficient approach to releasing chromosomes from synchro-
nized plant cells involves mechanical homogenization of formaldehyde-fixed root
tips using a razor blade or a mechanical homogenizer (Dole�zzel et al. 1992; Gual-
berti et al. 1996). The fixation greatly increases the yield of intact chromosomes,
and up to 1q106 chromosomes could be isolated from 30 root tips (Dole�zzel et
al. 1992). Furthermore, the fixation makes chromosomes more resistant to me-
chanical shearing forces during flow sorting, permitting two-step sorting to achieve
high sort purities (Lucretti et al. 1993). However, some authors isolate chromo-
somes from non-fixed roots (Lee et al. 1996, 1997, 2000). Chemical composition
of isolation buffers is critical to maintaining the structural integrity of isolated
chromosomes and to protecting their DNA (Dole�zzel et al. 1994). The most fre-
quently used buffers are the polyamine-based buffer LB01 (Dole�zzel et al. 1989)
and magnesium sulfate–based buffers (Lee et al. 1996).

7.3.3
Chromosome Analysis

DAPI, which binds to AT-rich regions of DNA, and propidium iodide, which inter-
calates into double-stranded DNA, are the two most frequently used DNA fluoro-
chromes used to stain chromosomes for flow cytometric analysis. Typically,
10,000–20,000 chromosomes are analyzed in each sample and the result is dis-
played as a histogram of relative florescence intensity (flow karyotype). Interpreta-
tion of chromosome analyses is facilitated by models of flow karyotypes, which
help in assessing the feasibility of discriminating individual chromosome types de-
pending on differences in relative DNA content and on the coefficient of variation
of the chromosome peaks (Lys�k et al. 1999; Lee et al. 2002). Spreadsheet software
(Conia et al. 1989) and a dedicated computer program (Dole�zzel 1991) have been
used to model theoretical flow karyotypes.
Figure 7.3a shows a theoretical flow karyotype of hexaploid wheat (2n¼6x¼42),

which predicted that most of the chromosomes formed composite peaks and that
only chromosomes 1D, 4D, and 3B could be discriminated as separate peaks. How-
ever, the analysis of DAPI-stained chromosomes resulted in a flow karyotype where
only chromosome 3B could be resolved (Figure 7.3b). Other chromosomes formed
three composite peaks representing groups of chromosomes and could not be in-
dividually discriminated (Vr�na et al. 2000; Kubal�kov� et al. 2002). Discrepancies
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between the models and the experimental karyotypes were also obtained in other
species, and these could be due to the use of fluorochromes with base preference
and/or differences in accessibility of chromatin to DNA fluorochromes among
chromosomes. Chromosome content of individual peaks is best determined after
microscopic analysis of particles sorted on a slide. Chromosomes dried on a
slide are identified unambiguously using FISH or PRINS after fluorescent labeling
of repetitive DNA sequences, which display characteristic genomic distribution
(Kubal�kov� et al. 2000; Neumann et al. 2002) (Figure 7.3b, insert). Alternatively,
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Figure 7.3. Flow cytometric chromosome analysis (flow karyotyping) in hexaploid wheat
(2n¼6x¼42). (a–c) Cultivar “Chinese Spring” with a standard karyotype. (a) Theoretical flow
karyotype modeled according to published chromosome lengths (Gill et al. 1991) and considering
coefficient of variation of chromosome peaks 2%. The model predicts that most of the chro-
mosomes form three composite peaks and that only chromosomes 1D, 4D, and 3B are discri-
minated as separate peaks. (b) Experimental flow karyotype showing three composite peaks
(I–III) representing groups of chromosomes and a peak of chromosome 3B. (c) Assignment of
chromosome 3B to a peak on flow karyotype using PCR with a pair of 3B chromosome-specific
microsatellite primers. M: 100 bp DNA ladder; I, II, III, 3B: 500 chromosomes of each type were
sorted from individual peaks on flow karyotype. (d) Translocation chromosome 5BL-7BL identified
as a separate peak in the cultivar “Florida.” Flow karyotypes were obtained after the analysis of
about 10,000 DAPI-stained chromosomes (x-axis: relative DAPI fluorescence intensity; y-axis:
number of events). Inserts show examples of sorted chromosomes, which were identified after
PRINS with probes for GAA microsatellite (yellow); chromosomes were counterstained with
propidium iodide (red).



sorted chromosomes can be identified after PCR with specific primers (Lys�k et al.
1999; Vr�na et al. 2000) (Figure 7.3c).

7.3.3.1 Detection of Structural Chromosome Changes
Flow cytometric analysis can be performed with a high precision, and coefficients
of variation of DNA peaks as low as 1.5% can be achieved. Hence, even subtle
changes in relative DNA content can be detected based on a shift of chromosome
peak along the x-axis. For example, in the standard wheat cultivar “Chinese
Spring,” the composite peak I represents chromosomes 1D, 4D, and 6D. The
peak is split in two and chromosome 4D is discriminated due to a 7% increase
in DNA content in the cultivar “Mona” (Kubal�kov� et al. 2002). A symmetrical
translocation between chromosomes 5B and 7B gives rise to the long metacentric
chromosome 5BL-7BL, which is the largest in the karyotype. Using flow cytometry,
Kubal�kov� et al. (2002) detected this chromosome in several wheat cultivars where
its presence was not reported before (Figure 7.3d). A disadvantage of using flow
cytometry is the need for expensive instrumentation and the inability to detect
changes that do not result in measurable differences in chromosome DNA content.

7.3.3.2 Quantitative Detection of Numerical Chromosome Changes
As chromosome peak areas reflect relative frequency of chromosomes in popula-
tion, flow karyotyping is suitable for quantitative analyses of numerical chromo-
some changes. The analysis involves comparison of peak areas of a chromosome
with known frequency and of a chromosome whose frequency is not known. Ku-
bal�kov� et al. (2003a) demonstrated a suitability of flow karyotyping in evaluating
the frequency of alien rye chromosomes in wheat-rye chromosome addition lines.
Whereas the analysis of chromosome peak areas in the 6R addition line indicated a
stable (homozygous) translocation (Figure 7.4a), flow karyotyping in a line carrying
rye chromosome 7R suggested that the chromosome was present in only about
30% of seeds (Figure 7.4b). The advantage of the method is that chromosomes
from large numbers of individuals are analyzed and thus the frequency of a chro-
mosome in plant population may be estimated reliably.

7.3.3.3 Chromosome Sorting
Sorting of single chromosomes in plants has been complicated by the inability to
discriminate individual chromosomes on flow karyotypes. The most helpful ap-
proach has been to use chromosome addition, translocation, and deletion lines.
Figure 7.5a shows a flow karyotype of a ditelosomic line of hexaploid wheat carry-
ing a pair of telocentric chromosomes (1BS, representing the short arm of chromo-
some 1B). Relative DNA content of 1BS is lower compared to other wheat chromo-
somes, and the chromosome can be easily discriminated and sorted (Kubal�kov� et
al. 2002). In wheat, this approach can be used to purify 40 out of 42 chromosome
arms. The remaining two arms, 3BL and 5BL, can be sorted as isochromosomes
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(chromosomes with genetically identical arms that are mirror images of one an-
other), as demonstrated in Figure 7.5b (Kubal�kov� et al. 2002).
The purity in sorted chromosome fractions may reach 100% (Vl��ccilov� et al.

2002; Lys�k et al. 1999). However, this is rare and sorted fractions can be contami-
nated to a different degree by other chromosomes. The extent of contamination de-
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Figure 7.4. Flow karyotyping in two wheat-rye chromosome addition lines. Note that peaks re-
presenting rye chromosomes 6R (a) and 7R (b) are resolved. Comparison of chromosome peak
areas (wheat chromosome 3B:rye chromosome) can be used to assess the frequency of alien
chromosomes in the population. While the peak ratio 1.0 for 6R indicates its presence in every
seed, a smaller ratio of peak areas indicates a lower transmission rate of chromosome 7R. Flow
karyotypes were obtained after the analysis of about 10,000 DAPI-stained chromosomes. X-axis:
relative DAPI fluorescence intensity; y-axis: number of events. Inserts show examples of sorted
chromosomes, which were identified after double FISH with probes for pSc119.2 repeat (red) and
GAA microsatellite (yellow-green); chromosomes were counterstained with DAPI (blue).

Figure 7.5. Sorting of single chromosome arms in hexaploid wheat. (a) The peak representing
the short arm of chromosome 1B (1BS) is well resolved in a ditelosomic line of “Pavone.” This
facilitates sorting of the 1BS arm at high purity. (b) Flow karyotype of “Chinese Spring” carrying
isochromosome 5BL (iso5BL), whose peak is clearly resolved. Flow karyotypes were obtained
after the analysis of 10,000–20,000 DAPI-stained chromosomes (x-axis: relative DAPI fluores-
cence intensity; y-axis: number of events). Inserts show examples of sorted chromosomes, which
were identified after PRINS with probes for GAA microsatellite (yellow); chromosomes were
counterstained with propidium iodide (red).



pends on the presence of chromosomes, chromatids, chromosome fragments, and
their clumps having the same DNA content as the chromosome selected for sort-
ing (Dole�zzel et al. 1994, 2001). Although their presence in a sorted fraction can be
determined using PCR, microscopic analysis is preferable because the contaminat-
ing particles can be identified and their frequency quantified (Kubal�kov� et al.
2000). A moderate contamination is not a problem for protein localization and phy-
sical mapping using FISH or PRINS. On the other hand, physical mapping using
PCR, targeted isolation of markers, and construction of chromosome-specific DNA
libraries requires fractions possibly free of contamination.

7.3.3.4 Cytogenetic Mapping on Flow-sorted Chromosomes
Flow sorting offers the possibility of preparing slides with thousands of chromo-
somes concentrated on a small area, permitting the analysis of large numbers of
chromosomes free of cell wall and cytoplasmic remnants. Kubal�kov� et al.
(2003b) utilized flow-sorted chromosomes of durum wheat (2n¼4x¼28) to estab-
lish genomic distribution of a set of repetitive DNA sequences and developed a mo-
lecular karyotype for this crop (Figure 7.6a). Our recent results demonstrate that
single-copy sequences of 1 kb can be routinely localized on flow-sorted wheat chro-
mosomes (Figure 7.6b). In contrast to the commonly observed low frequency of hy-
bridizing metaphase spreads, 100% of sorted chromosomes display the FISH sig-
nals (unpublished). Apart from a need for specialized equipment, the only disad-
vantage of cytogenetic mapping on sorted chromosomes is that it does not permit
the analysis of complete metaphases.
An attractive opportunity is the use of flow-sorted chromosomes to search for

rarely occurring structural chromosome variants that require detection by FISH.
This can be extremely laborious if the variant is expected to occur in frequencies
of 1% or less, calling for the screening of hundreds of metaphases and translating
into many slides that must be processed and evaluated. A corresponding number
of chromosomes can be easily sorted and evaluated on just one slide. Using this
strategy, Kubal�kov� et al. (2003a) discovered two rare translocations between the
A and B chromosomes of rye, occurring at frequencies of about 0.5% (Figure
7.6c). A conventional analysis would require screening of at least 500 metaphase
spreads.
Chromosomes sorted on a slide may be stretched longitudinally up to more than

100 times their original metaphase size (Val�rik et al. 2004). The procedure in-
volves proteinase K digestion of sorted chromosomes that are air-dried on a
slide, followed by stretching with ethanol:acetic acid (3:1). In addition to the pos-
sibility of detecting sequences as short as 1 kb, cytogenetic mapping using
super-stretched chromosomes offers the greatly improved spatial resolution of
70 kb compared to 5–10 Mb after FISH on mitotic chromosomes (Figure 7.6d). Si-
milar sensitivity and resolution may be achieved using meiotic pachytene chromo-
somes. However, the use of super-stretched chromosomes for FISH is attractive in
plant species with a higher number of large chromosomes, which are too long and
difficult to trace individually in pachytene.

162 7 Chromosome Flow Sorting and Physical Mapping



7.3.3.5 Physical Mapping Using PCR
PCR on sorted chromosomes with sequence-specific primers is an efficient way to
examine the presence of sequences of interest in specific chromosomes. This map-
ping approach is greatly facilitated by the ability of flow sorting to purify large
amounts of chromosomes that can be sorted in aliquots and used to map large
numbers of sequences in parallel. In contrast to physical mapping of sequences
on chromosomes using FISH, even very short, single-copy targets are routinely de-
tected, and the method in principle allows selective mapping of targets with minor
variations in their nucleotide sequences (e. g., individual members of gene fa-
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Figure 7.6. The use of flow-sorted chromosomes for physical mapping of DNA sequences using
FISH. (a) Molecular karyotype developed for durum wheat (2n¼4x¼28). Genomic distribution of
GAA microsatellite (yellow-green) and pSc119.2 repeat (red) was determined after double FISH
and facilitated identification of every chromosome in the karyotype. (b) Localization of a single-
copy, 1-kb DNA sequence on wheat chromosome 3B. Note the absence of nonspecific labeling
and the presence of signals on both chromatids. (c) Double FISH with probes for 45S rDNA (red)
and 5S rDNA (yellow-green) on B chromosomes of rye identified a rare translocation between a B
chromosome and chromosome 1R. The presence of FISH signals on the B chromosome enabled
its identification and localization of break points (arrowheads). (d) Physical mapping with in-
creased spatial resolution on the stretched barley chromosome 1H. Double FISH was performed
with probes for GAA microsatellite (yellow) and telomeric repeat (blue); the chromosomes were
counterstained with propidium iodide (red). Physical distance between two clusters of the GAA
microsatellite increased from 1.3 mm on the untreated chromosome to 30 mm on the chromo-
some stretched 27-fold.



milies). Sorted deletion and translocation chromosomes enable subchromosomal
localization of mapped sequences (Macas et al. 1993). Compared to chromosome
isolation by microdissection, flow-sorted fractions are usually contaminated by
other chromosomes or their parts. This should be considered when designing
and performing mapping experiments, and the sorted fractions should be in-
spected microscopically to assess the extent and origin of contamination (Kubal�-
kov� et al. 2000). Moreover, the conditions for PCR should be optimized to achieve
efficient detection of the target but to avoid over-amplification, which could pro-
duce false-positive signals originating from contaminating particles.
A typical example of PCR mapping on sorted chromosomes is the work of Neu-

mann et al. (2002), who linked two genetic linkage groups of garden pea (2n¼14)
to specific chromosomes. Despite the fact that pea is the organism with the longest
history of genetic studies, the linkage groups IV and VII, which are supposed to
correspond to either chromosome 4 or chromosome 7, remained unassigned. To
solve this problem, Neumann et al. (2002) sorted three fractions from the pea
line JI-148, representing translocation chromosomes 27 and 72 and all remaining
wild-type chromosomes (1, 3–6). The fractions were used for PCR detection of ge-
netic markers selected from the two linkage groups. PCR with primers for I7 and
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Figure 7.7. PCR-based physical mapping of genetic markers in pea (Neumann et al. 2002). The
chromosomes were flow-sorted from the line JI-148 containing reciprocal translocation between
chromosomes 2 and 7, which makes them distinguishable from the rest of the chromosomes on
the flow karyotype (top left). Chromosomes were identified after FISH with a probe for PisTR-B
repeat (red); the chromosomes were counterstained by DAPI (blue). Idiogram showing the
translocation is included (top center). The presence of four markers selected from linkage groups
IV and VII (right) was detected in separate fractions of chromosome 27, chromosome 72, and all
remaining chromosomes (lanes marked A) using PCR and agarose gel electrophoresis of the
reaction products (bottom left). Lanes marked G contain control reactions with total genomic
DNA; lanes marked M contain a fragment size marker (lambda DNA digested with PstI).



Q500 markers mapped to linkage group VII resulted in products of correct length
in sorted fractions of chromosomes 72 and 27, respectively. This observation proved
that the linkage group VII was located on chromosome 7. Furthermore, the Q500
marker was mapped to a segment of chromosome 7 involved in the translocation
with chromosome 2 (Figure 7.7). The linkage group IV was assigned to chromo-
some 4 after detecting two molecular markers (P628 and L58) selected from this
linkage group in a sorted fraction containing all wild-type chromosomes except
for the chromosomes 72 and 27 (Figure 7.7).

7.3.3.6 Chromosome and Chromosome Arm–specific DNA Libraries
Chromosome- and chromosome arm–specific libraries facilitate targeted screening
and mapping strategies, which are especially attractive for the analysis of large and
complex genomes. Cloning strategies and the selection of vectors used to produce
these libraries reflect their intended use and can be limited by the amounts of chro-
mosomal DNA available for cloning. For example, the libraries designed for isola-
tion of molecular markers can be produced by cloning of PCR-amplified fragments
several kilobases to hundreds of kilobases long into plasmid vectors (short-insert
libraries), which requires sorting of only hundreds of chromosomes. On the
other hand, large-insert libraries containing fragments of tens to hundreds of kilo-
bases suitable for large-scale mapping and positional cloning can be produced only
by direct cloning of DNA prepared from 105–106 chromosomes.
Up to now, the only plant species in which the whole genome has been

fractionated into chromosome-specific DNA libraries has been the field bean.
The libraries were prepared from seven chromosome types individually purified
by flow sorting from the chromosome translocation lines EF and JF (Macas et al.
1996). The chromosomes were selected so that the set of seven libraries covered
the whole genome of field bean more than once. The protocol involved
sorting of 250 or 1000 chromosomes, amplification of DNA according to a modi-
fied DOP-PCR protocol, and cloning into a plasmid vector. The total number of
clones and the average insert size in the libraries ranged from 6q105 to 4.5q106

and from to 310 kb to 487 bp, respectively. The libraries were found to be
enriched for low-copy genomic sequences, which represented about 60% of in-
serts. This made them suitable for targeted isolation of molecular markers.
Large-insert DNA libraries, such as those cloned in a BAC vector, have become

one of the main resources for current genomics. Until recently, preparation of
large-insert libraries from sorted chromosomes has been hampered by the need
for microgram quantities of high-molecular-weight DNA. Recently, �SSimkov� et
al. (2003) developed a protocol that can be used to obtain such DNA from sorted
plant chromosomes. The first chromosome-specific BAC library was prepared
from chromosome 3B of hexaploid wheat (�SSaf��rr et al., in preparation). The library
was constructed from DNA of 2q106 sorted chromosomes, consists of 67,968
clones with an average insert size of 103 kb, and represents 6.2-fold coverage of
the chromosome. The feasibility of constructing BAC libraries from sorted chro-
mosomes was subsequently confirmed by Janda et al. (in preparation), who pre-
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pared a subgenomic BAC library from chromosomes 1D, 4D, and 6D of wheat and
a chromosome arm–specific BAC library from the short arm of wheat chromosome
1B (1BS). One may envisage the use of these libraries for development of sequen-
cing-ready global contig maps of individual chromosomes and for isolation of BAC
clones from genome regions rich in genes for preferential sequencing. Figure 7.8
shows cytogenetic mapping of DNA clones isolated from a BAC library specific for
chromosomes 1D, 4D, and 6D. These clones were selected for their low repetitive
DNA content and were localized by FISH to provide chromosome landmarks
(Janda et al., in preparation).

7.3.3.7 Targeted Isolation of Molecular Markers
High-density genetic linkage maps are invaluable for marker-assisted breeding, de-
velopment of physical maps, and positional gene cloning. Traditionally, molecular
markers have been isolated regardless of their position in the genome, resulting in
their random distribution. As a consequence, generation of high-density maps of a
particular region of interest could be achieved only by saturation of the whole gen-
ome with the new markers. However, the availability of DNA from sorted chromo-
somes opens a way for a targeted approach to saturating genetic maps in regions
harboring traits of agronomic importance. Although the production of various
types of markers might be considered, probably the most successful application
of sorted chromosomes in this area involves the development of microsatellite mar-
kers. This was stimulated by the results of Macas et al. (1996), who demonstrated
that short-insert DNA libraries prepared from sorted chromosomes were a useful
source of microsatellite clones.
As the clones containing microsatellite motifs represent only a small fraction of

cloned DNA, it is desirable to prepare microsatellite-enriched libraries, which make
the screening much more efficient. Such libraries can be constructed from ampli-
fied chromosomal DNA subjected to one or more rounds of subtractive hybridiza-
tion with a single-stranded probe corresponding to the sequence of interest. An im-
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Figure 7.8. Localization of BAC clones on flow-sorted wheat D-group chromosomes using FISH.
Two examples of each chromosome are shown. BAC clones 214/J1, 109/F2, and 109/O19 showed
localized signals to one or a few loci. Chromosomes counterstained with propidium iodide (red)
show localization of BAC clones (yellow). Chromosomes counterstained with DAPI (blue) show
double FISH with probes for BAC clones (yellow-green) and Afa family repeat (red), which fa-
cilitated chromosome identification. BAC clone 109/K24 showed dispersed signals on all wheat
chromosomes (yellow). The chromosomes were counterstained with propidium iodide (red).



proved procedure using chemically modified oligonucleotides as hybridization
probes (Kobl��zzkov� et al. 1998) was shown to generate amplification artifact–free
libraries that are up to 100-fold enriched for a given microsatellite. Based on
this protocol, Po�zz�rkov� et al. (2002) developed an integrated approach for targeted
retrieval of microsatellite markers from selected genome regions of field bean. The
procedure involves sorting of 250 copies of the target chromosome, DOP-PCR am-
plification of the chromosomal DNA, enrichment for specific microsatellites, clon-
ing, isolation of polymorphic microsatellites, testing their chromosomal specific by
PCR on sorted chromosomes, and finally, integration of chromosome-specific mar-
kers into a genetic map. The authors verified the procedure by developing novel
microsatellite markers from a selected region of field bean chromosome 1.
Although developed for field bean, the protocol is generally applicable for any spe-
cies where chromosome sorting is feasible. The advantage is that only small num-
bers of chromosomes are sufficient to prepare enriched DNA libraries and that the
chromosome specificity of candidate markers can be verified on sorted chromo-
somes prior to their genetic mapping.

7.4
Discussion

Flow cytogenetics has found a number of applications, and its wider use is limited
mainly by the need for sophisticated equipment. However, as most of the applica-
tions require relatively small numbers of sorted chromosomes, these may be pro-
vided by specialized laboratories. The second limitation is a requirement for opti-
mized protocols to prepare suspensions of intact chromosomes. Although the cur-
rently used procedures for chromosome isolation can be modified for other spe-
cies, the optimization is laborious and time-consuming (Dole�zzel et al. 1999b).
Last but not least, strategies for discriminating and sorting individual chromosome
types need to be developed for each species. Considering this, it may be expected
that flow cytogenetics will be used with a limited number of species that represent
economically important crops and/or are employed as models to solve important
biological problems.
For the time being, the construction of chromosome- and chromosome arm–spe-

cific BAC libraries seems to be one of the most attractive uses. Genomic BAC li-
braries are available for most of the important crops. However, their maintenance
and screening can be laborious and costly. For example, a BAC library of hexaploid
wheat with a 9.3q coverage consists of 1.2q106 clones ordered in 3125 384-well
plates (Allouis et al. 2003). In contrast, a BAC library specific for the short arm
of wheat chromosome 1B with 17q coverage consists of only 65,280 clones
(Janda et al., in preparation). The availability of such libraries thus helps in dissect-
ing the complex genomes into parts that are easier to manage and analyze. The
only obstacle in their construction is the need for millions of chromosomes,
whose sorting may take several weeks (�SSaf��rr et al., in preparation). However, the
total sorting time could be reduced by employing high-speed sorters (Ibrahim
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and van den Engh 2004) and, where possible, by using double ditelosomic lines to
sort two different chromosome arms simultaneously.
In addition to the applications described in this chapter, other uses of sorted

chromosomes appear to be promising. The first involves high-throughput physical
mapping of ESTs or other low-copy DNA sequences on DNA arrays using probes
prepared from sorted chromosomes. The second application involves HAPPYmap-
ping, an in vitro approach for defining the order and spacing of DNA markers di-
rectly on a DNA molecule (Thangavelu et al. 2003). Using chromosome arm–spe-
cific DNA, this method has the potential to rapidly generate scaffolds for building
physical maps. The third area focuses on the isolation of gene sequences from spe-
cific chromosomes and chromosome arms using re-association kinetics (Peterson
et al. 2002).
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Genomic DNA Libraries and Physical Mapping

Chengwei Ren, Zhanyou Xu, Shuku Sun, Mi-Kyung Lee, Chengcang Wu, Chantel
Scheuring, and Hong-Bin Zhang

Overview

Large-insert genomic DNA libraries have become the choice of genomic resources
for generation of physical maps or reconstruction of the genomes of any living or-
ganisms, especially for those of higher organisms. The development of the bac-
teria-based large-insert cloning system has made it possible to construct physical
maps and has revolutionized genomics research. Today, hundreds of large-insert
genomic DNA libraries have been constructed, and many more large-insert li-
braries are under construction or will be constructed for humans, plants, and ani-
mals of agronomic, economic, and environmental importance. Because of their
large inserts, fewer clones are needed for a complete genomic DNA library, and
all clones in the library can be arrayed and archived in microplates, allowing the
library to be shared and studied collaboratively. Most importantly, the large-insert
genomic DNA libraries have made many studies possible. This chapter describes
the development of large-insert genomic DNA libraries and their applications in
genome physical mapping. It introduces and evaluates different types of genomic
DNA libraries for genome physical mapping, emphasizes the state-of-the-art tech-
nology for bacteria-based large-insert genomic DNA libraries and their uses for ef-
fective genome physical mapping, details the procedure for construction of a bac-
teria-based large-insert genomic DNA library, and provides some examples of the
applications of bacteria-based large-insert genomic libraries for physical mapping.
Finally, the further improvement and usage of genomic DNA libraries in physical
mapping will be discussed.

Abstract

The bacteria-based large-insert genomic DNA cloning system has become the most
widely used cloning system for genome physical mapping due to its large cloning
capacity, stable maintenance of large-insert genomic DNA in Escherichia coli, and



ease of manipulation. The advent of the bacteria-based large-insert cloning system
has been attributed to both the development of electroporation transformation
technology and the discovery of E. coli host strain DH10B. Qualities of source li-
braries such as insert size, clone genome coverage, genome representation, and
binary vectors have great influence on high-quality genome physical mapping.
State-of-the-art techniques for construction of the large-insert genomic DNA li-
braries in bacteria have been described in detail. The bacteria-based large-insert
genomic DNA libraries have widely been applied for physical mapping using a di-
versity of mapping methods, including fingerprint analysis FISH, optical mapping,
iterative hybridization, and other methods.

8.1
Introduction

Genome physical mapping locates landmarks such as nucleotide sequences,
clones, and/or other types of markers in terms of base pair distance. In increasing
resolution, physical maps could include chromosome banding patterns, fluores-
cent in situ hybridization (FISH) physical maps, radiation hybrid-based physical
maps, clone-based physical maps, and genome sequence maps. However, physical
maps constructed from large-insert genomic DNA libraries (clone-based physical
maps) are emerging as the centerpiece of genomics research. These maps are
not only essential for large-scale genome sequencing and construction of genome
sequence maps but also provide powerful and economical frameworks for large-
scale gene mapping, gene cloning, and organizational, functional, and evolutionary
analysis of genomes.
Large-insert genomic DNA libraries are essential for genome physical mapping.

Clones from genomic DNA libraries provide a means to produce large amounts of
easily manipulated genomic DNA of any region of a genome. A collection of clones
of a whole genomic DNA library represents the entire genome. Genomic libraries
are constructed in vitro by inserting the fragments of source genomic DNA into a
cloning vector containing all elements required for the delivery and stable propaga-
tion of the foreign DNA fragments as a plasmid, a bacteriophage, or an artificial
chromosome in the host cells.
Three cloning systems have been developed and used for construction of large-

insert genomic DNA libraries and genome physical maps (see below): the bacteria-
based plasmid cloning system, the yeast artificial chromosome (YAC) cloning
system (Burke et al. 1987), and the bacteriophage P1-based phage cloning system
(P1, Sternberg 1990). The bacteria-based plasmid cloning system includes a broad
variety of vectors such as cosmids (Collins and Hohn 1978), fosmids (Kim et al.
1992), bacterial artificial chromosomes (BACs, Shizuya et al. 1992), bacteriophage
P1-derived artificial chromosomes (PACs, Ioannou et al. 1994), binary BACs
(Hamilton 1997), conventional plasmid-based cloning vectors (PBCs, Tao and
Zhang 1998), and transformation-competent artificial chromosomes (TACs, Liu
et al. 1999).
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The YAC cloning system was created in 1987 (Burke et al. 1987) and revolutio-
nized the study of large genomes due to its capacity of cloning DNA fragments
greater than 1000 kb. YAC libraries were constructed for a number of species
(Green et al. 1999) and used in physical mapping of human (Chumakov et al.
1995), mouse (Nusbaum et al. 1999), rice (Kurata et al. 1997; Saji et al. 2001;
Wu et al. 2002), and Arabidopsis (Canilleri et al. 1998; Hwang et al. 1991; Matallana
et al. 1992; Schmidt et al. 1995; Zachgo et al. 1996). However, they are no longer
widely used as a major cloning system for genomics research and physical map-
ping due to several disadvantages. First, YAC libraries have a relatively high percen-
tage of chimeric clones. Although the great majority of YAC clones contain a single
YAC, the genetic selection used in YAC cloning cannot prevent the co-transforma-
tion of multiple independent YACs into the same single cell. The estimates of such
multi-YAC clones in various libraries have ranged from 10% to 30%. Moreover, a
chimeric insert may also occur by ligation between two or more unrelated seg-
ments of genomic DNA. Second, the instability of YACs in host cells is also a ser-
ious problem. Natural yeast chromosomes segregate with extremely high fidelity,
while yeast artificial chromosomes are much less stable, especially the shorter lin-
ear YACs, and may be potentially lost from the host cells during cell division.
Third, the isolation of YAC insert DNA is tedious, and the isolated DNA is easily
contaminated with yeast chromosomal DNA. The DNA cloned into YACs cannot
be readily purified from the host DNA by the standard chemical techniques. In-
stead, it has to be purified by isolation of the total intact yeast chromosomal
DNA and then separation of YAC DNA from the yeast chromosomal DNA. For
the purpose of physical mapping, the total yeast DNA is isolated by embedding
the cells in agarose plugs or beads and enzymatically removing the cell wall, fol-
lowed by cell lysis and a thorough washing. The YAC DNA is then separated by
pulsed-field gel electrophoresis.
The bacteriophage P1-based phage cloning system was created by Sternberg

(1990). Use of the large genome of bacteriophage P1 doubled the cloning capacity
of the l phage-based vectors, allowing cloning of DNA fragments up to 100 kb. Be-
cause of the relatively smaller sizes of its cloned DNA compared to those of the
bacteria-based large-insert cloning system, the bacteriophage P1 cloning system
has not been widely used for genomic DNA library construction or physical map-
ping of large, complex genomes.
The bacteria-based large-insert cloning system (BACs) was reported in 1992 (Shi-

zuya et al. 1992). Due to its capacity of cloning DNA fragments of up to 300 kb and
its elimination of the disadvantages of the YAC system, the BAC system has rapidly
become the method of choice for large-insert genomic DNA library construction
and physical mapping. The most important contributions to the development of
the system were the establishment of the electroporation transformation method
and the discovery of the Escherichia coli bacterial host strain DH10B. The electro-
poration transformation technology is able to introduce large-insert DNA plasmid
and cosmid clones into bacterial host cells (Shizuya et al. 1992) with a much higher
transformation efficiency and a much simpler technique than the previously used
chemical and phage particle transformation methods. The E. coli strain DH10B
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and derivatives can stably maintain and propagate almost all existing plasmid vec-
tors and their derivatives with large foreign DNA fragments (Tao and Zhang 1998).
All bacteria-based large-insert genomic DNA libraries constructed to date are
hosted in DH10B or its derivative. The key features of this strain include mutations
that block recombination (recA1), restriction of foreign DNA by endogenous restric-
tion endonucleases (hsd/RMS), and restriction of DNA containing methylated DNA
(5l-methylcytosine or methyladenine residues, and 5l-hydroxymethylcytosine)
(mcrA, mcrB, mcrC, and mrr).
It is obvious that the bacteria-based large-insert cloning system is superior to the

YAC and bacteriophage P1 cloning systems in many respects. Due to the limited
applications of YAC and bacteriophage P1 libraries in current genomics research,
only bacteria-based large-insert genomic DNA libraries will be described and dis-
cussed below in detail.

8.2
Methodologies and Techniques

8.2.1
Bacteria-based Large-insert DNA Clones

The bacteria-based large-insert cloning system represents the most advanced tech-
nology for large-insert genomic DNA library construction. The large-insert clones
in bacterial vectors are probably best known as BACs, PACs, BIBACs, and TACs.
Nevertheless, the vectors used in cloning of these “artificial chromosomes” are
modified plasmids and their clones are maintained as large-insert plasmids in
the bacterial hosts; no components of the vectors were derived from the bacterial
chromosomes. Tao and Zhang (1998) discovered that conventional plasmid-based
cloning (PBC) vectors previously developed for different research purposes, includ-
ing plasmids and cosmids, have the same capacity as the “artificial chromosomes”
when the electroporation technology was used along with the bacterial strain
DH10B. Therefore, BACs, PACs, BIBACs, PBCs, and TACs are collectively referred
as to bacteria-based large-insert clones here. Figure 8.1 shows the typical vectors of
BACs, PACs, BIBACs, PBCs, and TACs, and Figure 8.2 shows an example of bac-
teria-based large-insert clones cloned in the BAC and BIBAC vectors and analyzed
on pulsed-field gels.
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nFigure 8.1. Vectors used for construction of bacteria-based large-insert genomic libraries. The
restriction enzymes in bold are cloning sites. The BAC and PAC can be used only to construct
genomic libraries, whereas BIBAC, binary PBC, and TAC can be used not only for library
construction but also for plant transformation via Agrobacterium.
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8.2.1.1 BAC
BAC vectors were developed based on the E. coli fertility (F-factor) plasmid (Shizuya
et al. 1992). The F-factor plasmid naturally occurs as a 100-kb circular DNA mole-
cule. Since the replication of the plasmid in E. coli is strictly controlled, it is usually
maintained in low copy number (one or two copies per cell). The first BAC cloning
plasmid vector, pBAC108L, reported by Shizuya et al. (1992), was constructed by
deleting some unnecessary fragments and adding marker genes to the natural
F-factor plasmid. pBAC108L is capable of cloning and stably maintaining DNA
fragments larger than 300 kb in E. coli, but it lacks a selectable marker for recom-
binant clones. The recombinant clones in pBAC108L must be identified by colony
hybridization, which is not suitable for library construction. Therefore, the lacZ
gene was introduced into pBAC108L for recombinant selection, producing the
BAC vector pBeloBAC11 (Kim et al. 1996). pBeloBAC11 has two cloning sites, Hin-
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Figure 8.2. Plant-transformation-competent Arabidopsis BIBACs (from Chang et al. 2003) and
wheat BACs. DNA was isolated, digested with Not I to release the inserts from the cloning vector
(V), run on pulsed-field gels, stained in EB, and photographed. The insert size of each was es-
timated by adding up all insert fragments of the clone.



dIII and BamHI. To facilitate cloning of large DNA fragments generated with
EcoRI, pBeloBAC11 was further modified into pECBAC1 by destroying the
EcoRI site in the CMr gene of pBeloBAC11 (Frijters et al. 1997). Thus, pECBAC1
is capable of cloning DNA fragments generated with EcoRI, in addition to those
generated with HindIII and BamHI. Both pBeloBAC11 and pECBAC1 have been
widely used for BAC library construction.
The molecular structure of pECBAC1 is shown in Figure 8.1. It contains the

minimal sequences needed for the autonomous replication and copy-number con-
trol of the F-factor plasmid (oriS, parA, and parB). The oriS gene mediates the uni-
directional replication of the F-factor while parA, parB, and par C maintain copy
number at a level of one or two per E. coli cell. pECBAC1 contains three restriction
sites, HindIII, BamHI, and EcoRI, for cloning within the lacZ gene. When grown
on a medium containing the histochemical substrate 5-bromo-4-chloro-3-indolyl-
b-d-galactoside (X-gal) and the inducer isopropyl b-d-thiogalactoside (IPTG), the re-
combinant BACs in which DNA inserts have disrupted the lacZ gene are identified
as white colonies, while non-recombinant, insert-empty clones are blue. The plas-
mid also contains a gene for chloramphenicol resistance (CMr) as a selectable mar-
ker for transformants. Two NotI sites flanking the multiple cloning sites allow ex-
cision of the insert from the vector. The bacteriophage T7 and the bacteriophage
SP6 promoter sequences flanking the cloning sites allow preparation of probes
from the ends of cloned sequences by in vitro transcription of RNA or by PCR
methods. Other functional structures included in this plasmid are the bacterioph-
age lcosN site and the bacteriophage P1 loxP site.

8.2.1.2 PAC
As discussed above, the first BAC vector, pBAC108L, lacks selectable markers for
recombinants and is not convenient for construction of genomic DNA libraries
on a large scale. To overcome this disadvantage, Ioannou et al. (1994) combined
the features of the bacteriophage P1 and F-factor plasmid and constructed a new
vector pCYPAC-1. This vector was named PAC. It was derived from the P1 vector
pAd10SacBII by deleting the adenovirus stuffer fragment and inserting a modified
pUC19 plasmid into the BamHI cloning site.
The PAC has most of the features of the BAC and is largely interchangeable with

BACs in library construction, provided that attention is paid to the antibiotic selec-
tion (kanamycin is used for PACs, whereas chloramphenicol is used for BACs) and
cloning site (e. g., BamHI for the PAC vector pCYPAC1). However, the molecular
structures of PAC differ from those of BAC in several aspects (Figure 8.1). First,
the commonly used BAC vectors, with the exception of pBAC108L, contain the
LacZ gene for selection of recombinants, while the PAC vectors have the SacB
gene from bacteriophage P1 for recombinant selection. The SacB gene is lethal
to E. coli, and Agrobacterium tumefaciens when 5% sucrose is present in agar med-
ium. Thus, the host cell containing recombinant vector (with a foreign DNA frag-
ment inserted in the cloning site BamHI) can survive and grow on the 5% sucrose
medium, forming a white colony, whereas the non-recombinant cells cannot sur-
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vive on the 5% sucrose. Second, like bacteriophage P1, the PACs are usually main-
tained in a cell as a single copy due to their P1 replicon and partition system, but
they also contain an IPTG-inducible high-copy-number origin of replication (P1
lytic replicon), which can be used to amplify and reproduce the PAC DNA in
the host cell in high yield (Ioannou et al. 1994). In addition, PACs contain another
high-copy-number origin of DNA replication in the “pUC19-link,” which is used
for convenient vector propagation and is later removed by BamHI digestion during
vector preparation for library construction.

8.2.1.3 BIBACs
In the plant kingdom, many traits are controlled by clusters of physically closely
linked genes (e. g., the genes for plant disease resistances). Transformation of
such gene clusters in plants requires a vector that is capable of cloning large
DNA fragments and of transforming the cloned DNA into plants via Agrobacter-
ium. Such a vector will also streamline positional cloning and genetic engineering
of genes and quantitative trait loci (QTL) in plants. Therefore, binary BAC (BIBAC)
vectors and related large DNA fragment transforming systems were designed to
meet these requirements (Hamilton et al. 1996; Hamilton 1997).
The BIBAC vector is a combination of BAC plasmid pBAC108L and Agrobacter-

ium Ri plasmid and thus replicates as a single-copy plasmid in both E. coli and A.
tumefaciens. Figure 8.1 shows the molecular structure of the vector BIBAC2 (Ha-
milton 1997). Like BAC vectors, it contains the minimal sequences needed for
the autonomous replication and copy-number control of the F-factor plasmid
(oriS, repE, parA, and parB). The lcosN and P1 loxP sites from pBAC108L and
the T7 and Sp6 promoters from bacteriophage are also incorporated into the
BIBAC. The recombinant selection marker of the BIBAC vector is the SacB gene
from the bacteriophage P1 vector pAd10sacBII, in which the insert cloning site
BamHI is situated. The antibiotic selectable marker in BIBAC is the KmR gene,
which confers resistance to the antibiotic kanamycin. The plant-selectable marker
GUS-NPTII was introduced to the left border of the insert DNA to facilitate the
detection of efficient transformation of T-DNA in plants. GUS-NPTII is a bifunc-
tional fusion peptide of b-glucuronidase (GUS) and neomycin phosphotransferase
II (NPTII). NPTII confers resistance to kanamycin, and GUS can be easily assayed
to determine the level of protein expression. BIBAC2 has an additional plant select-
able marker, HYG, which encodes hygromycin phosphotransferase and provides
resistance to hygromycin. The BIBAC2 has an origin of replication from the Ri
plasmid, which maintains a single copy of the plasmid in the host cell of A. tume-
faciens. The BIBAC2 also has an origin of conjugal transfer (ori T). When all other
transfer functions are provided in trans by a helper plasmid, the oriT allows for the
conjugal transfer of any covalently linked DNA. Therefore, BIBAC clones can be
introduced into A. tumefaciens by electroporation or triparental mating. Other struc-
tures in BIBAC2 include P35S 35S (tandem 35S promoter from CaMV), Tnos (no-
paline synthase terminator), Pnos (nopaline synthase promoter), TAg7 (A. tumefa-
ciens gene 7 terminator), and AMV (alfalfa mosaic virus enhancer).
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The BIBAC system takes advantage of the natural ability of A. tumefaciens to
transform plants with the aid of the helper plasmid. To improve the efficiency of
transfer of large T-DNA molecules into plant chromosomes, the helper plasmids
pCH30 and pCH32 have been developed by increasing the gene dosage of virG
and virE, the transcriptional activator of the Agrobacterium virulence (vir) genes.
For more information on the helper plasmid, see Hamilton (1997).

8.2.1.4 PBC
The vectors introduced above were designed particularly for cloning large-insert
genomic DNA. However, Tao and Zhang (1998) found that electroporation can in-
troduce plasmid-based conventional vectors containing large DNA fragments into
the host cells, and these conventional vectors are capable of cloning and stably
maintaining DNA fragments as large as those of BACs, PACs, and BIBACs.
These results suggest that many, if not all, of the existing plasmid-based vectors,
including plant and animal transformation and expression binary vectors, could
be directly used for cloning of very large DNA fragments with the electroporation
technology. Experiments using a conventional binary plasmid vector pSLJ1711 and
a conventional binary cosmid vector pCLD04541showed that both vectors can clone
foreign DNA inserts over 300 kb, and at least four to five copies of the clones can
be stably maintained in the host E. coli strain DH10B. Tao and Zhang (1998) desig-
nated the conventional plasmid-based large-insert clones as PBCs.
The native P1 plasmid (which is different from bacteriophage P1) RK2 is 56 kb

in size, has a broad host range (including E. coli and A. tumefaciens), and maintains
five to eight copies in a host cell (Figurski and Helinski 1979). The pRK290 plas-
mid was derived by deleting some unnecessary sequences from RK2, resulting
in a vector of 20 kb (Ditta et al. 1980). The binary plasmid vector pSLJ1711 was
constructed by insertion of a Bluescript polylinker into pRK290 (Jones et al.
1992), while the cosmid vector pCLD04541 was further modified by inserting a
cos site into pSLJ1711 (Jones et al. 1992). Figure 8.1 gives an overview of the struc-
tures of vectors pSLJ1711 and pCLD04541. Both vectors use the tetracycline-resis-
tant gene TetR for transformant selection, the LacZ gene for recombinant selection,
the P35S promoter-driven NPT gene (coding neomycin phosphotransferase and
conferring kanamycin resistance) for plant selection, and a dark Bluescript (dBS)
polylinker between the T-DNA borders (inside LacZ) as cloning sites. The regions
oriV, TrfA, and TrfB function in DNA replication, and rlx and tra function in con-
jugal transformation. ocs3l indicates the octopine synthase 3l end.
The binary vectors pCLD04541 and pSLJ1711 have a few additional advantages

for large-insert genomic DNA library development. First, they have five to eight co-
pies per cell, so that the DNA of their clones is higher in yield and much easier to
purify. Second, both of these cosmid and plasmid vectors have cloning sites for
XhoI, ClaI, HindIII, EcoRI, and BamHI, which give additional restriction enzymes
for large-insert genomic DNA library construction than do BAC, BIBAC2, PAC,
and TAC. Third, pCLD04541 and pSLJ1711 have the LacZ gene as the selectable
marker for recombinant clones, whereas the BIBAC vector has the SacB gene as
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the selectable marker for recombinants. In our minds, the SacB gene is not as reli-
able as the LacZ gene for recombinant selection because the clones selected with
the SacB gene have a relatively high (Z10%) false recombinants frequency (Hamil-
ton et al. 1999; Chang et al. 2003). Although BACs have the lacZ gene as the re-
combinant selection marker, the colony color of their vector clones is not as intense
as that of the pCLD04541 and pSLJ1711 clones. Additionally, BAC can be used only
for large-insert DNA library development, whereas pCLD04541 and pSLJ1711 are
binary vectors that can also be directly used in plant transformation of large-insert
clones through Agrobacterium.

8.2.1.5 TAC
The bacteriophage P1-derived binary plasmid vector pYLTAC7 was developed and
designated by Liu et al. (1999) as a transformation-competent artificial chromo-
some (TAC). This vector is suitable for stable maintenance of large genomic
DNA fragments in both E. coli and A. tumefaciens and is competent for transfer
of large cloning insert DNA into plant genomes by Agrobacterium-mediated trans-
formation. The components of the TAC vector are derived from various plasmids in
the minimum sizes possible (Figure 8.1). It carries the bacteriophage P1 replicon
and the plasmid Ri replicon for stable maintenance of single copies in both E. coli
and A. tumefaciens, the P1 lytic replicon for high yield of cloned DNA inducible by
IPTG, the SacB gene for recombinant selection in host cells, the HPT (hygromycin
phosphotransferase) gene for selection in plants resistant to hygromycin in the
media, and the kanamycin-resistant marker gene KmR for transformant selection
in E. coli. The unique cloning sites of the TAC vector are the HindIII and
BamHI sites located within the SacB gene. The recombinant TACs are transformed
by electroporation into E. coli or A. tumefaciens, and the transformed E. coli cells are
grown on the media containing 5% sucrose. It should be noted that there is only
one NotI site flanking the cloning sites. Thus, when checking the cloned insert size
with NotI digestion, the vector molecule is not excised from the insert DNA, and
the insert size must be calculated by subtracting the vector size (23 kb) from the
total size of the bands.

8.2.2
Genomic DNA Library Quality and Genome Physical Mapping

High-quality large-insert genomic DNA libraries are crucial to genome physical
mapping. In comparison to YAC libraries, it has been demonstrated that the for-
eign DNA inserts in bacteria-based large-insert libraries are stable for many genera-
tions with few chimeric DNA fragments, even with the PBC vectors, where five to
eight copies of recombinant clones exist in a single cell (Tao and Zhang 1998;
Zhang et al. 1996). In addition, a high-quality genomic DNA library to be used
for genome physical mapping should have large insert sizes and desirable genome
coverage and be representative of the entire genome. When preparing a library, the
long-term uses and versatility of different research projects, such as direct plant
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transformation, should be considered. Therefore, we will focus our discussion on
the influences of insert size, genome coverage, genome representation, and plant
transformation competence of bacteria-based large-insert genomic DNA libraries
on genome-wide physical mapping.

8.2.2.1 Insert Sizes
The cloned insert sizes of genomic DNA libraries depend to a great degree on the
transformation methods. Before the advent of electroporation transformation tech-
nology, plasmid constructs were transformed into bacterial host cells by DNA up-
take through CaCl2-treated competent cells, and cosmid and bacteriophage P1 con-
structs were transformed by in vitro bacteriophage particle head packaging, both of
which have their limitations in transferring large (I100 kb) DNA fragments into
bacterial cells. The application of electroporation in transformation has signifi-
cantly increased the capacity of transforming large DNA fragments into bacterial
cells not only for the specially developed large DNA fragment cloning vectors
such as BAC, PAC, BIBAC, and TAC, but also for many conventional plasmid-
based vectors (PBC) that were previously developed for different biological research
purposes. It has been proved that that all of these vectors, whether “artificial chro-
mosome” or conventional plasmid-based vectors, can clone and stably maintain
fragments of up to more than 300 kb of foreign DNA in bacteria.
The average insert size of a genomic DNA library is one of the most important

criteria for genome physical mapping. It is apparent that for a genome of a given
size, the larger the clone inserts of the library, the fewer clones are needed to re-
present the entire genome sequence and the fewer contigs will be required to
span the genome in the physical map. In a given genome coverage or representa-
tion, physical maps with fewer contigs result in fewer gaps present and a higher
quality. However, it is not well known how significantly the source clone insert
sizes affect the number or size of contigs spanning the genome.
Soderlund et al. (2000) studied the influence of library insert size on the con-

struction of BAC contigs essential for genome physical mapping using BAC li-
braries with different insert sizes (Figure 8.3). The BAC libraries represented an
equivalent of 20q coverage of a 110-Mb genome, and contigs were constructed
using the computer program FingerPrinted Contig (FPC). When the average insert
size of the library was increased from 100 kb to 165 kb, the number of contigs was
reduced and the average size of the contigs was increased by 5.8-fold (212/38).
However, when the average insert size of the library was increased further from
165 kb to 200 kb, the number of contigs and the average size of the contigs was
improved by only 1.4-fold (38/26). Therefore, a genomic DNA library with an aver-
age insert size of greater than 150Z160 kb is desirable for efficient development of
an optimal physical map.
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8.2.2.2 Clone Genome Coverage
The coverage of the entire genome by the clones in a genomic DNA library is also
of significance for physical mapping. Theoretically, the probability (P) that a given
genomic sequence is present in a library can be estimated by the following for-
mula:

P ¼ 1–e–n

where n is the number of genome equivalents of the library, which is the product of
the number of total clones and the average insert size divided by the haploid gen-
ome size.
BAC libraries equivalent to genome coverage ranging from 7.0q to 20.0q were

used in the development of whole-genome BAC-based integrated physical and ge-
netic maps of Arabidopsis thaliana (Marra et al. 1999; Chang et al. 2001), indica rice
(Tao et al. 2001), human (IHGMC 2001), japonica rice (Chen et al. 2002; Li et al.
2003), and mouse (Gregory et al. 2002). The minimum genome coverage required
to efficiently and economically construct a high-quality genome-wide physical map
has been debated. To answer this question, computer simulation studies were con-
ducted by mimicking different fingerprinting methods to assemble contigs from
known sequences of Arabidopsis chromosomes 2 and 4, human chromosome 22,
and the three-chromosome combination (Xu et al. 2003, 2004). The results (Figure
8.4) showed that the number of contigs spanning the chromosomes rapidly de-
creased as the genome coverage was increased from 5q to 10q. However, when
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insert sizes on the number or
size of fingerprint physical map
contigs. The contigs were as-
sembled from the fingerprints
of 20q genome coverage
clones having different insert
sizes for 100-Mb genomic se-
quence using the program Fin-
gerPrinted Contig (FPC) V4.7
(data used are from Soderlund
et al. 1997).



the genome coverage was increased from 10q to 15q, the number of contigs span-
ning the chromosomes decreased at a lower rate or even actually increased (Figure
8.4), implying that the number of contigs is not always inversely related to the gen-
ome coverage used for genome physical mapping. The results indicated that the
number of clones equivalent to approximately 10q genome coverage is the most
efficient for whole-genome physical mapping with bacteria-based large-insert
clones.

8.2.2.3 Representation for Genome
Studies show that the theoretical probability (calculated by the formula in Section
8.2.2.2) or genome representation of a large-insert genomic DNA library con-
structed with a single restriction enzyme is about 15% lower than the genome re-
presentation estimated by library screening (Tao et al. 2001). This implies that
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Figure 8.4. Influence of clone genome coverage on the number or size of fingerprint physical
map contigs assembled, based on computer simulation. The 71.9-Mb genome sequences of
Arabidopsis chromosomes 2 and 4 and human chromosome 22 were generated into BACs having
an insert size range from 120 kb to 180 kb (150e30 kb) and fingerprinted using the agarose gel-
based, one-enzyme method (1E) (Marra et al. 1997), the manual sequencing gel-based, two-en-
zyme method (2E) (Zhang and Wing 1997), the capillary sequencing-based, three-enzyme method
(3E) (Xu et al. 2003), the automatic sequencing gel-based, four-enzyme method (4E) (Ding et al.
1999), and the capillary sequencing-based, five-enzyme (SnapShot) method (5E) (Xu et al. 2003),
respectively. The contigs were assembled using FPC V6.0 (Soderlund et al. 2000) by lowering
cutoff values until no questionable clones were produced (from Xu et al. 2004).



when the library is screened with random DNA markers, only about 85% of the
markers are represented by one or more positive clones, whereas the remaining
15% are not represented in the library. The studies also show that the genome cov-
erage of the library cannot be increased significantly by simply increasing the num-
ber of clones in the library. This observation is due to at least two reasons. First, the
restriction sites of the enzyme used for the library construction are not uniformly
distributed along the genome. Consequently, the genomic regions having too many
or too few restriction sites of that particular enzyme are less likely to be cloned be-
cause the small (I50 kb) and large (i400 kb) DNA fragments generated by partial
digestion are removed during the size selection of large-insert DNA library con-
struction. Therefore, it is recommended that at least two libraries prepared with
single restriction enzymes that have different nucleotide contents (AT-rich and
GC-rich) in their restriction sites be used for physical mapping applications. Phy-
sical mapping practice has demonstrated that this approach would minimize the
bias of clone distribution along the genome, thus achieving truly high genome re-
presentation of libraries complementary to each other, similar to mechanically
sheared shotgun libraries. Two or more complementary large-insert genomic
DNA libraries constructed with different restriction enzymes have been success-
fully used for whole-genome physical mapping of several species such as Arabidop-
sis (Chang et al. 2001), indica rice (Tao et al. 2001), human (IHGMC 2001), mouse
(Gregory et al. 2002), japonica rice (Chen et al. 2002; Li et al. 2003), soybean (Wu et
al. 2004), and chicken (Ren et al. 2003; Lee et al. 2003).
Several complementary genomic DNA libraries are especially needed for species

with huge genome sizes, e. g., common wheat (15,600 Mbp/1C). Obtaining a
higher genome representation by simply increasing the library clone coverage
using a single restriction enzyme for such a large genome size would increase
the cost and efforts for library production, storage, and manipulation. Therefore,
efficient genome representation by complementary DNA libraries would result
in more economical physical maps for genome research.
Although a DNA library with 4.7q genome coverage is equivalent to a 99% li-

brary according to the above formula, a total number of clones with an average in-
sert size of 150 kb or larger constructed with two or more restriction enzymes and
representing approximately 10q haploid genomes is sufficient for most genome
research purposes, including global genome physical mapping and genome se-
quencing (Xu et al. 2004). This is further supported by the whole-genome shotgun
sequencing of Haemophilus influenzae, Mycoplasma genitalium, Anopheles gambiae,
and the euchromatic genome portion of D. melanogaster, in which the numbers
of clones equivalent to 6–10q haploid genomes were analyzed.
The second reason for the discrepancy between theoretical and actual represen-

tation of a genome by a genomic DNA library is be that some genomic regions may
be lethal, less likely to be cloned, or poorly maintained and/or propagated in par-
ticular host system. To clone these DNA sequences, a different vector and/or host
system is needed. For example, several genomic libraries may be constructed using
vectors such as F plasmid-based (BAC or BIBAC), P1 plasmid-based (PBC-
pCLD04541), and P1 bacteriophage-based (PAC or TAC) vectors. The YAC cloning

186 8 Genomic DNA Libraries and Physical Mapping



system may also be used as a complementary cloning system to the bacteria-based
large-insert libraries because the clones are hosted in the single-cell eukaryotic or-
ganism yeast, which differs from the bacteria-based large-insert cloning system.
For example, the physical map of human was constructed from BAC and PAC li-
braries generated with HindIII, EcoRI, and BamHI restriction enzymes, but some
contig gaps in the map were closed using YACs (IHGMC 2001).

8.2.2.4 The Importance of Binary Vectors in Plant Physical Mapping
Unlike small-insert clones, the entire inserts of large-insert clones are difficult to
subclone into a transformation-competent binary vector for functional analysis
and genetic engineering of the inserts by genetic transformation. It is difficult to
find an enzyme with restriction sites flanking the cloning site of the vector that
is also absent in the large clone insert. Although the restriction enzyme Not I, a
rare 8-bp cutter, has been used for subcloning, it is present at an average frequency
of every 65,536 bp in a genome, which is smaller than the 150-kb average insert
size of a large-insert DNA library. Studies also show that the frequency of the
Not I sites is much higher in the genomes of monocotyledonous plant species
than in those of dicotyledonous plant species. Although it is not difficult to sub-
clone a part of a large-insert clone, it is time-consuming and tedious to subclone
the entire insert for a number of large-insert clones. Therefore, it is desirable
to construct large-insert DNA libraries in binary vectors that are capable of
stably cloning and maintaining large DNA inserts and also are able to directly
transform their insert DNA fragments into plants. If the large-insert binary li-
braries are used for whole-genome physical mapping and sequencing, the ability
of the binary clones to directly transform plants would significantly streamline
the functional analysis of genomic sequences and use of the physical mapping
and sequencing results in plant breeding by genetic transformation. Therefore, it
is recommended that for plant physical mapping projects (even for other genomic
research), at least one large-insert DNA library be constructed using a binary
vector.
The BIBAC2 vector has been demonstrated to transform tobacco and tomato

with a 150-kb human DNA fragment (Hamilton et al. 1996, 1999), and pYLTAC7
has been demonstrated to transform Arabidopsis with about 100-kb DNA fragments
(Liu et al. 1999). However, the binary vectors have one (BIBAC2) or two (pYLTAC7)
cloning sites and the sacB gene for recombinant selection. In some studies, Z10%
of the clones selected were found to be false recombinants (Hamilton et al. 1999;
Chang et al. 2003; T. Uhm and H.-B. Zhang, unpublished data). These limitations
have influenced the utility of the BIBAC2 and pYLTAC7 vectors for large-insert bin-
ary clone library construction. Alternatively, the PBC binary vectors pCLD04541
and pSLJ1711 or other binary vectors may be the vectors of choice for this purpose
since they have multiple cloning sites, higher DNA yields, and the LacZ gene for
recombinant selection. In each of the physical mapping projects of Arabidopsis
(Chang et al. 2001), soybean (Wu et al. 2004), and japonica rice (Li et al. 2003),
one of the libraries used was constructed using the binary vector pCLD04541.
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These physical maps have been used in functional analysis and genetic engineer-
ing of the insert DNA by genetic transformation.

8.2.3
Construction of Bacteria-based Large-insert Genomic DNA Libraries

The same procedure has been used for construction of bacteria-based large-insert
libraries using different vectors, except for some modifications required by differ-
ent vectors in choosing restriction enzymes, antibiotics for transformant selection,
and cell culture media for recombinant selection. The procedure described below
has been used successfully in the construction of bacteria-based large-insert geno-
mic DNA libraries for many species of plants, animals, insects, and microbes using
the vectors BAC, BIBAC, PAC, TAC, and PBC (Zhang 2000). The procedure can
also be downloaded from the website of GENEfinder Genomic Resources (http://
hbz.tamu.edu – Analysis Tools – BAC Tools).

8.2.3.1 Megebase-size Nuclear DNA Preparation
DNA of a high molecular weight (HMW) (i600 kb) is essential for large-insert
genomic DNA library construction. Unlike conventional-sized (I150 kb) DNA pre-
paration, HMW DNA must be protected from physical shearing during prepara-
tion. Therefore, protoplasts (plants and fungi), entire cells (animals and microbes),
or nuclei (plants, animals, and insects) are isolated and then embedded in low-
melting-point (LMP) agarose in the form of plugs or microbeads. The cell lysis
and DNA purification and manipulation are then conducted in the plugs or mi-
crobeads. Because the preparation of HMW DNA from nuclei is straightforward,
results in low contamination with cytoplast DNA, and is economical and applicable
for preparation of HMW DNA from a wide variety of plant and animal species
(Zhang et al. 1995), the nuclei method has rapidly become the method of choice
and is widely used for preparation of HMW DNA in plants. The development of
the nuclei method has made it possible to prepare high-quality HMW DNA and
to construct bacteria-based large-insert genomic DNA libraries for different plant
species. Here we introduce the procedure of Zhang et al. (1995) with the latest up-
dates for preparation of HMW DNA from plants.

Plant Materials

Young plant leaves or whole plant seedlings of divergent species, including grasses,
legumes, vegetables, and trees, can be used as materials for preparation of HMW
DNA by this method (Zhang et al. 1995). The tissues can either be frozen in liquid
nitrogen and stored at –80 hC or kept fresh on ice before use.

Reagents
x 10 q homogenization buffer (HB) stock: 0.1 M Trizma base, 0.8 M KCl, 0.1 M
EDTA, 10 mM spermidine, and 10 mM spermine. The pH of the solution is ad-
justed to 9.4–9.5 with NaOH. The stock is stored at 4 hC before use.
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x 1 q HB: A suitable amount of sucrose is mixed with a suitable volume of 10 q

HB stock. The final concentration of sucrose is 0.5 M and HB stock is 1 q. The
resultant 1 q HB is stored at 4 hC.

x Nuclei extraction and wash buffer (1 q HB plus 0.5% Triton X-100 and 0.15%
b-mercaptoethanol): The buffer is prepared by mixing 1 q HB with 20% Triton
X-100 in 1 q HB for a final concentration of 0.5% of Triton X-100. b-mercap-
toethanol is added just prior to use for a final concentration of 0.15%.

x Lysis buffer: 0.5 M EDTA, pH 9.0–9.3, 1% sodium lauryl sarcosine, and 0.2–
1.0 mg mL–1 proteinase K, depending on plant species. The proteinase K powder
is added just before use.

Preparation of Intact Nuclei

1. Grind about 50 g of the tissue into a very fine powder in a large amount of li-
quid nitrogen with a large mortar and pestle (about 1 h), and immediately
transfer the powder into an ice-cold 1000-mL beaker containing 800–1000
mL ice-cold nuclei extraction and wash buffer.

2. Gently swirl the contents with a magnetic stir bar for 10 min on ice and filter
into six ice-cold 250-mL centrifuge bottles through two layers of cheesecloth
and one layer of Miracloth by squeezing with gloved hands.

3. Pellet the homogenate by centrifugation with a fixed-angle rotor at 3000 g at
4 hC for 20 min.

4. Discard the supernatant fluid and add approximately 1 mL of ice-cold nuclei ex-
traction and wash buffer to each bottle.

5. Gently resuspend the pellet with the assistance of a small paintbrush soaked in
ice-cold nuclei extraction and wash buffer, combine the resuspended nuclei
from all bottles into a 40-mL centrifuge tube, and fill the tube with ice-cold nu-
clei extraction and wash buffer. If particulate matter remains in the suspension,
filter the resuspended nuclei into the 40-mL centrifuge tube through two layers
of Miracloth by gravity.

6. Pellet the nuclei by centrifugation at 3000 g at 4 hC for 15 min in a swinging
bucket centrifuge.

7. Wash the pellet one to three additional times (until the supernatant is no longer
green) by resuspension in nuclei extraction and wash buffer using a paintbrush
followed by centrifugation at 3000 g at 4 hC for 15 min. Note that this step is
necessary to minimize the contamination of cytoplast and mitochondrial orga-
nelles in the nuclei.

8. After the final wash, resuspend the pelleted nuclei in a small amount (about
1 mL) of 1q HB, count the nuclei, if possible, under the contrast phase of a
microscope, bring to approximately 5q107 nuclei per milliliter (for a species
with a genome size of about 1000 Mb/1C) with addition of 1q HB, and store
on ice. The concentration of nuclei can also be estimated empirically; a concen-
tration of nuclei that is just transparent under light is estimated to be 5–10 q

107 nuclei per milliliter. The concentration of nuclei varies, depending on the
genome sizes of different species. In general, 5–10 mg DNA per 100-mL plug
is suited for large-insert genomic DNA library construction.
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Embedding the Nuclei in LMP Agarose Plugs

The nuclei isolated can be embedded into LMP agarose plugs or microbeads ac-
cording to Zhang et al. (1995) and Zhang (2000). Since plugs are relatively easier
to prepare and handle than microbeads, and since the digestion of DNA embedded
in plugs is no longer problematic using the procedure described below, LMP agar-
ose plugs have more popularly been used for preparation of HMW DNA. There-
fore, here we describe only the procedure of preparing HMW DNA in LMP agarose
plugs.

1. Prepare 10 mL of 1% LMP agarose in 1 q HB, cool down to 45 hC, and main-
tain in a 45 hC water bath before use.

2. Prewarm the nuclei to 45 hC in a 45 hC water bath (about 5 min), and mix gently
but thoroughly with an equal volume of the prewarmed 1% LMP agarose in 1q
HB using a cut off pipette tip.

3. Aliquot the mixture into ice-cold plug molds (Bio-Rad) on ice with the same
pipette tip, 100 mL per plug. When the agarose is completely solidified, transfer
the plugs into 5–10 volumes of lysis buffer.

4. Incubate the agarose plugs in the lysis buffer for 24–48 h at 50 hC with gentle
shaking.

5. Wash the plugs once in 0.05 M EDTA, pH 8.0, for 1 h on ice and store in 0.05 M
EDTA, pH 8.0, at 4 hC. The DNA at this step can be stored at 4 hC for one year
without significant degradation. If the DNA is used immediately, the plugs can
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Figure 8.5. Megabase-size DNA isolated from wheat nuclei according to Zhang et al. (1995).
DNA was partially digested with a series of amounts of Hind III and Bam HI, respectively, at 37 hC
for 8 min, stopped, and analyzed on a pulsed-field gel.



directly be transferred into ice-cold TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0)
from the lysis buffer. After two washes in TE, the plugs can then be washed in
ice-cold TE plus phenylmethyl sulfonyl fluoride (PMSF) (see below).

Figure 8.5 shows MHW genomic DNA isolated from wheat nuclei using this
method. The fragments of uncut DNA (the lane 0.0) are larger than 1000 kb in
size and are readily digested with restriction enzyme, suggesting that the DNA iso-
lated is suitable for large-insert genomic DNA library construction.

8.2.3.2 Vector Preparation
Preparation of DNA cloning vectors is one of the most critical steps for large DNA
fragment cloning. The vector DNA to be used must be very pure, completely di-
gested (but not over-digested), and completely dephosphorylated (i95% recombi-
nant clones in a ligation test). Presented here is the procedure that has been widely
used in our laboratory for the vectors pBeloBAC11, pECBAC1, pCLD04541,
pSLJ1711, BIBAC2, and pYLTAC7 (Zhang 2000; http://hbz.tamu.edu – Analysis
Tools – BAC Tools). The vectors prepared have successfully been used to construct
over 100 bacteria-based large-insert genomic DNA libraries.

Vector DNA Isolation and Purification

1. Streak the stock cells containing a cloning vector on a Luria broth (LB) agar
plate plus appropriate antibiotics and grow at 37 hC overnight to obtain single
colonies. For the vector cells with blue and white (LacZ) selection such as pBe-
loBAC11, pECBAC1, pCLD04541, and pSLJ1171, use the LB agar plate contain-
ing appropriate antibiotics, X-gal, and IPTG. For the vector cells with SacB se-
lection such as BIBAC2 and pYLTAC7, use the LB agar plates containing appro-
priate antibiotics with or without 5% sucrose.

2. Select a single blue colony (LacZ) or a colony (SacB) that grows on the medium
without sucrose, but not on the medium with 5% sucrose, and inoculate into
50–100 mL LB or Terrific broth (TB) liquid medium containing appropriate
antibiotics in a 250-mL glass flask. Alternatively, the culture medium can di-
rectly be inoculated from the frozen stock of vector cells derived from a single
colony at 1 mL per liter of medium. Grow the cells overnight at 37 hC and
250 rpm.

3. Take 10 mL of the overnight culture, inoculate into 1 L of LB or TB medium
with appropriate antibiotics, and then grow at 37 hC and 250 rpm for 16–20 h.
To obtain a sufficient amount of vector DNA, grow 0.5–1.0 L of culture for mul-
tiple-copy vectors such as pCLD04541 and pSLJ1711, and 1.5–2.0 L of culture
for single-copy vectors such as pBeloBAC11, pECBAC1, BIBAC2, and pYL-
TAC7.

4. Harvest the culture cells in 250-mL centrifuge bottles and centrifuge at
6000 rpm and 4 hC for 15 min.

5. Discard the supernatant and resuspend the bacterial cell pellet in each bottle
(from 200 mL culture) in 10 mL of solution I (50 mM glucose, 10 mM
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EDTA, 25 mM Tris-HCL, pH 8.0), add 1 mL of a freshly prepared lysozyme so-
lution at 10 mg mL–1 in 10 mM Tris-HCl, pH 8.0, and incubate at room tem-
perature for 5–10 min to digest the cell walls. Note that lysozyme will not
work efficiently if the pH of the solution is I8.0.

6. Add 20 mL of freshly prepared solution II (0.2 N NaOH, 1% SDS) per bottle
and mix well. The solution should become clear and viscous immediately. Incu-
bate on ice for 5–10 min.

7. Add 15 mL of ice-cold solution III (5 M KOAc, pH 4.8–5.3). Gently invert and
swirl to mix the contents. A white precipitate should form immediately. Incu-
bate on ice for 5–10 min. The precipitate that forms consists of chromosomal
DNA, high-molecular-weight RNA, and potassium/SDS/protein/membrane
complexes.

8. Centrifuge the bacterial lysate at 5000 rpm and 4 hC for 10 min and filter the
supernatants in all bottles through four layers of cheesecloth into a clean
flask to collect any remaining precipitate.

9. Transfer the supernatant into fresh centrifuge bottles, add 0.6 volume of isopro-
panol, mix well, and store at room temperature for 10 min.

10.Recover the DNA by centrifugation at 10,000 rpm at room temperature for
10 min.

11.Decant the supernatant carefully and invert the open bottle to allow the last
drops of supernatant to drain away. Rinse the pellet and the walls of the bottle
with 70% ethanol at room temperature. Drain off the ethanol and place the in-
verted, open bottle on paper towels for 15–20 min at room temperature to allow
all traces of ethanol to evaporate.

12.Dissolve the DNA pellet in 8 mL of TE per 1-L culture.
13.Transfer the DNA solution into a graduated cylinder of known weight and mea-

sure the volume of the DNA solution. For every milliliter of DNA solution, add
exactly 1 g of solid CsCl. Mix the solution gently until the CsCl salt is comple-
tely dissolved.

14.Add 10 mg mL–1 ethidium bromide (EB) stock to the DNA/CsCl solution at a
rate of 0.8 mL EB per 10 mL DNA solution. Mix well, weigh the DNA/CsCl/
EB solution in the cylinder, and adjust the density of the solution to 1.50–
1.60 g mL–1.

15.As needed, centrifuge the solution at 8000 rpm at room temperature for 5 min.
The furry scum that floats to the top consists of complexes formed between the
EB and bacterial proteins.

16.Transfer the clear, red solution to a suitable tube for subsequent ultracentrifu-
gation using a Pasteur pipette, balance the tubes, and seal them according to
the manufacturer’s instructions.

17.Centrifuge the density gradients at 45,000 rpm for 16 h (VTi 65 rotor),
45,000 rpm for 48 h (Ti50), 60,000 rpm for 24 h (Ti65), or 60,000 rpm for
24 h (Ti70.1) at 20 hC. Two bands of DNA, located in the center of the gradient,
should be visible in ordinary light. The upper band, which usually contains less
material, consists of linear bacterial chromosomal DNA and nicked circular
plasmid DNA, while the lower band consists of closed circular plasmid DNA.
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The deep-red pellet on the bottom of the tube consists of ER/RNA complexes. If
no bands are observed, further dilute the DNA with TE and prepare and rerun
the CsCl gradient as above.

18. Insert a 21-gauge needle into the top of the tube to allow air to enter and collect
the lower circular plasmid DNA band with an 18-gauge needle. If necessary, re-
peat steps 16–18.

19.Extract the plasmid DNA solution with an equal volume of H2O-saturated iso-
amyl alcohol four to five times to completely remove the EB in the solution
(until no color remains in the sample).

20.Dilute the DNA/CsCl solution with 3–4 volumes of water and precipitate the
DNA by adding one volume of isopropanol or two volumes of ethanol and in-
cubating at 4 hC for 15 min, followed by centrifugation at 10,000 rpm and 4 hC
for 15 min

21.Discard the supernatant, rinse the DNA pellet with 70% ethanol twice, air-dry,
dissolve the DNA in 0.5 mL TE, and measure the concentration of the DNA.

Vector DNA Digestion

1. Set up the digestion as below and incubate at 37 hC for 2 h.

H2O 238 mL
Vector DNA 100 mL (5–10 mg)
10q reaction buffer 40 mL
40 mM Spermidine (Spd) 20 mL
10 U mL–1 BamHI, HindIII, or EcoRI 2 mL

Total volume 400 mL

2. Add another 1 ml (10 units) of the restriction enzyme to the digestion and incu-
bate at 37 hC for an additional hour.

3. Transfer the reaction onto ice and check the digestion on a 1% agarose gel to
ensure that the digestion is complete (Figure 8.6).

4. Extract the digest with an equal volume of saturated phenol/chloroform (1:1),
and spin at 10,000 rpm at room temperature for 5 min. Use only freshly opened
phenol (I1 week) to purify the vector DNA.

5. Precipitate the DNA by adding 1/10 volume of 3 M NaAC, pH 5.2, and 1 vo-
lume of isopropanol and incubating at –80 hC for 10 min, followed by centrifu-
gation at 10,000 rpm for 15 min

6. Discard the supernatant, wash the pellet carefully with 70% ethanol, air-dry,
dissolve in 100 ml H2O, and measure the concentration of the DNA using a ser-
ies of known concentrations of lambda DNA on a 1% agarose gel.
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Dephosphorylation of Linearized Vector DNA

1. Set up the dephosphorylation reaction as below and incubate at 37 hC for
30 min.

H2O 256 mL
Digested vector DNA 100 mL (10 mg)
10q CIAP Reaction buffer 40 mL
1 U mL–1 CIAP (BRL Gibco)* 3.89 mL

Total volume 400 mL

(*Add 3.89 U CIAP/10 mg DNA for pBeloBAC11 or pECBAC1, 1.23 U CIAP/10 mg
DNA for BIBAC2 and pYLTAC7, and 1.0 U/10 mg DNA for pCLD04541 or
pSLJ1711).

2. Stop the reaction immediately by adding 4 mL 0.5 M EDTA, pH 8.0, 20 mL 10%
SDS, and 40 mL 1 mg mL–1 proteinase K in cold TE to the tube. Incubate at
56 hC for 30 min.

3. Cool down to room temperature and extract once with an equal volume of sa-
turated phenol (freshly opened) and then once with an equal volume of satu-
rated phenol/chloroform/iso-amyl alcohol (25:24:1).

4. Precipitate the DNA by adding 1/10 volume of 3 M NaAC, pH 7.0, and 1 vo-
lume of isopropanol and incubating at –80 hC for 10 min followed by centrifu-
gation at 10,000 rpm for 15 min.

5. Discard the supernatant, wash the pellet carefully with 70% ethanol, air-dry,
dissolve in 200 mL H2O, and measure the concentration of the DNA by compar-
ing to lambda DNA of known concentrations on a 1% agarose gel.

6. Adjust the concentration of the DNA to 10 ng mL–1 for pBeloBAC11 or pEC-
BAC1 and to 40 ng mL–1 for BIBAC2, pYLTAC7, pCLD04541, or pSLJ1711; ali-

194 8 Genomic DNA Libraries and Physical Mapping

Figure 8.6. Vector preparation. CsCl-gradient-purified vector DNA was digested completely, run
on a 1% agarose gel, stained, and photo-documented.



quot the DNA into 1.5-mL microtubes; and store in a –20 hC freezer. The vector
DNA stored in the –20 hC freezer is good for cloning for at least six months.

7. Optional: Check the dephosphorylation of the vector using the conventional li-
gation test. When the vector DNA is ligated to digested lambda DNA at a molar
rate of 3 vector:1 digested lambda DNA and transformed into E. coli DH10 cells
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Figure 8.7. A general procedure for construction of bacteria-based large-insert arrayed genomic
DNA libraries. Although the construction of a large-insert arrayed BAC library was used for de-
monstration, the procedure is applicable to construction of all bacteria-based large-insert arrayed
genomic libraries, including BAC, PAC, BIBAC, PBC, and TAC libraries.



by electroporation, the percentage of recombinant (white) clones should be
greater than 95%.

8.2.3.3 Library Construction
The procedure presented below for bacteria-based large-insert genomic DNA li-
brary construction is based on that of Zhang (2000) (http://hbz.tamu.edu – Analy-
sis Tools – BAC Tools) with the latest updates according to Chang et al. (2003) and
Tao et al. (2002) (Figure 8.7).

Partial Digestion of HMW DNA Embedded in LMP Agarose Plugs

Generation of clonable and overlapping large DNA fragments is an essential step
for large-insert genomic DNA library construction. Such large DNA fragments are
usually generated by partial digestion of megabase DNA with a restriction enzyme
that cuts relatively frequently within a genome. To achieve the desired partially di-
gested genomic DNA for library construction, at least four methods have been
used: (1) varying the concentration of the restriction enzyme, (2) varying the
time of digestion, (3) varying the concentration of a restriction enzyme cofactor
(e. g., Mg2þ), and (4) varying the ratio of the restriction enzyme to the correspond-
ing methylase. In this procedure, we will determine the optimal enzyme concen-
tration for the generation of clonable and overlapping DNA fragments desired
for large-insert genomic DNA library construction by varying the concentration
of the restriction enzyme.

Pre-purification of the Megabase DNA Embedded in Agarose Plugs

1. Wash the agarose plugs containing HMW DNA stored in 0.05 M EDTA, pH 8.0,
or directly from the lysis buffer twice in 10–20 volumes of ice-cold TE, 30 min
per wash, and three times in 10–20 volumes of ice-cold TE plus 0.1 mM PMSF,
one hour each wash.

2. Further wash the plugs three times for 1 h each in 10–20 volumes of TE on ice.
3. Store the plugs in TE at 4 hC before use. At this stage the plugs can be stored for

several months without significant degradation.

Partial Digestion Test
A series of small pilot digestions is commonly carried out to determine the op-

timal concentration range of the restriction enzyme required to generate DNA frag-
ments desired for library construction before large-scale partial digestion.

1. Cut two to three 100-mL plugs each into nine equal slices using a glass coverslip.
Use three slices for each reaction.
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2. Equilibrate the DNA slices in the following equilibration buffer in a 15-mL Fal-
con tube (for six reactions) for 1 h with one change of the buffer after 30 min:

H2O 867q6 ¼ 5202 mL
Megabase DNA 30 (3/9 plug) q 6 ¼ 180 mL (18 slices)
10q enzyme buffer 100q6 ¼ 600 mL
1 M spermidine 2q6 ¼ 12 mL
1 M DTT 1q6 ¼ 6 mL

Total volume 1000q6 ¼ 6000 uL

3. Set up the digestion buffer as follows in each 1.5-mL Eppendorf tube:

H2O 137 mL
10q enzyme buffer 17 mL
1 M spermidine 0.34 mL
1 M DTT 0.17 mL
10 mg mL–1 BSA 10 mL

Total volume 164.5 mL

4. Transfer three plug slices into each tube and add the restriction enzyme with a
concentration series ranging from 0 to 10 units per tube (such as 0, 0.3, 0.6, 1.2,
2.4, 4.8 units per tube) and a volume of 2–10 mL of each. Incubate on ice for 60–
120 min to allow the enzyme to access the DNA in the agarose, depending on
the porosity of the HMW DNA plugs. The longer incubation on ice would re-
duce enzyme activity but enhance the partial digestion results.

5. Transfer the digestion reactions into a 37 hC water bath and incubate for exactly
8 min. Immediately transfer the reactions onto ice, stop them by adding 1/10
volume of 0.5 M EDTA, pH 8.0, and then keep on ice.

6. Check the partial digestion results by subjecting the plug slices to pulsed-field
gel electrophoresis (PFGE) under the following conditions: 1% agarose in 0.5q
TBE, 12.5 hC (cooler setting), 80 (pump setting), 120h angle, 6 V cm–1, initial
pulse time of 50 s, and final pulse time of 50 s for 18 h.

7. Stain the gel and photograph (Figure 8.5). The concentration of the enzyme re-
sulting in the majority of the partially restricted fragments ranging in size from
100 kb to 400 kb on the gel is selected for large-scale partial digestion.

Large-scale Partial Digestion

Large-scale partial digestion should be conducted under conditions identical to
those used in the above small-scale partial digestion test. The number of 100-mL
plugs to be used for the large-scale partial digestion is dependent on the concentra-
tion of the DNA per plug. In general, 6–10 100-mL plugs should be sufficient to
construct a bacteria-based large-insert genomic DNA library for most species.
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1. Make 2q18,000 mL equilibration buffer for 18 reactions according to the ratio
listed above.

2. Take six 100-mL HMW DNA plugs, cut each into nine slices, and incubate in
18,000 mL equilibration buffer for 1 h, with one change of the buffer after
30 min.

3. Make 20q170 mL ¼ 3400 mL digestion buffer as above and dilute the restriction
enzyme used in the partial digestion test, using the digestion buffer so that
2–10 mL of the dilution containing the optimal units of the enzyme selected in
the partial digestion test is added to each microtube (see step 5).

4. Transfer the plug slices into 18 1.5-mL Eppendorf tube, three slices per tube,
and then add 164.5 mL of the digestion buffer per tube.

5. Add the diluted restriction enzyme to each tube at 2–10 mL per tube containing
the optimal amount of enzyme determined by the partial digestion test above.

6. Incubate on ice exactly as long as in the pilot experiments and then transfer the
tubes of digestion reactions into a 37 hC water bath and incubate for exactly
8 min. Immediately transfer the reactions onto ice, stop them by adding 1/10
volume of 0.5 M EDTA, pH 8.0, and keep the reactions on ice.

DNA Fragment Size Selection

After partial digestion, the DNA fragments must be selected to obtain the frag-
ments that have a desirable size range for library construction and to remove
the smaller fragments that can compete more effectively for vector ends. Size selec-
tion is performed one or two times by PFGE (Figure 8.8).
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Figure 8.8. Size selection for optimal partially
restricted DNA fragments on pulsed-field gels
for construction of large-insert clone libraries.
Section 1 was from the 100–200 kb zone, section 2
from the 200–300 kb zone, and section 3 from the
300–400 kb zone. Frequently, section 2 gives clones
having desirable insert sizes and generates
targeted libraries.



First Size Selection

1. Prepare a 1% agarose PFGE gel in 0.5q TBE (45 mM Tris, 45 mM boric acid,
1 mM EDTA, pH 8.3) with a sample trough at the top portion of the gel and 2 L
of 0.5q TBE running buffer, and precool the buffer to 11 hC in the electrophor-
esis chamber.

2. Load the plug slices containing the partially digested DNA into the sample
trough, and size markers (lambda concatemers and/or yeast chromosomes)
in the wells on both sides of the trough. Seal the sample trough and marker
wells with 1% molten agarose gel kept in a 65 hC water bath. Run the PFGE
using the CHEF DRIII system at 6.0 V cm–1, 11 hC, 120h angle, and initial
and final pulse times of 90 s in 0.5q TBE for 16 h.

3. Cut both the sides of the gel containing the size markers and the 0.5-cm edge of
the DNA sample with a clean razor blade and keep the central portion of the gel
on the gel plate on ice.

4. Stain and photograph the gel pieces containing the samples adjacent to the size
markers along with a ruler. Do not stain the central portion of the gel contain-
ing the majority of the sample.

5. Using the photograph as a reference, locate the gel zone containing the DNA
fragments ranging from 100 kbp to 400 kbp in the central portion of the
gel kept on the ice, excise it, and cut it into three sections horizontally, 100–
200 kb, 200–300 kb, and 300–400 kb, roughly 0.5–0.6 cm in width per section
(Figure 8.8A). Note that the width of the gel section can be used to adjust the
volume of the electroeluted DNA solution. If the section is too wide, it will be
difficult to insert the gel section into the dialysis tubing, whereas if it is too
small, the volume of the buffer added to the dialysis tubing will be large. As
a result, the concentration of the DNA will be low.

6. Insert each gel section containing the desirable size DNA fragments into a
piece of dialysis tubing (1/4 inch in diameter and with a molecular weight ex-
clusion limit of 12,000–14,000 Da) that was prerinsed with 0.5q TBE, close one
end of the tubing with a tubing closure, fill the tubing with 0.5q TBE, remove
all bubbles in the tubing, and close the other end of the tubing with the second
tubing closure. Recover the size-selected DNA by electroelution in 0.5q TBE
using the CHEF DRIII at 6 V cm–1, 11 hC, and 35-s switch time for 4 h, followed
by turning the dialysis tubing 180h in the CHEF apparatus and continuing the
electrophoresis for 60 s in 0.5q TBE to release the DNA from the tubing wall.
The eluted DNA fragments can be used for ligation and library construction
after dialysis in 0.5q TE (see below) or can be carefully transferred from the
dialysis tubing to a microfuge tube with a wide-bore pipette tip for the second
size selection.

Second Size Selection

1. Prepare a 1% agarose PFGE gel in 0.5q TBE with a sample trough at the top
portion of the gel and 2 L of 0.5q TBE running buffer, and precool the buffer to
11 hC in the electrophoresis chamber.
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2. Load l ladder size markers on both sides of the sample trough, seal the marker
wells with 1% molten agarose gel as above, and place them in the electrophor-
esis chamber containing 0.5q TBE buffer.

3. Mix the three sections of the eluted DNA fragments from the first size selection
with the gel-loading dye by inverting the tube gently, and load it into the sample
trough. Run the gel at 4 V cm–1, 11 hC, and 5-s switch time in 0.5q TBE for
6–8 h.

4. Cut the gel portion containing the size markers and 0.5-cm of the DNA sample,
stain it in EB solution, and mark the gel zone containing the compressed DNA
fragments (Figure 8.8B) on the stained portion of the gel. During this process,
the gel portion containing the majority of the DNA samples should be kept on
ice as above.

5. Locate the DNA sample compressed on the gel using the marks made on the
stained portion of the gel, excise the gel section containing i100-kb DNA frag-
ments, and electroelute the DNA from the gel as above.

6. Dialyze the DNA fragments electroeluted from the gel in the same dialysis tub-
ing against 1 L of 0.5q TE for at least 3 h at 4 hC with one change of 0.5q TE
every hour.

7. Carefully collect the DNA from the dialysis tubing to a 1.5-mL microtube with a
wide-bore pipette tip. The immediate ligation of the DNA into a vector follow-
ing dialysis often gives a much better result for library construction

Ligation of the Large DNA Fragments Into the Cloning Vector

1. Estimate the concentration of the insert DNA on a 1% conventional agarose
mini-gel using the known concentrations of l DNA as standards.

2. Set up the ligation mixture using the following criteria: molar ratio of vector:-
insert ¼ 4–10:1; final concentration of insert DNA in the ligation mixture ¼
1Z2 ng mL–1; and T4 DNA ligase ¼ 1 unit per 50 mL ligation. To control the
ratio between recombinant and non-recombinant clones in the transformants,
the molar ratio of vector:insert can be adjusted, with a smaller ratio for a higher
recombinant/non-recombinant clone ratio. However, this may lead to a smaller
total number of recombinant clones.

3. Incubate the ligation at 16 hC for 6–10 h. The ligation can immediately be used
for transformation or be aliquoted and stored in a frost-free –20 hC freezer. The
ligation can be stored for several months without significant problems.
Although it was observed that storage of the ligated DNA might slightly reduce
the transformation efficiency, it did not significantly reduce the insert sizes of
the clones.

Transformation of the Recombinant DNA Constructs (Ligation) into E. coli Host Cells

The electroporation method and E. coli strain DH10B (Hanahan et al. 1991) are
used for transformation, as discussed in the Introduction.

1. Mix 1–2 mL of the ligation mixture with 20 mL of E. coli DH10B electroporation-
competent cells.
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2. Transform into the cells using the cell porator and voltage booster electropora-
tion system (now available from Labrepco) at the following settings:

Cell porator Voltage booster
Voltage 375 V Resistance 4 kV
Capacitance 330 mF
Impedance Low ohms
Charge rate Fast

3. Immediately transfer the electroporated cells into 1 mL of SOC medium and
incubate at 37 hC and 250 rpm for 1 h to allow the antibiotics resistance gene
to be fully expressed.

4. Plate the transformed cells onto LB agar medium containing appropriate anti-
biotics and/or amendments for transformant and recombinant selection.

5. For vectors such as pBeloBAC 11, pECBAC1, and pCLD04541, which use the
LacZ gene for recombinant selection, incubate at 37 hC for 36 h to allow the col-
ony color (blue) to fully develop; for vectors such as BIBAC2 and pYLTAC7,
which use the SacB gene for recombinant selection, incubate at 37 hC for
20 h. Only the colorless (white) colonies constructed with the Lac Z gene-con-
taining vectors are expected to contain inserts (recombinants) (Figure 8.9),
whereas all of the clones of the SacB gene-containing vectors growing on the
selective medium are expected to contain inserts.

Characterization of Bacteria-based Large-insert Genomic DNA Libraries

Analysis of the clones resulting from a particular ligation is essential before large-
scale transformation and library assembly. The parameters usually used for this
purpose include average insert size, insert size distribution, and the percentage
of empty clones. In general, a large-insert genomic DNA library desirable for gen-
ome research should have a large average insert size (j150 kb), a low percentage of
insert-empty clones (J5%), and a reasonable distribution of clone insert size (pro-
viding better genome coverage). Therefore, at least 100 randomly selected clones
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Figure 8.9. Plant-transformation-competent
BIBACs cloned in the PBC vector
pCLD04541. Blue colonies indicate clones
with no inserts (non-recombinants) and the
colorless colonies indicate clones with in-
serts (recombinants).



obtained from each ligation should be analyzed. Figure 8.2 shows a picture of
PFGE to check the insert sizes of wheat libraries.

1. Inoculate the recombinant clones in 5 mL of LB medium with appropriate anti-
biotics and incubate at 37 hC with shaking at 250 rpm overnight.

2. Isolate DNA using the alkaline lysis method used for conventional plasmid
DNA isolation.

3. Digest with Not I, a rare cutting enzyme.
4. Run on a 1% pulsed-field gel in 0.5q TBE at 6 V cm–1, 11 hC, 5-s initial switch

time, and 15-s final switch time, with a linear ramp for 16 h. the lambda DNA
ladder is often used as a size marker.

5. Stain the gel with EB, photograph it, and estimate the insert size of each clone
by adding the sizes of all DNA bands derived from the clone insert. Count the
number of clones with no inserts.

Storage of Bacteria-based Large-insert Genomic DNA Libraries

1. Select the ligation that gives the largest insert sizes, fewest insert-empty clones,
and highest transformation efficiency for large-scale transformation and library
assembly.

2. Array the recombinant clones into 384-well microtiter plates containing 50 mL
of freezing medium (LB broth plus 1q freezing buffer [36 mM K2HPO4,
13.2 mM KH2PO4, 1.7 mM citrate, 0.4 mM MgSO4, 6.8 mM (NH4)2SO4,
4.4% (v/v) glycerol]) per well with appropriate antibiotics, grow at 37 hC over-
night, and store at –80 hC for long-term maintenance. The library can be stored
in the buffer at –80 hC for at least five years without significant problems.

3. Usually, the library is duplicated into three copies and stored in separate –80 hC
freezers to guard against unforeseen disasters. The three copies are designated
the working copy, the master copy, and the backup copy.

8.2.4
Applications of Bacteria-based Large-insert Genomic DNA Libraries in Genome
Physical Mapping

Genomic libraries, especially bacteria-based large-insert genomic DNA libraries,
have been developed for many of the economically important plant, animal and in-
sect species. Most of these libraries have been made available to the public and can
be accessed through the following websites:

x Texas A&M University GENEfinder Genomic Resources: http://hbz.tamu.edu
x Caltech Genome Research Laboratory: http://www.tree.caltech.edu/
x Children’s Hospital Oakland Research Institute: http://bacpac.chori.org
x Invitrogen Life Technologies: http://mp.invitrogen.com/

Genomic DNA libraries, especially the bacteria-based large-insert cloning libraries,
are essential for physical mapping. In addition, they are also crucial tools for geno-
mic, genetic, and molecular biological research in many aspects, including gene
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discovery and cloning, comparative and functional genomics research, gene trans-
formation and expression analysis, etc. This chapter will only provide examples of
applications of large-insert genomic DNA libraries for genome physical mapping.
It is worthwhile to note that a combination of different types of libraries and dif-
ferent techniques are usually applied to a physical mapping project to obtain a
high-quality map. For example, in the physical mapping projects of Arabidopsis
(Marra et al. 1999; Chang et al. 2001), rice (Tao et al. 2001; Chen et al. 2002; Li
et al. 2003), soybean (Wu et al. 2004), human (IHGMC 2001), mouse (Gregory
et al. 2002), and chicken (Ren et al. 2003), in addition to random clone fingerprint-
ing and contig assembly, a large number of genetic markers have been used to ver-
ify the map contig accuracy and to anchor the physical map contigs onto genetic
linkage maps, allowing the physical map contigs to merge into larger contigs.
The clone end sequences have also been used to merge map contigs by sequence
alignment along related genome sequences (IHGMC 2001; Chen et al. 2002; Gre-
gory et al. 2002; Li et al. 2003). In addition, YAC clones are sometimes used to
bridge the gaps of map contigs generated by BAC and/or PAC clones (IHGMC
2001).

8.2.4.1 Physical Mapping by Fingerprint Analysis
The clone-based physical map is a physical map consisting of continuously overlap-
ping genomic DNA clones that are ordered to their chromosomes of origin on the
basis of overlapping of adjacent clones. Several approaches have been developed to
construct genome-wide physical maps from large-insert genomic DNA libraries.
The most common technique is fingerprint analysis.
A fingerprint of a genomic DNA clone is the unique restriction profile (bands) of

the clone. It is created by digesting the clone DNA with one or more restriction
enzymes and fractionating the restricted fragments on gel matrices or through ca-
pillaries. Since clones derived from the same regions of a genome share similar
restriction patterns, analysis of clone fingerprints with computer programs will
allow overlapping clones in a genomic region to be assembled into contigs or
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Table 8.1. Summary of whole-genome physical maps of higher organisms generated by finger-
print analysis of bacteria-based large-insert clones.

Species Genome size (Mb) Fingerprinted clone
coverage

Reference

Arabidopsis 130 18q Marra et al. 1999
Arabidopsis 130 7.2q Chang et al. 2001
Chicken 1140 7.9q Ren et al. 2003
Human 3200 17q IHGMC 2001
Indica rice 430 6.9q Tao et al. 2001
Japonica rice 430 25.6q Chen et al. 2002
Japonica rice 430 7.2q Li et al. 2003
Mouse 2800 NAq Gregory et al. 2002
Soybean 1100 9.6q Wu et al. 2004



clone groups according to the similarity of the clone fingerprints. The advent of
bacterial-based large-insert genomic DNA libraries has facilitated application of
the clone fingerprint analysis strategy in the development of physical maps of
large, complex genomes. To facilitate genome physical mapping with bacteria-
based large-insert genomic DNA libraries, several fingerprinting methods have
been developed; these methods are discussed in Chapter 6. Genome-wide physical
maps have been developed for several plant and animal species by fingerprint ana-
lysis of bacteria-based large-insert clones (Table 8.1).

8.2.4.2 Physical Mapping by Fluorescent in situ Hybridization
(This topic is discussed in more detail in Chapter 6.) The technology of in situ
hybridization of specific nucleotide sequences to chromosomes was developed
over 30 years ago (Pardue and Gall 1969; John et al. 1969) and evolved to fluores-
cence in situ hybridization (FISH) in the early 1980s (Bauman et al. 1980). A wide
range of probes has been employed for FISH experiments, including species-spe-
cific total genomic DNA and chromosome-specific DNA, tandem repeats (a-satel-
lite, b-satellite, and telomere probes), interspersed repetitive sequences, library
clones, cDNA, and RNA probes. Probes smaller than several kilobase pairs are dif-
ficult to detect by FISH, while probes of large DNA fragments from genomic DNA
clones can obtain excellent results. Due to instability and difficulty in DNA isola-
tion, YACs have limitations as probes for FISH. However, bacterial-based large-
insert DNA clones have been widely used as probes in FISH for various research
projects.
BAC clones have been used to link cytogenetic markers to DNA sequences.

Some human genetic diseases are caused by chromosome rearrangements (ab-
normalities) and have been cytogenetically marked on chromosomes. The se-
quences in the marker areas are particularly important to further research of the
diseases. The BAC Resource Consortium (2001) of the human genome sequencing
project is working on a project to connect the cytogenetic marker maps to sequence
maps via BAC clones using the BAC-FISH approach. The BAC probes used for in
situ hybridization contain one or more unique sequence tags that allow each BAC
clone to be positioned on the human genome sequence maps. In 2001, more than
8000 BAC clones were mapped to 23 of the 24 human chromosomes, resulting in
an average of at least one clone per megabase of DNA (BAC Resource Consortium
2001; Korenberg et al. 1999). This integrated BAC-FISH sequence map can now be
used to rapidly identify mutated genes affected by chromosomal rearrangements
seen in genetic disorders and cancers.

8.2.4.3 Physical Mapping by Optical Mapping
The restriction sites of random clones can also be examined directly by looking at
the restricted DNA molecules under a microscope, a technique called optical map-
ping. Since the development of optical mapping by Schwartz et al. (1993), the tech-
niques have been improved and automated (Jing et al. 1998). Cloned large-insert
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DNA molecules are isolated and mounted to a chemically treated glass slide sur-
face, where the DNA molecules stretch out and become linear fibers by fluid fixa-
tion. The fixed DNA fibers are digested with a certain restriction enzyme, followed
by staining with fluorescent dye. The restricted sites produce nicks along the linear
DNA and can be observed using a fluorescent light microscope. The images are
then collected using a cooled charge-coupled device digital camera. The restriction
sites and the produced fragment lengths produced are unique for each clone. By
analysis of restricted fragment lengths of each clone, significant overlapping be-
tween clones implies neighboring clones, and hence overlapping clone contigs
are constructed.
One major advantage of optical mapping as a tool for physical mapping over fin-

gerprinting methods is that optical mapping can provide information for all of the
fragment lengths of a clone digested by a restriction enzyme as well as their orders
along the linear DNA molecule. However, the application of this technology is not
as common as restriction fingerprinting methods for physical mapping, especially
not for whole-genome physical mapping of higher organisms. The major applica-
tion of optical mapping is to construct physical maps as a scaffold for accurately
aligning sequence contigs so that the sequence gaps can be bridged or the se-
quence maps can be verified. For instance, physical maps prepared by optical map-
ping were constructed based on the BAC libraries for human chromosomes 11, 22
(Cai et al. 1998), and Y (Giacalone et al. 2000) and used for the human genome
sequencing project. For microbes with small genome sizes, optical mapping can
be conducted directly on shotgun sheared-DNA fragments from living cells, with-
out the need for constructing genomic DNA libraries. Such physical maps have
been constructed for a human pathogenic bacterium (Zhou et al. 2002), E. coli
(Lim et al. 2001), and other microbes and have played roles in their genome se-
quencing.

8.2.4.4 Physical Mapping by Iterative Hybridization
Iterative hybridization was first developed by Hoheisel et al. (1993) and applied to
generate high-resolution cosmid clone– and P1 clone–based physical maps of the
fission yeast Schizosaccharomyces pombe. Further application was reported in Arabi-
dopsis physical mapping by Mozo et al. (1998, 1999). By this approach, a batch of
randomly selected BAC clones (e. g., 100 clones) is used as a probe to hybridize the
whole BAC library spotted on membranes, and the positive clones are localized. A
second batch of clones is randomly selected from the clones that are not detected
by the first round of hybridization and used as the probe to conduct the second
round of hybridization to the whole genomic DNA BAC library. Then the subse-
quent rounds of hybridization are conducted continually in the same way until
99.5% of the clones of the whole library have been hit. The clone contigs are
then assembled by a probe-probe comparison based on the hybridization frequen-
cies using a computer program. However, the success of this approach is signifi-
cantly influenced by an abundance of repetitive sequences in the genome (Marra
et al. 1999), implying that it is difficult to generate a genome-wide physical map
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of species having large, complex genomes using this approach (Chumakov et al.
1995).

8.2.4.5 Physical Mapping by Other Techniques

Chromosome Walking

Chromosome walking was the first method devised for construction of the clone
contigs of physical maps. A genomic DNA library is screened with a DNA probe
of known location or by PCR using a primer pair designed from a particular se-
quence, and a set of positive clones is isolated. This is the first step of chromosome
walking. The insert ends of the outermost clones of the first set are isolated and
used as probes to screen the library again. The second set of clones is then isolated.
This process continues until clones spanning the entire genomic region are iso-
lated and ordered. Chromosome walking has been used mainly to construct over-
lapping clone contigs from a DNA marker to a gene of interest and to isolate the
gene by positional cloning. A major problem with chromosome walking is that if a
probe contains a repeat sequence, it will hybridize to the clones located in different
genomic regions. To solve this problem, only the DNA fragments that are single-
copy are used as probes in library screening for chromosome walking. Therefore,
chromosome walking is laborious, and it is rarely possible to construct contigs for
an extensive region of a large, complex genome.

DNA Marker-based Chromosome Landing

DNA marker-based chromosome landing is a hybridization- and/or PCR-based
strategy to land clones or contigs on a genetic linkage map or to integrate a phy-
sical map with a genetic linkage map. DNA markers are selected from a molecular
genetic linkage map and used as probes or PCR primers to screen a large-insert
genomic DNA library. Overlapping clones are assembled into contigs, and the con-
tigs are extended and anchored to the genetic linkage map according to the posi-
tion of the DNA markers on the genetic map. This physical mapping strategy
was first applied to develop large-insert YAC-based physical maps of human (Chu-
makov et al. 1995) and has been widely used in the development of YAC- or BAC-
based physical maps of Arabidopsis, rice, mouse, chicken, and the euchromatic por-
tion of the Drosophila genome.
To rapidly screen the libraries more efficiently with a large number of probes, the

pooling strategy may be adopted (Chang et al. 2001; Tao et al. 2001). If PCR screen-
ing is used with PCR-based markers, such as sequence-tagged sites (STSs) and
simple sequence repeats (SSRs), the clones of the genomic DNA library are fabri-
cated into clone pools, including multiple-plate superpools, single-plate pools, col-
umn pools, and row pools (three-dimension pools). Alternatively, if hybridization
screening is used with the probes of PCR products (e. g., STSs and SSRs) or
with the probes of restriction fragment length polymorphisms (RFLPs) or small-in-
sert DNA clones, the marker probes can be pooled to screen the library clones
gridded onto high-density colony filters (Chang et al. 2001; Tao et al. 2001).
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The probes used for hybridization screening can also be made from overlapping
oligos (overgos) designed according to the known sequences of the probes obtained
by bioinformatics tools. Each overgo consists of a pair of oligos of 22Z24 nucleo-
tides, with a complementary 3l end to each other of 8 bases. Thus, the total length
of each pair of oligonucleotides spans 36Z40 bases. The pair of oligonucleotides is
radioactively labeled by a Klenow fill-in reaction, producing 36Z40 double-stranded
DNA fragments that are used as probes to screen the library clones. Overgo screen-
ing has many advantages over clone probe screening. The most important is that
the pair of oligonucleotide probes is a single-copy sequence of the genome because
it is designed based on marker sequence information, which minimizes the influ-
ence from repetitive sequences. Secondly, overgo probes have high hybridization
specificities due to their single-copy and perfect hybridization features, hence in-
creasing the accuracy. Again, overgo hybridization shows strong signals and low
background because the overgo probes are labeled by a Klenow fill-in reaction. Fi-
nally, these short probes (36Z40 bases) are easily washed off the library clone fil-
ters; thus the membrane may be reused several times without increasing the back-
ground. Nevertheless, the cost for synthesis of the overgos should be considered.
A significant advantage of DNA marker-based chromosome landing for physical

mapping is the simultaneous development and integration of the physical map
with linkage genetic maps. The integration of a physical map with a genetic
map associates the large-insert clones of the physical map with useful genes or
traits mapped on the genetic map, which will greatly expedite isolation of the
genes by positional cloning. However, it is prerequisite to have a high-density,
evenly distributed DNA marker genetic map. Although high-density DNA marker
maps have been developed for the genomes of human and several model species,
they are not available for many of the plant and animal species of economic impor-
tance.

Facilitating Genome Sequencing

Genome sequencing is a powerful tool for large-scale gene discovery and decoding.
The advent of bacteria-based large-insert clones has accelerated by several-fold the
process of large-scale sequencing of large, complex genomes such as Arabidopsis,
Drosophila, human, rice, and other plant and animal species of economic impor-
tance. Two sequencing strategies are being used: the clone-by-clone shotgun and
the whole-genome shotgun. It seems evident that bacteria-based large-insert clones
are indispensable for both of these methods (Zhang and Wu 2001).
Using the clone-by-clone shotgun strategy, a clone-based physical map is first

constructed. Minimally overlapping (also called tiling path) clones that completely
cover the genome are selected from the physical map and used as substrates for
shotgun sequencing, one clone at a time. The sequencing data of shotgun clones
are assembled into the sequences of each large-insert clone, which is then used to
assemble the sequences of the whole genome. A typical example in plants is from
the genome sequencing project of Arabidopsis, which started in 1996 and was com-
pleted at the end of 2000 (Arabidopsis Genome Initiative 2000). In the project,
BAC-, cosmid-, TAC-, and P1 clone–based physical maps were constructed for
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the five chromosomes of the genome, respectively, by the random clone finger-
printing method with the assistance of DNA marker landing. The clones in tiling
paths were selected as sequencing substrates. After assembly, a sequence map of
115,409,949 bp was obtained with 99.99% accuracy, which covers 92% of the
whole genome. Using the same approach, the human genome was also sequenced
(IHGMC 2001).

In whole-genome shotgun sequencing, high-quality genomic DNA is purified, phy-
sically sheared, or partially digested and then cloned into plasmid vectors with dif-
ferent insert sizes, including bacteria-based large-insert genomic DNA clones. The
shotgun library clones with small inserts (1.0–2.0 kb) are used for draft sequence
production and sequence contig assembly. The further extension of the sequence
contigs and linkage of the contigs into scaffolds require large-insert clones as
the connectors. Usually, both ends of each selected large-insert clone are sequenced
and the clone end-sequence data are aligned with sequence contigs by sequence
match. In this way, adjacent sequence contigs can be merged into larger contigs,
whereas uncontinuous contigs can be made into scaffolds. Gaps are thus bridged.
In 2002, the draft sequences of both cultivated rice subspecies, indica and japonica,
were finished using the whole-genome shotgun strategy, and a large number of se-
quence contigs and scaffolds have been generated. Further accomplishment of the
sequence maps requires filling in the gaps between contigs.

8.3
Discussion

Bacteria-based large-insert genomic DNA libraries have been indispensable re-
sources and tools for many aspects of genomics, genetics, and molecular biology
and are expected to play more significant roles in future research. For whole-gen-
ome physical mapping, it has been proved that large-insert genomic DNA libraries
constructed with two or more restriction enzymes having different G/C or A/T con-
tents in recognition sites will facilitate construction of high-quality contig physical
maps. This is because such libraries represent the whole genome more evenly. Bin-
ary vectors such as BIBAC2, pCLD04541, and pYLTAC7 not only are capable of
cloning large DNA fragments, as do the BAC and PAC vectors, but also are com-
petent for direct transformation in plants. The latter feature will facilitate func-
tional analysis of the genome sequence in the post-genome sequencing era and
its utility in plant molecular breeding. Therefore, incorporation of clones con-
structed in binary vectors into the construction of physical maps will enhance
the utility of the resultant physical maps in gene cloning and functional analysis
and engineering of genome sequences.
Genomic DNA libraries with larger insert sizes are much more efficient tools for

genome physical mapping and sequencing. The current bacteria-based large-insert
cloning system has allowed generation of genomic DNA libraries with average in-
sert sizes ranging from 100 kb to 200 kb, although it has been demonstrated that
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this cloning system is capable of cloning and stably maintaining DNA fragments of
up to at least 350 kb. The construction of libraries with average insert sizes greater
than 150 kb is still restricted to a few laboratories worldwide. Therefore, further
improvement in the techniques of cloning large DNA fragments in bacteria will
be of significance for comprehensive genome research. It is the electroporation
transformation technology that has increased the cloning capacity of the conven-
tional plasmid-based cloning vectors from ca. 20 kb to 350 kb. Therefore, if the ex-
isting electroporation transformation technique could be further improved or if a
novel method is developed, the insert sizes of genomic DNA libraries may be
further increased significantly by the bacteria-based large-insert cloning system.
Consequently, development of whole-genome physical maps of high quality will
be enhanced greatly.
Based on many earlier publications on large DNA fragment cloning in bacteria

(e. g., Kim et al. 1992; Shizuya et al. 1992; Ioannou et al. 1994; Hamilton 1997; Liu
et al. 1999), it seems that the single-copy status of large-insert clones in a host cell
was required for their stable maintenance in the host cell. Nevertheless, Tao and
Zhang (1998) reported that the large-insert clones of multiple-copy (5–8) conven-
tional binary plasmid (pSLJ1711) and binary cosmid (pCLD04541) were stable in
the bacterial strain DH10B as the single-copy BACs, PACs, and BIBACs. Ioannou
et al. (1994) also observed that large-insert PACs were stable in the bacterial strain
DH10B after they were induced into multiple copies (5–8) per cell. Furthermore,
when the BIBACs (Hamilton 1997; Song et al. 2003) and TACs (Liu et al. 1999;
Song et al. 2002) were transformed into different Agrobacterium strains for genetic
transformation (although they were strictly controlled to a single-copy in the Agro-
bacterium cells), they were stable in some of the strains but not in others. Similar
results were obtained when the multiple-copy large-insert pCLD04541 clones were
transformed into different Agrobacterium strains (Wu et al. 2000; Men et al. 2001).
These results disagreed with the concept that the stability of large-insert clones is
dependent on their single-copy status in the bacterial host cells. Therefore, further
studies are needed to determine the key factors that influence the stability of large-
insert clones in host cells. In comparison, vectors with a few copies per host cell
have advantages over single-copy vectors for cloned DNA isolation and thus will
greatly enhance large-scale analysis of cloned DNA for whole-genome physical
mapping and genome sequencing.
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9
Integration of Physical and Genetic Maps

Khalid Meksem, Hirofumi Ishihara, and Tacco Jesse

9.1
Introduction

The demand for integrated physical-genetic maps has increased steadily in the past
decade. These maps have been used intensively for gene cloning and lately have
been very useful in supporting several genome sequencing initiatives, both
whole-genome and region-specific DNA sequencing. Whole-genome integrated
physical-genetic maps have been or are being generated for several plant genomes,
including the model plant Arabidopsis thaliana (Marra et al. 1999), sorghum (Klein
et al. 2000), corn (Coe et al. 2002), and soybean (Wu et al. 2004).
To develop an integrated genetic and physical map resource for plant genomes,

a comprehensive approach that includes several components is needed: a high-re-
solution DNA marker map that provides essential genetic anchor points for order-
ing the physical map and for utilizing comparative information from other gen-
omes; a large-insert DNA library, with ordered clones, consisting of contigs some-
times assembled into a physical map; and a set of bioinformatics tools that allow
the integration of several databases to store, search, analyze, and display the inte-
grated physical-genetic map.
Anchoring large-insert DNA clones (such as BAC) and contigs with genetically

mapped probes and DNA marker sequences can be achieved by using two strate-
gies: (1) PCR-based integration of large-insert DNA pools with DNA markers and
(2) hybridization of DNA probes to large-insert DNA filters. For PCR-based screen-
ing, the DNA is usually isolated from large-insert DNA libraries and pooled using a
six-dimensional scheme (Klein et al. 2000) to facilitate the screen. While construct-
ing an integrated physical-genetic map, it is necessary to keep track of each large-
insert DNA clone, the contig and its DNA anchor, and the DNA marker sequence
information associated with each anchor point. This task is extremely difficult to do
manually, as it would require many people and a lot of time. Therefore, automatic
tracking via a system that can be cheaper, quicker, and more accurate is indeed ne-
cessary and highly in demand. Few computer tools that facilitate viewing of the
maps and the underlying integrated physical-genetic data attached to it, join the



sequences into their proper genome location, and present the results on the Inter-
net for everyone to see are available.

9.2
Colony Hybridization Techniques for the Integration of DNA Sequences Into a Physical
Map

The clones of a large-insert library are usually double-griddled onto Hybond Nþ

membranes in a 3q3 format using an automated arraying robot. Once ready,
the membranes are probed with the clones representing the targeted sequence
as described by Kanazin et al. (1996). The inserts of the selected probe clones
are purified, labeled by random-priming, and hybridized to the high-density
clone membranes. Once identified, the positive clones of each probe are re-arrayed
in 384-well plates.
High-density colony Hybond Nþ nylon filters (Amersham Pharmacia Biotech

Inc., Piscataway, MD) are prepared using an automated arraying robot, where
the clones are spotted onto the filters in two copies from each colony of the 384-
well microtiter plates. One filter of 20q20 cm may carry up to 50,000 clones.
The filters containing colonies are placed onto LB (Luria-Bertani) agar mix petri
plates (Fisher Scientific, Pittsburgh, PA), which contain the corresponding antibio-
tic, and incubated at 37 hC. When the colonies grow to 1–2 mm in diameter, the
filters are prepared for hybridization (Meksem et al. 2000).
Membranes with cell colonies are placed on sheets of filter paper and saturated

with the following solutions in flat trays:

Trays Solutions used to saturate the
filter paper

Incubation time
on the paper

1 10% (w/v) SDS 10 min
2 Denaturing solution 10 min
3 Neutralizing solution 10 min
4 2q SSC, 0.1% (w/v) SDS 10 min
5 0.4 N NaOH 20 min
6 5q SSC, 0.1% (w/v) SDS 20 min
7 2q SSC, 0.1% (w/v) SDS 20 min

Neutralizing solution Denaturing solution

500 mL 1 M Tris-HCl, pH 8.0 125 mL 400 mM NaOH
300 mL 5 M NaCl 300 mL 5 M NaCl
2 mL 0.5 M EDTA, pH 8.0 575 mL dd. H2O
198 mL dd. H2O

1000 mL 1000 mL
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Membranes are dried in an oven at 80 hC for 2 h to remove all excess liquid. The
filters are then placed in hybridization buffer (5q SSC [20q SSC stock solution:
3.0 M sodium chloride, 0.3 M sodium citrate, pH 8.0, 0.5 M EDTA], 5q Denhardt’s
reagent [50q Denhardt’s reagent: 1% (w/v) Ficoll 400, 1% (w/v) polyvinylpyrroli-
done, 1% (w/v) bovine serum albumin], 0.5% (w/v) SDS) at 65 hC for 2 h. Twenty
microliters of the DNA probe (50–100 ng) and 25 mL water are mixed and placed on
the heating block at 95 hC for 5 min. The mixture is cooled to room temperature,
and 5 mL of 3000 Ci/mM a-32P dCTP is added to the mixture, which is then trans-
ferred to a Ready-To-Go DNA labeling beads tube (Amersham Pharmacia Biotech
Inc., Piscataway, MD). The probe mixture is incubated at room temperature for
30 min and then heated for 5 min at 95 hC. Filtering of the mixture through a Mi-
croSpin S-200 HR column (Amersham Pharmacia Biotech Inc., Piscataway, MD,
U. S.A.) is performed by centrifugation at 400 g for 2 min. Flow-through radioactive
probe is transferred to the tube containing the pre-hybridization buffer and the
filter. After 16 h incubation at 65 hC, the filters are washed twice with 150 mL of
2q (w/v) SSC with 0.1% (w/v) SDS, 10 min each time, and then washed twice
with 150 mL 0.1q (w/v) SSC with 150 mL 0.1% (w/v) SDS for 10 min each
time. Plastic is wrapped around the filter to cover it, and the filters are subse-
quently exposed to BioMax-MR X-ray film (Kodak, Rochester, NY) for 16 h. The
film is then developed and analyzed (Figure 9.1).
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Figure 9.1. Colony hybridization screening of the soybean Forrest HindIII BAC library with the
soybean Hs1(pro1) gene.



9.3
Integrating Gene-rich Sequences into the Physical Map Via Overgo Hybridization

Several mapping projects found the use of the overgo hybridization strategy very
successful for mapping EST sequences to a physical map. This information,
when incorporated into FPC software (FingerprintContig), led to a significant re-
duction in the overall number of contigs in physical maps. Overgo hybridization
is a procedure by which distinct 40-bp sequences are used with high specificity
to integrate genetic and physical maps (See Figure 9.2).
After a set of sequences (genes or EST sequences) targeted for physical map an-

choring are identified. From a fasta input file, the OvergoMaker 40 overgo designer
– software developed by John D. McPherson, Washington University School of
Medicine, St. Louis, MO – is used to design specific overlapping oligonucleotide
probes. The overgos are selected to have as close to a 50% distributed GC content
as possible. OvergoMaker 40 designs two 24mers with an eight-base overlap on
their 3l ends. After annealing, these will form a 40-base overgo with two
16-base overhangs that can be labeled by filling in with the Klenow fragment of
DNA polymerase I. DNA from positive controls (known sequences of plasmids)
is spotted in a unique pattern and used to align the filters. Overgo modules of
576 probes, assembled in a 24q24 array, can be hybridized to high-density large-
insert DNA filters using the procedures outlined below.

9.3.1
Overlapping Oligo Labeling

The stock solution (10 pmol/mL) of mixed oligos is heated at 80 hC for 5 min and
then incubated at 37 hC for 10 min and stored on ice.
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Labeling reaction (10 mL):

Oligonucleotides 10 pmol each
BSA (2 mg mL–1) 0.5 mL
OLB (-A,-C,-N6) 2.0 mL
32P-dATP* 0.5 mL
32P-dCTP* 0.5 mL
H2O to 10 mL
Klenow fragment 1 mL (2 U mL–1)

The labeling reaction tube is incubated at room temperature. After 1 h, the un-
incorporated nucleotides are removed using Sephadex G50 columns and the probe
is denatured before hybridization.

OLB(-A,-C,-N6) ¼ A:B:C (1:2.5:1.5), stored at –20 hC.

Solution O Solution A Solution B
1.25 M Tris-HCL, pH 8.0 1 mL solution O 2 M HEPES-NaOH, pH 6.6
125 mM MgCl2 18 mL 2-mercaptoethanol Solution C

5 mL 0.1 M dTTP 3 mM Tris-HCl, pH 7.4
5 mL 0.1 M dGTP 0.2 mM EDTA

9.3.2
Hybridization

The hybridization is usually performed at 58 hC for overgos with GC content be-
tween 40% and 60%. Using overgos that are AT-rich may require lowering the hy-
bridization temperature. Fifty milliliters of warmed hybridization solution is added
to a 30q4 cm hybridization bottle. Filters are pre-wet with warmed 2q SSC and
pre-hybridized for 4 h. After pre-hybridization, 10 mL of the hybridization buffer
is removed from each bottle and combined, and the labeled oligos are denatured
at 90 hC for 10 min. They are then added and mixed by pipetting. Ten milliliters
is then added to each bottle to transfer the probe. Probes are allowed to hybridize
overnight typically; however, 2-day hybridizations may be allowed to give stronger
signals.
Hybridization solution:

Composition (1000 mL)
1% BSA (Fraction V, Sigma) 10 g
1 mM EDTA 2 mL 0.5 M EDTA (pH 8.0)
7% SDS (use 99.9% pure SDS) 70 g
0.5 M sodium phosphate 500 mL 1 M sodium phosphate

(1 M sodium phosphate:: 134 g Na2HPO4 p 7H2O, add 4 mL 85% H3PO4, water is
added to 1000 mL)
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9.3.3
Washing

The hybridization solution is removed and the filters are washed with 2q SSC,
0.1% SDS at room temperature and then transferred to larger tubes on a rotary
platform and washed as follows: 2 L 1.5q SSC, 0.1% SDS at 58 hC for 30 min;
2 L 0.5q SSC, 0.1% SDS at 58 hC for 30 min.

9.3.4
Autoradiography

The filters are then sealed in plastic bags and exposed to an XAR5 Kodak film at
–80 hC overnight; the time can be increased for aged filters. The film is then devel-
oped and the positive signals on the film are oriented with overlay template and
membrane/filter information for the specific library. The probes that were used
for that specific hybridization are noted on the film along with date and time of
exposure.

9.4
Pooling Strategy for the Integration of DNA Sequences Into a Physical Map

9.4.1
DNA Pooling

Large-insert libraries are usually organized into pools to allow an efficient integra-
tion of DNA sequences into the physical map and to reduce the effort and cost
needed to identify clones from a library for a targeted sequence. A procedure de-
scribed by Klein et al. (2000) is used as a community standard to organize large-
insert clones into pools, where a BAC library with 81,408 clones can be pooled
into 287 pools.
A large-insert library with 81,408 clones is organized and stored in 212 individual

384-well plates. The library will be arranged into a stack consisting of 53 layers
with each layer containing four plates. The four plates in a layer will be arranged
in a 2q2 plate pattern. Because each 384-well plate is an array of 16 rows and 24
columns of wells, this 2q2 plate pattern results in each plate layer containing wells
in 32-row by 48-column arrays (1536 wells/layer). Every well in a stack has a un-
ique address by its x, y, and z coordinates relative to the axes of the stack. The
stack of plates will be sampled in six distinct ways to generate the large-insert
DNA pools (Figure 9.1). Each pool represents the intersection of a plane with
the stack (with the plane passing through the wells). Planes intersecting the
stack parallel to three mutually perpendicular surfaces define three of the pool
types. Layer pools (LPs) will be prepared from each layer of the stack. Row pools
(RPs) will be prepared from all wells in the same row of all layers. Column
pools (CPs) will be prepared from all wells in the same column of all layers.
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The three types of diagonal pools – layer diagonal pools (LDPs), row diagonal pools
(RDPs), and column diagonal pools (CDPs) – are then generated as illustrated in
Figure 9.1. To keep the number of wells constant in the same type of diagonal pool,
wrapping is done as illustrated in Figure 9.2. A total of the 287 pools will be gen-
erated. Table 9.1 summarizes the number of pools and the number of large-insert
DNA clones in each pool for the six types of pools.
Two hundred and twelve 384-well plates containing 81,408 large-insert DNA

clones are organized into a three-dimensional stack consisting of 53 layers, with
each layer containing four plates of 32 rows by 48 columns. The stack will be
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Table 9.1. Summary statistics for pooling of a large insert library for each type of pools generated
from a stack with dimensions 53q32q48.

Pool type No. of pools Pool size No. of clones Total no. of clones

Layer pool 53 32q48 1536 81,408
Row pool 32 48q53 2544 81,408
Column pool 48 32q53 1696 81,408
Layer diagonal pool 48 32q53 1696 81,408
Row diagonal pool 53 32q48 1536 81,408
Column diagonal pool 53 32q48 1536 81,408
Total 287

Figure 9.3. Six-fold large-insert DNA pooling strategy.



pooled along the six unique depicted coordinates to generate a total of 287 DNA
pools.

9.4.2
PCR Multiplexing

Multiplexing PCR techniques, in which up to 10 PCR primer pairs can be tested in
a single PCR reaction, can be used for screening the library. Specific primer pairs
to the target DNA sequence are tested on total genomic DNA from the source gen-
ome to determine the size of the amplified fragment. The primer pairs producing
clearly distinguishable size differences of their amplified fragments will be selected
for multiplexing. Computer programs (Klein et al. 2000) can be used to resolve can-
didate clones that contain the target DNA sequence in the pools. All candidate
clones are confirmed by testing individual clones with the specific primer pairs.

9.4.3
DNA Isolation from Pooled Large-insert Clones

DNA from large-insert DNA clone pools is isolated as described by Klein et al.
(2000), with minor modifications. Each of the 384-well plates containing the
DNA clones for a library will be replicated in deep, 384-well cell culture plates con-
taining 100 mL LB medium with the corresponding antibiotics. A 384-pin tool is
used to inoculate the deep, 384-well cell culture plates with clones from corre-
sponding 384-well stock plates. The inoculated plates are incubated at 37 hC for
20–24 h without shaking. Then the plates are arranged into the stack design
and sampled in one of the six distinct ways described above to generate a particular
pool type. Ninety microliters of the bacterial culture is removed from each well.
The pooled culture is then transferred to a 250-mL centrifuge bottle and incubated
on ice for 15 min. The cells are collected by centrifugation at 4400 g at 4 hC
for 15 min. The supernatant is discarded and cell pellets are resuspended in
2.4 mL of a solution containing 50 mM glucose, 10 mM EDTA, 25 mM Tris-HCl
(pH 8.0) by vortexing. The resuspended cells are transferred to a 30-mL centri-
fuge tube containing 4.8 mL of freshly prepared lyses solution containing
0.2 M NaOH and 1% SDS. The samples are mixed gently by inversion
10–12 times and incubated at room temperature for 10 min. After incubation,
3.6 mL of 3 M potassium acetate (pH 5.2) is added and the samples are mixed
by inversion 12 times. Then the samples are incubated on ice for 20 min and cen-
trifuged at 31,000 g at 20 hC for 20 min. The supernatant is transferred to a new
tube containing 10 mL of isopropanol; the tube is inverted several times and incu-
bated at –20 hC overnight. The samples are centrifuged at 13,800 g at 4 hC for
30 min, and the supernatant is discarded. The precipitated DNA is washed twice
with 80% ethanol, air-dried, resuspended in TE buffer, and quantified for its
DNA content.
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9.5
Forward and Reverse Integrated Physical-Genetic Mapping: Targeted DNA Marker
Mapping

Several novel BAC fingerprinting techniques have been developed since the con-
struction of BAC- based integrated maps became the standard in physical mapping
(Coulson et al. 1986; Marra et al. 1997; Luo et al. 2003). Most of these methods
focus on a higher information content of the individual BAC fingerprints, with
the aim to have better and more reliable assembly of the BAC contigs with finger-
print-editing computer programs (Soderlund et al. 2000). After the generation of
BAC fingerprints and the subsequent assembly of the BAC contigs, the daunting
task of verification of each individual contig remains before the dataset can be re-
leased for further exploration. In most BAC fingerprinting datasets, the majority of
the assembled BAC contigs are not linked to a genetic map position, and normally
a vast number of single BACs do not assemble into any contig. The main reason
for the large number of unlinked contigs is the relatively low marker density of
most genetics maps and the relatively small physical span of most assembled
BAC contigs. In the ideal dataset, the physical coverage of the BAC contigs enables
the anchoring of most contigs to their corresponding genetic map position. How-
ever, the assembly of a standard fingerprinting project of a 12q BAC library of a
350-Mb genome (Z36,000 clones), for example, generates at least 10% singletons
and a significant group of smaller contigs containing 2–25 BACs. Therefore, high-
density genetic maps with one marker per 50 kb on average are necessary to an-
chor all computer-assembled BAC contigs.
A straightforward approach for the anchoring of BAC contigs to the genetic map

is the hybridization of mapped probes (RFLPs, STSs, ESTs, etc.) to high-density
BAC filters. The pooling of overgo probes in the hybridization process facilitates
the throughput and the identification of individual BACs and BAC contigs. Meth-
ods that link genetically mapped AFLP markers to BACs and BAC contigs are de-
sirable (Klein et al. 2000). The six-dimensional BAC pooling strategy in combina-
tion with an AFLP screening enables the linkage of up to 40 genetic map positions
to BAC contigs for each AFLP primer combination (Klein et al. 2000).
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Figure 9.4. Wrapping of wells in diagonal pools.
The array shown here has dimensions of 6q9 and is
sampled into nine pools, each containing six wells.



9.5.1
Integrated AFLP Mapping

Another method is generating high-information-content fingerprints of all indivi-
dual BACs by applying the AFLP protocol on individual BAC DNA and excluding
the selective base pairs on the primers in the amplification step. For example, in an
amplification step with HindIIIþ0/MseIþ0, 50–60 fragments on average are gen-
erated on an individual BAC DNA, enabling the assembly of BAC contigs with a
resolution similar to that achieved by other high-information-content methods
(Jess et al., unpublished). The next step is the screening of the BAC pools with
the same AFLP enzyme combination HindIII/MseI, but then including the selec-
tive base pairs þ2 on the HindIII-primer and þ3 on the MseI-primer. The selective
base pairs should have the same extensions as the extensions that were used to
construct the genetic map. Consequently, the HindIIIþ2/MseIþ3 AFLP fragments
can be linked in silico to the corresponding HindIIIþ0/MseIþ0 fragment of the fin-
gerprint of the individual BAC clone in the positive pool, and therefore the indivi-
dual BAC(s) can be linked directly to the corresponding genetic map position. In
summary, the crux of this method – called “KeyMaps” – is the in silico linkage
of genetically mapped þK/þL AFLP fragments to þM/þN AFLP fragments of
an individual BAC fingerprint, where K, L, M, and N represent the primer exten-
sions and can be any integer between 0 and 10. In general, K¼2 or 3, L¼3, M¼0,
and N¼0. The þK/þL primer combinations applied for genetic map construction
are also used for screening the BAC pools containing 0.05–0.25 genome equiva-
lents. The advantage of this approach is that one fingerprinting technique
(AFLP) is used for two applications. In the first step, BAC fingerprints are gener-
ated by AFLP, and in the second step AFLP markers are used to assign genetic
markers to BAC contigs. In Figure 9.5, the feasibility of the KeyMaps concept is
demonstrated.
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Figure 9.5. In silico linkage of þ3/þ3 and þ0/þ0 AFLP fragments. The genetic marker and a few
positive BAC pools are indicated by the arrows. HindIIIþ0/MseIþ0 fingerprints of individual BACs
of the corresponding positive pools.



Besides a very efficient integrated map construction, the KeyMaps method facil-
itates the generation and addition of novel AFLP markers to the integrated genetic
and physical map. Each HindIIIþ2/MseIþ3 fragment can be assigned to a BAC
contig in the assembled contig dataset (Figure 9.6). If a particular BAC contig is
already linked to the genetic map, a second and a third marker assigned to this
contig are consequently mapped de novo to the position of the first marker. Finally,
when sufficient AFLP primer combinations are screened on the BAC pools, the co-
retention frequencies of these markers on the sub-genomic BAC pools enable the
generation of de novo physical maps, analogous to HAPPYmapping and radiation
hybrid mapping approaches (Thangavelu et al. 2003).

9.5.2
Targeted SSR Mapping

Although it is most common to use DNA markers to integrate a physical map, in
genomes or targeted genome regions where additional DNA markers are needed,
large-insert DNA clones can be used to generate DNA markers. The most common
and easiest approach is the development of SSR markers (Cregan et al. 1999, Mek-
sem et al. 2000).
Targeted SSR mapping relies on subcloning the large-insert DNA clones into

small DNA insert clones, identifying tandem repeat sequences within the subclone
using DNA probes designed to identify the repeats, sequence analysis of the posi-
tive subclones, and primer design to identify the polymorphic repeats.
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Figure 9.6. Contig matching of the corresponding HindIIIþ0/MseIþ0 BAC clone anchored to the
genetic map.



9.5.2.1 Subcloning of Large-insert DNA Clones
Usually, 40 ng of a large-insert DNA clone from a library and a cloning plasmid
vector (pBluescript II) are totally digested with 10 units of EcoRI restriction enzyme
at 37 hC for 2 h. The digested DNA is precipitated with 0.6q volume of isopropanol
and centrifuged at 10,621 g for 20 min. Precipitates are washed twice with 70% (w/
v) ethanol and dried using a CentriVAp Concentrator (LABCONCO Corporation,
Kansas City, MO). Distilled water (13.5 mL) is added to each tube. Three units of
T4 DNA ligase and 1.5 mL of 10q T4 DNA ligase buffer are then added to each
tube. Next, the tubes are incubated at 16 hC overnight. On the following day, 1 mL
of ligated DNA solution is electroporated into 20 mL of DH10B electro-competent
cells, which are then cultured in 500 mL of SOC medium (Gibco BRL Life Technol-
ogies, Rockville, MD) at 37 hC in a shaker (New Brunswick Scientific, Edison, NJ)
at 210 rpm for 50 min. Thirty microliters of the culture is then plated on an LB
agar plate with the corresponding antibiotic (40 g of LB agar mix, 12.5 mg mL–1

chloramphenicol, 60 mg mL–1, 5-bromo-4-chloro-3-indolyl-beta-d-galactoside [X-
gal], 200 mg mL–1 isopropyl thiogalactoside [IPTG]). The plates are incubated at
37 hC for 16 h. Recombinant clones are picked and inoculated into a 384-well
plate, which contains LB broth with 60 mg mL–1 ampicillin and freeze media
(360 mM K2HPO4, 132 mM KH2HPO4, 17 mM sodium citrate, 4 mM Mg SO4

q 7H2O, 68 mM (NH4) 2SO4, 44% (w/v) glycerol in sterile H2O), and incubated
at 37 hC for 16 h. The plates are then stored at –80 hC.

9.5.2.2 Colony Hybridization
Subclones are inoculated with a 384-pin replicator onto a Hybond Nþ transfer
membrane (Amersham Pharmacia Biotech Inc., Piscataway, MD). Sterilization of
the replicator is done with 100% (w/v) EtOH and flame. Once the replicator has
cooled for a few seconds, it is dipped into the plate and placed down onto the mem-
brane, which has been placed on an LB agar plate (60 mg mL–1 ampicillin, 60 mL
mL–1 X-gal, 200 mL mL–1 IPTG). Cell colonies are incubated at 37 hC until they
grow to 0.5–1.0 mm in diameter.
About 100 ng of each oligomeric repeat primer, (AT)10, (ATT)10, (CG)10, (CC)10,

(CT)10, and (CTT)10 (Research Genetics, Huntsville, AL), is labeled by phosphorylat-
ing the 5l end with 3 mL 3000 Ci/mM g-33P dATP (Fisher Scientific, Pittsburgh, PA)
and 10 units of T4-DNA kinase (Amersham Pharmacia Biotech Inc., Piscataway,
MD) at 37 hC for 1 h. The enzyme is inactivated by heating at 70 hC for 10 min.
Filters are next incubated in pre-hybridization buffer (5q SSC, 0.5% [w/v] SDS,
and 5q Denhardt’s reagent) at 39 hC for 2 h and then hybridized to the labeled
probe at 39 hC in pre-hybridization buffer overnight. After hybridization, the filters
are washed twice for 20 min at 37 hC in 2q SSC/0.2% (w/v) SDS and twice for 1 h
at 37 hC in 1q SSC/0.1% (w/v) SDS. Plastic is wrapped around the filter to cover it,
and the filter exposed to BioMax-MR X-ray film (Kodak, Rochester, NY) for 16 h.
The film is then developed and analyzed. Once putative repeat subclones are iden-
tified, they are sequenced with the dideoxy chain-termination method using an
ABI big dye cycle sequencing kit and an ABI377 automated DNA sequencer (Per-
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kin Elmer, Foster City, CA). The sequence analysis allows the identification of tan-
dem repeats (Figure 9.6). Primers for simple sequence repeat (SSR) markers are
selected within 100 bp upstream and downstream from the sequences where re-
peats are identified, and the putative SSR marker is mapped in the appropriate po-
pulation.

9.6
Bioinformatic Tools for an Integrated Physical-Genetic Map: Genome Browser

Information specifically related to a physical map is usually maintained using a
community standard informatics tool called Generic Genome Browser (GBrowse)
(Stein et al. 2002).

9.6.1
GBrowse

The GBrowse module is available for download at http://www.gmod.org, which
provides tools that are maintained and updated during the process of integrated
physical genetic mapping. One route of access is provided by “genetic markers”
(e. g., SSR, RFLP, AFLP, hybridization probes), where the user enters GBrowse
by typing a landmark name into the text field. Landmarks can be DNA markers,
gene names, clone names, accession numbers, or any other identifier configured
by the administrator. Once a region is selected, it is displayed in a detailed view
that summarizes annotations and other genomic features. An overview panel
and a navigation bar together allow the user to move from one place to another.
Once an interesting region of the genome is in view, the user can navigate

through it in a variety of ways. A “web link” allows the genetic map of a particular
linkage group to be displayed, selecting a marker within that group allows the con-
tig(s) identified by that marker to be displayed with clone plate addresses, while
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Figure 9.7. Sequence of a plasmid clone from a soybean BAC containing putative SSR markers.
The position of the tandem repeat is indicated in boldface and underlined. The position of the
SIUC-SAT040 reverse primer used for the polymorphism test is also labeled in boldface.



another link leads to the DNA sequences associated with that marker. The se-
quences associated with a contig represent a second route of entry to the physical
map. A third route of access is provided by the plate addresses for clones that can
be used to view individual BAC fingerprints. The user can jump rapidly from re-
gion to region by clicking in the overview panel, a schematic located at the top
of the image that shows the entire chromosome (or, in the case of unfinished gen-
omes, a contig) and a number of landmark features such as well-known genetic
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Figure 9.8. G. max, Version 4, Round 4, SIU 2004
Showing 1.3 Mbp from mIgG, positions 1 to 1,300,000



markers, cytogenetic bands, or sequence scaffolds. GBrowse provides multiple con-
figurable levels of zoom and two scroll speeds. For fine adjustment, the user can
click on the scale that appears at the top of the detailed view to center the displayed
region at that point or can select the “þ” and “” buttons to make fine adjustments
in the zoom level.

9.6.2
iMap

iMap allows simultaneous viewing of the genetic map and associated BAC contigs
that have been assigned to their respective genetic locations. The iMap software
was developed based on the GIOT software written by the Rice Genome Project.
iMap is a Web-based browser that allows genetic map data stored in databases
with FPC-derived physical map data to be retrieved. The display features side-
by-side views of the genetic map and associated physical map (Figure 9.9). The
database search utility may extend to report information on map location, probe,
sequence accession number, and contig number in the search results. For each
locus, information about genetic marker type or contig can be displayed in
popup windows. Details on genetic markers are retrieved via links to other data-
bases. The iMap graphic contains the following components: header, selection, ge-
netic map, marker type, physical object, physical map, and popup window(s).
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Figure 9.9. iMap: view of the maize integrated physical-genetic map.



9.7
Discussion

When a probe or a PCR DNA marker hits a large-insert DNA clone, if the clone is
part of an assembled contig, the contig is then assigned a specific genetic location.
However, this concept is not easy as it sounds in practice; factors such as genome
duplication and complexity may make contig anchoring a challenging prospect.
Using single-copy probes is an ideal strategy to anchor the physical map to the ge-
netic map, where a contig can be assigned with high confidence to a single genetic
map location. Unfortunately, the patterns of [probe–large-insert DNA clone–contig]
association obtained from FPC contig assembly (See Chapter 12) may reveal pos-
sible conflicts. Sometimes, two probes corresponding to distinct genetic locations
associate with a single contig; this may be due to BAC address identification, ge-
netic mapping, contig assembly, or in silico determination of mapped marker iden-
tity. In this case, verifying the results of the hybridization screen and pool analysis,
checking genetic mapping assignments, and manual editing of contigs to test the
possibility that the contig is chimeric may solve the conflict. Testing of the DNA
pools by PCR using primers derived from the same hybridization probes used
for hybridization-based screening of the large-insert DNA filters is recommended.
Hybridization-based screens tend to identify large-insert DNA clones that could

be a false positive, arising either by a scoring error or by spurious hybridization. In
contrast, PCR validation experiments indicate that false positives occur rarely, if at
all. Therefore, during hybridization-screen experiments, it is advisable to wash the
hybridizing filters at high stringency and to adopt strict scoring criteria that require
multiple positive hybridization signals (e. g., each double-spotted large-insert DNA
clone must hybridize to multiplexed probes that are pooled in two or three dimen-
sions).
Because of its short sequence (40 bp), the overgo hybridization method does have

several advantages, including low background of hybridization, low rate of false po-
sitives, high throughput, and ease of handling compared with conventional cloned
probes. It is crucial that selection criteria for uniqueness be quite stringent. There-
fore, screening against repeat databases is not sufficient for overgo selection;
BLAST searches against GenBank should be an integral part of selection criteria
for overgos.
FPC V4.7 is the most commonly used software that allows markers to be used

with the contigs (Soderlund et al. 2000; Chapter 12, this volume). There are several
existing services available to view integrated physical-genetic maps via the Internet.
Web FPC offers a limited view of physical maps similar to FPC for maps such as
rice, maize, sorghum, and Arabidopsis thaliana (http://www.genome.arizona.edu/
software/fpc/). Other sites such as Ensembl (http://www.ensembl.org/) and
NCBI (http://www.ncbi.nlm.nih.gov/mapview/) also offer views of BAC maps inte-
grated with sequence and other information.
The community foresaw a need for packaged software that provides a viewing

system sufficient to satisfy most of the investigators who wished to browse the
data and the maps built from them without the requirement and overhead of
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downloading and updating datasets. A Java-based application called iCE (Internet
Contig Explorer) has been designed to provide views of physical maps and asso-
ciated data, where users can search for and display individual clones, contigs,
clone fingerprints, clone insert sizes, and markers (Fjell et al. 2003). To retrieve
and display the integrated map data, iMap (Cone et al. 2002) provides a side-by-
side view of the genetic map and associated contigs, where the database is search-
able by DNA marker or genetic locus. GBrowse, a flexible Web-based application
(Stein et al. 2002), is becoming a community standard for displaying genomic an-
notations and other features associated with physical maps.
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10
Positional Cloning of Plant Developmental Genes

Peter M. Gresshoff

Overview

Positional, or map-based, cloning is an experimental approach to isolate causative
DNA sequences responsible for altered characteristics of a developmental or meta-
bolic phenotype. More than any other approach to gene isolation, it generates new
knowledge through a direct nexus of structure (the DNA sequence) and function
(the mutant phenotype). Positional cloning relies on a symphony of techniques
that allow the isolation of an unknown gene by its position in the genome. Mole-
cular markers are mapped (“positioned”) closely to the locus controlling the pheno-
type by the application of Mendel’s laws and then are used to isolate large DNA
molecules, usually in the form of bacterial artificial chromosomes (BACs), that
are sequenced to yield candidate gene sequences. The causative gene is usually
confirmed by transformation of the candidate DNA sequence into the mutant or
wild-type background (depending on the dominant or recessive nature of the mu-
tant allele) or by repeated sequencing of multiple alleles at the same locus and es-
tablishment of a strong correlation between mutant phenotype and molecular
DNA change. The approach has been particularly successful in the model plant
Arabidopsis thaliana, where numerous genes controlling plant development and
hormone response were isolated. Recently, advances in the discovery of develop-
mental genes have been achieved with members of the legume family (such as Gly-
cine max [soybean], Lotus japonicus [related to the forage plant birdsfoot trefoil], and
Medicago truncatula [a forage medic]), where several genes controlling nodulation
and leading to symbiotic nitrogen fixation have been isolated and characterized.
Legumes have broad agricultural uses as they produce seeds rich in vegetable
oil and protein as well as pharmaceutically significant products such as antioxi-
dants, phytoestrogens (as isoflavones), and saponins. Legumes also have a
major ecological function through their ability to introduce nitrogen into the bio-
sphere, and they often are pioneering species on nutrient-deficient soils. With
the advance in genome-wide DNA sequencing and the development of physical
DNA fragment maps, the approach of positional cloning, together with that of



gene insertions, will be instrumental in finding further genetic components of
plant development

Abstract

Despite knowledge of the complete DNA sequence of two plant genomes (Arabi-
dopsis and rice) and extensive databases of expressed sequences (ESTs) for many
others, the technique of positional or map-based cloning of genes continues to con-
tribute to the discovery of plant genes known only by their inheritance, mutant
phenotype, and genetic map position. After the initial successes of positionally
cloning genes in Arabidopsis, tomato, and rice, success has now been swift in
legumes. Critical genes controlling the perception of the Rhizobium-synthesized
nodulation factor and subsequent systemic regulation of cell proliferation were
recently cloned in the model legumes Lotus japonicus and Medicago truncatula as
well as in the more recalcitrant crop legume soybean (Glycine max). Key genes
for the perception of the lipo-oligosaccharide nodulation (Nod) factor (namely
NFR1 and NFR5 as well as LYK3) encode transmembrane receptor kinases charac-
terised by LysM domains known to interact in other cases with oligosaccharide and
peptidoglycan moieties. Positional cloning also isolated the NORK/SYMRK gene,
that functions early in the Nod factor initiated signal transduction cascade but is
different from NFR1/NFR5/LYK3, as loss of function mutations fail to establish
symbioses with either Rhizobium nor mycorrhizal fungi. Likewise genes for a
calmodulin-dependent protein kinase (MtDMI3), a nucleoporin (LjSYM3), a potas-
sium ion channel (MtDMI1/LjCASTOR), a Lotus symbiosome transporter as well
as a new shoot-controlled supernodulation gene (LjDISTANS) were cloned. The
main gene controlling autoregulation of nodulation (AON), first recognized in
supernodulation mutants in soybean, was positionally cloned and characterized
to encode a leucine-rich repeat receptor kinase, termed NARK (nodule autoregula-
tion receptor kinase), related to the Arabidopsis CLAVATA1 (AtCLV1). Loss of func-
tion mutations or fast neutron–induced deletions exhibit a supernodulation or
hypernodulation phenotype characterized by abundant nodule numbers, increased
proportion of the root that is nodulated, and nodulation tolerance to otherwise in-
hibitory levels of nitrate. Cloning the NARK gene in soybean was a challenge be-
cause of the ancestral tetraploidy of the species and its recalcitrance to efficient
transformation. The discovery of a CLAVATA1-related kinase has opened the
search for long-distance signals as AON is regulated through functions in the
leaf and not the root. Conversely, AtCLV1 is functional within the shoot apical mer-
istem, controlling cell proliferation and cell fate. Since AtCLV1 directly or indirectly
interacts with a peptide ligand, the possibility exists that AON is regulated by long-
distance peptide signals or molecules related in shape to these. By comparative
genomics, gene discovery in the model systems allowed discovery of identical
genes in other legumes, such as pea (Pisum sativum), hindered by larger genomes
and lower transformation frequencies. The combination of reliable high-through-
put marker technology, high-density molecular maps, well-characterized mutant

234 10 Positional Cloning of Plant Developmental Genes



phenotypes, sequenced artificial chromosomes, physical maps, and genetic com-
plementation techniques continues to advance our mechanistic insights into com-
plex biological networks underlying plant development and plant responses to the
environment.

10.1
Introduction

The basic aim of biological research is to establish a linkage between structure and
function. To do this, we ask questions such as “How do telomeres work? How is
auxin recognized? How is development derailed in cancerous cells?” The funda-
mental knowledge required to answer these questions requires information
about the involved molecules, their interaction, and the fluxes between different
structures and locations. Intuitively one would assume that the directed analysis
of biochemical and chemical processes would reveal such information. However,
living systems are chemically complex, and too many compounds exist within
the same mixture (more than 200,000 metabolites have been estimated to exist
in legumes); more importantly, this is a “Gemisch” that requires extraction from
different cell types, or intracellular locations, that may respond differentially and
may be subject to extraction artifacts. Thus, additional tools of analysis are required
that link structure to function. In the future these may come through direct intra-
cellular monitoring of metabolite changes, optimally in a real-time platform. Early
advances in micro-metabolomics are promising, and the future seems to be limited
only by instrumentation and interactive creativity. At present, however, the major
tools come from the field of genetics, specifically, molecular genetics and func-
tional genomics, that permit the coupling of gene structures to biological func-
tions, thus assigning causative roles to genes and their resultant polyribonucleotide
(RNA) or protein sequences.
Plant development involves the coordinated expression of gene programs during

the induction of de novo meristems or the decision-making process following their
induction to develop. Plants are bipolar organisms involving two embryonic mer-
istem growth centers which proliferate in a stem cell–like fashion to yield new
cells used for both maintenance of the stem cell linage and differentiation of
new, committed cells. Plant differentiation, in contrast to animals, is mainly
post-embryonic, subject to external and internal factors during the adult growth
phase of the organism. Thus, plants require sophisticated recognition systems of
such signals, reflected in part by the abundance of genes encoding receptor-like
kinases (610 are found in the Arabidopsis genome, 206 of these are LRR-RLKs)
in plant genomes (as compared to animal genomes, about 50 found in Drosophila,
human and nematode). Differentiation into de novo organ structures such as lateral
roots, flowers, and nodules is commonly initiated either at the apical meristems (or
its developmental duplication of axial primordia) or from an interesting tissue
maintained throughout the plant as a cylinder of pluripotent stem cells, called
the cambium (in the shoot) and the pericycle (in the root). These tissues harbor
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immense regenerative potential, as is seen in wound healing, grafting, callus in-
duction, organogenesis, and embryogenesis of plants. Indeed it seems essential
to propose a genetic suppression system that prevents uncontrolled proliferation
of such cells during development. Thus, some processes such as the formation
of nitrogen-fixing root nodules in legumes may be seen as a duplicate process of
induction as well as de-repression of mitosis. One sees such duplicity in the control
of flowering, with both a floral inducer and repressor being regulated (Beveridge et
al. 2003), and the induction of legume nodules, where the oligosaccharide nodula-
tion factor is needed for the induction of the nodule (Spaink 2000; Oldroyd 2001)
while in parallel, an independent circuit-suppressing cell proliferation from peri-
cycle cells, seemingly mutated in “spontaneous” nodulators, needs to be inactivated
(Caetano-Anoll�s et al. 1991a).
The discovery of plant developmental genes promises the construction of a cau-

sative gene network that constitutes pathways of organ development or environ-
mental, nutrient, or disease responses. Over the last two decades, the extensive ap-
plication of molecular biological tools (as seen as an extension of biochemistry) has
revealed thousands of gene sequences that are differentially expressed during such
responses or differentiation (see Figure 10.1). Such response genes are frequently
different from the genes that control the developmental cascade starting with in-
duction, then differentiation, then growth, and finally response. Response genes
are usually expressed abundantly and control genes scarcely, making the discovery
of regulatory genes causative of developmental mutations difficult through bio-
chemical technology.
A good example of this approach is the use of microarrayed EST libraries that are

probed with mRNA (or cDNA derived from it). Maguire et al. (2002) used 4000 un-
ique ESTs of soybean, arrayed on glass slides, and compared the abundance in root
and shoot tissue of soybean. A large number of genes were differentially expressed,
some being as much as 300-fold higher in one tissue compared to the other. Dif-
ferences were verified by Northern hybridization as well as by quantitative RT-PCR.
A strong correlation was established between RT-PCR and microarray expression
levels. Despite these findings, little can be extrapolated from such results about
the regulatory genes involved in root vs. shoot differentiation. It appears that the
microarray approach is an excellent surveillance procedure but that it needs to
be followed up by comparative analysis of mutant material or reverse genetics
such as RNA interference (RNAi; Smith et al. 2000) to develop a nexus between
function and gene.
The field of legumes nodulation gained significant insight into the types of

genes that are expressed during early and late stages of the symbiosis through
the screening of libraries for differential gene expression (cf. Appel et al. 1999; Ma-
guire et al. 2002). Some of these “nodulins” were characterized in detail and repre-
sent genes involved in nitrogen metabolism (glutamine synthase, uricase), oxygen
transport (leghemoglobins), transport (aquaporins such as nodulin26 in soybean),
structure (ENOD2, a hydroxyproline-rich cell wall protein), or infection response
(ENOD12) (Mylona et al. 1995). Their function has illuminated our understanding
of symbiotic nitrogen fixation, but has not told us which gene is regulating the
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symbiosis. Some uncharacterized nodulin genes, such as ENOD40 encoding two
putative peptides, or regulatory RNA, or both (R�hrig et al. 2002), may represent
regulatory functions. Many such “molecular markers for development” represent
unknown functions, and despite extensive knowledge of their promoters, site of
gene expression, and putative computer-based assignment to certain functions,
their direct role, and indeed necessity, in the developmental step remains unpro-
ven. Recent technologies such as RNA interference (RNAi; see Smith et al.
2000) may help to reveal some function, although gene redundancy or biochemical
compensation may prevent clear interpretation of results.
As yet it has not been possible to relate a known phenotypic alteration in sym-

biosis (as described by Kawaguchi et al. 2002; Szczyglowski et al. 1998; Carroll et
al. 1985a, 1985b) with a differentially expressed gene discovered by the purely mo-
lecular biological (in contrast to molecular genetic) approach. The experimental ap-
proach is further complicated by the fact that most “tissue-specific” proteins/
genes/RNAs are really not. Most nodulins are also expressed in root tissue and
often in floral organs, perhaps indicating some requirement for functions (sinks,
cell type differentiation). The ENOD40 gene is one such example; most correctly,
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Figure 10.1. Genes control and respond during developmental events. Many molecular genetic
approaches such as differential display and microarray analysis detect gene expression changes
related to responses. These often are abundant and significant. Often the responses are not
tissue-specific but tissue-accentuated. Control genes govern the development of the organ at
different stages of commitment and often are rare and of low expression levels. Control genes
frequently are transcription factors or receptor kinases (cf. NARK, ETR1, ASTRAY, NIN1). Shown
are subterranean clover leaves and axial buds, Australia wattle flowers (a legume), and the root
and nodule system of a NARK-deficient soybean.



its characteristics should be defined as “nodule-enhanced” (Charon et al. 1997). Si-
milarly, genes known to be specifically involved in photosynthetic function were
shown to be expressed at very low levels (0.3% compared to shoot controls) in com-
plete dark-exposed roots of soybean (Maquire et al. 2002). Furthermore, a hydroxy-
proline rich cell wall protein was expressed 300 times higher in the root than the
shoot. Classical Northern analysis in that case showed a complete “yes-no” result,
illustrating that the term “specificity” is subject to the sensitivity of the analytical
method (cf. Edwards and Coruzzi [1990]).
Furthermore, often RNA expression is observed in tissues that apparently do not

’use’ that RNA; thus transcription control, in contrast to prokaryotic systems, may
not be a major regulator of biological function in eukaryotes. An excellent example
of this is seen for Arabidopsis CLAVATA1, where mutants display a clear develop-
mental phenotype in the shoot apical meristem, leading to fasciation (fused or en-
larged multiple meristems; Fletcher, 2002). Yet the AtCLV1 gene is expressed in all
tissues including leaves and roots (P. Gresshoff and P. Schenk, unpublished data)
without an apparent root/leaf phenotype in otherwise strong mutants. Similar re-
sults were obtained for the soybean autoregulation receptor kinase gene GmNARK
(D. Buzas, unpubl. data).
It is thus clear that genes involved in plant development (and indeed in all multi-

cellular development) cannot be easily revealed and characterized through differen-
tial gene expression or through attempted genetic complementation of biochemical
functions in lower eukaryotes such as yeast or Chlamydomonas, because (1) these
organisms usually do not express the differentiation process in question or (2)
the precise biochemical alteration is unknown.

10.2
Gene Discovery Through Insertional Mutagenesis

The approach of inserting a known piece of DNA into an unknown one, followed
by the loss of function and subsequent analysis of the flanking regions (known as
“insertional mutagenesis”) works well and already has contributed substantially to
plant, fly, worm, yeast, and bacterial gene discovery, but it will not be covered in
this chapter. Numerous experimental avenues exist in plants, based mainly on
the insertion of a T-DNA element from Agrobacterium or transposition of a trans-
posable element (such as Ac or Ds from maize, or TnT from tobacco) from an ap-
propriate launching site within the genome (Schauser et al. 1999). Some plants,
especially Arabidopsis thaliana, possess high transformation efficiencies through
floral dip transformation. Thus, tens of thousands of T-DNA insertion lines have
been generated that now function as a resource of gene discovery. Naturally or in-
duced phenotypes can be matched with insertion lines, flanking DNA can be char-
acterized, and candidate genes are confirmed by transformation and complemen-
tation of the mutant condition. This works perfectly and is the “dream” of every
developmental biologist: a fully insertionally mutated set of seeds and a completed
genome. Presently, this is only possible for Arabidopsis thaliana and feasible, as
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their genome analysis nears completion, for the model legumes Lotus japonicus and
Medicago truncatula in the near future.
In this context it may be noted that high-efficiency T-DNA insertion technology

is paramount for this process. Several model legumes are transformable (Hand-
berg and Stougaard 1992; Nolan and Rose, 1997; Jiang and Gresshoff 1997), but
both require a labor-intensive cell culture step (Lohar et al. 2001; Stiller et al.
1997). The recent report of floral dip transformation of M. truncatula (Harrison
et al., 2001), although extremely promising, apparently cannot be repeated. Our
own attempts with seed or floral dip transformation of L. japonicus ecotype Gifu
with Agrobacterium tumefaciens strain AGL1 carrying a GUS-intron reporter con-
struct gave positive sectors in developing seedlings, but failed completely in the re-
sultant progeny. Thus, we do not know enough about transformation in legumes
or whether the soma-seed barrier, and issues as simple as the floral architecture
may prevent floral dip transformation. Arabidopsis is somewhat special as the mi-
cropyle is open, allowing Agrobacterium penetration as the right time.
The introduction of a transposable element such as the maize Ac or Ds elements

promises to reveal genes through insertional phenotypes. Schauser et al. (1999)
were the first to utilize this approach in legumes and detected the nodule-initiation
deficient (NIN) phenotype and gene. NIN appears to be a transcriptional factor,
and inactivation of its gene causes termination of the infection process, leading
to non-nodulation. Biochemical analysis of such mutant material may be compli-
cated by insertionnal instability. NIN mutants frequently revert to wild type
through excision of the element. Thus, developmental studies are feasible but bio-
chemical analysis is complicated by possible chimerism.
As yet there is no large T-DNA insertion library of legumes. Few promising starts

exist: Martirani et al. (1999) used L. japonicus and transferred en large T-DNA carry-
ing a promoter-less b-glucoronidase (GUS) gene. This approach mirrored the one
developed for Arabidopsis (Koncz et al. 1989; Kertbundit et al. 1991). Primary trans-
formants were selected by GUS staining in nodules, nodule primordia, and roots.
Examples are lines such as “Machinegun” (characterized by multiple staining foci
representing all internal lateral root primordia), “Arrowhead” (expressed only in
emerged root meristems including the root apical meristem [RAM]), “Hyaena”
(with “dirty spots” on the root representing nodule primordia), “Cheetah” (expres-
sing GUS in both persistent root meristems and emerging nodule meristems),
“Fata morgana” (expressed in pericycle at the site of nodule initiation and the no-
dule interior), “Vasco” (expressing only in the nodule vasculature), and “Timpa”
(extensive nodule interior GUS expression) (see Buzas et al. 2005). Disappointingly,
many primary transgenic lines (50%) were infertile, most likely through collateral
damage during cell culture and the selection process. This may have been lessened
through optimized transformation protocols involving BASTA (phosphinotricin)
selection and shorter cell culture times (Lohar et al. 2001). Three lines were ana-
lyzed in detail: Vasco, Fata morgana, and Cheetah. In each case the T-DNA inser-
tion seems to have occurred outside a “normal” gene or coding sequence. Detailed
analysis of this material is in progress, but the essential lessons are that larger
numbers of transgenics need to be screened and that not all tagged lines will
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yield genes. However, it is becoming clear that tagged lines are useful cytological
markers for developmental processes and may be used as assay lines for critical
factors. Using the same approach in L. japonicus, Webb et al. (2000) isolated a
gene that appears to encode a calcium-binding protein.
One concludes that other methodologies for the isolation of plant developmental

genes exist (Feldman 1991), having proven outcomes, but that many of these are
limited to a specific organism or are limited by biological issues.
In parallel to the gene discovery technologies based on transformation- or mole-

cular biology, another genetic approach, called positional or map-based cloning,
proved fruitful. The remainder of this chapter will focus on the accomplishments
and insights gained from this seemingly laborious, but progressively easier,
approach.

10.3
Technology Requirements for Map-based Cloning

The overall strategy of map-based cloning relies on the successful combination and
execution of several biological, genetic, and technical components (Table 10.1).
Weakness at any one level will increase the workload and lessen the chances of suc-
cess. It is essential that a clear and stable mutant phenotype exist for the targeted
gene. Multiple alleles, preferably of variable phenotype, are advantageous for later
investigations. It is easier to clone a gene that has monogenic recessive inheritance,
as homozygous segregants are easily determined. Dominant mutant alleles require
a further generation to verify dominant homozygotes. Attempts to clone genes that
are part of a quantitative trait, even major genes, are more difficult to verify. This
situation arises especially in disease resistance genes, where genes tend to work in
compensating for gene networks, as well as in genes controlling environmental
response traits (draft, salinity, heat).
Mutant individuals are crossed with a genetically divergent relative. For example,

in the cloning of soybean (Glycine max) genes, we used crosses between the com-
mercial soybean Glycine max, with its relevant recessive mutant locus, and Glycine
soja, a congenic wild relative (Landau-Ellis et al. 1991). Issues of the genetic diver-
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Table 10.1a. Steps of positional cloning in plants: the genetics phase.

1. Detect a clear mutant phenotype (preferably in a parent used to create a molecular map).
2. Determine inheritance (stable, distorted, monogenic, recessive?).
3. Cross mutant with genetically distinct wild type (preferably the second parent used to

construct an existing molecular map).
4. Create F2 individuals and score phenotype (about 300–500 individuals minimally needed).
5. Score same F2 individuals for evenly spaced molecular markers.
6. Establish co-segregation of locus controlling the phenotype and molecular markers.
7. Establish map position and order relative to other nearby molecular markers.
8. Screen for further markers using arbitrary markers in bulked segregant analysis



sity of the mapping parents need to be considered in light of either scarcity of mar-
kers or interference in recombination. It is of advantage to isolate the original mu-
tation in a genotype that has been used to construct a molecular map and to utilize
the original mapping partner in the current positional cloning population. From
this cross, an F2 (or F3) generation is created by selfing and is screened for expected
segregation of the mutant and wild-type phenotypes. Homozygotes are assigned
according to phenotype and are used to determine co-segregation with known mo-
lecular markers from an existing map. Variations of approach are discussed below
in detail. Association of a molecular marker with the locus of interest is further re-
fined either by using the map more extensively or by searching for new molecular
beacons using, e. g., arbitrary marker technology in procedures such as bulk segre-
gant analysis (BSA) (Kolchinsky et al. 1997).
The aim is to achieve close linkage (or association) between a molecular marker

and the locus controlling the ’gene-associated’ phenotype. But what do we call
“close linkage”? There is no arbitrary guide to this, as genetic linkage is a derived
value based on the frequency of recombination. Theoretically, the genetic distance
between two markers (measured in the unit of centimorgans (cM; after the great
Drosophila geneticist Morgan) varies inversely to the physical distance. But in rea-
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Table 10.1b. Steps of positional cloning in plants: the genomics phase.

9. Isolate BAC clone using closely linked molecular probes by either filter hybridization or
PCR screening.

10. Discover candidate BAC and isolate end clone.
11. Determine polymorphism for end clone and map in F2 mapping population.
12. Use end clone to isolate neighboring BACs again from filters or pools.
13. Construct contig in the region.
14. Sequence candidate BAC to determine coding potential.
15. Select putative candidate genes.
16. Sequence candidate genes for mutant alleles and wild type.
17. Test allele-specific primer for co-segregation with mutant locus.
18. Carry out genetic complementation of mutant locus with wild-type allele.
19. Characterize the candidate gene for regulation and function.

(a) The genetic phase: A stable phenotype is detected and tested for inheritance. In parallel, a
molecular map is used to provide molecular markers spaced perhaps 30 cM from each other. The
mutant phenotype-expressing plant is crossed with the distant partner of the molecular map
population, and an F2 mapping population is created containing perhaps 200–300 individual families.
Homozygous recessives are selected by phenotype. If a dominant locus is pursued, an F3 population is
needed to detect homozygous dominants based on their lack of segregation of recessive phenotypes.
Flanking molecular markers, detected by linkage disequilibrium, are used to guide further tests with
closer-linked markers. If marker density is low in the desired region, extra markers, perhaps based on
AFLP or DAF technology, may be needed.
(b) The molecular phase: Closely linked markers are used as probes to detect a high-molecular-weight
DNA clone (usually a BAC or TAC). End clones are isolated and tested for polymorphism between the
two mapping parents. End clones are mapped and must co-segregate with the mutant locus. BAC
clones are characterized after shotgun sequencing. Candidate genes are selected and tested by high-
quality sequencing in wild-type and mutant genomes. Detected polymorphisms are further verified
by sequencing of different alleles at the same locus. Complementation of the mutant phenotype is
achieved by transformation either into stable transgenics or “hairy root” tissues.



lity, there are hot and cold spots of recombination. Centromeres and associated het-
erochromatin are known to restrict recombination, as evidenced by clustering of
molecular markers on genetic maps. Likewise, there are recombinational hotspots.
Mapping of polymorphic ends from sized characterized BAC chromosomes
showed that 1 cM in tomato may span between 40 and 4000 kb of actual DNA.
If the mapping population was recreated with distant relatives, as, for example,
in an interspecific cross, then suppression of recombination will occur because
of inversions and translocations (Sandal et al. 2002). Thus, choosing the right par-
ents is an essential aspect of a successful mapping approach.
Usually the average physical distance per centimorgan ranges around the 200-kb

range for genes in transcriptionally active regions. This was first shown for soy-
bean in a physical mapping of a cluster of RFLP-defined loci on molecular linkage
group H (MLG H; Funke et al. 1993). High-molecular-weight DNA was digested
with rare cutters such as NotI and separated by pulse-field gel electrophoresis
(CHEF-PFGE); the gel lane was then digested in the restriction nuclease that
was known to release the polymorphic fragment of known size. The gel lane
was then placed perpendicular onto a normal agarose gel, electrophoresed, and
blotted/probed with the appropriate probe. The physical sizes of the original
NotI fragments together with joint hybridization signals revealed that in this region
of the soybean genome, one centimorgan was equivalent to about 330 kb. Interest-
ingly, the same conversion factor was calculated for the entire genetic map if one
divided the total genome size of soybean (1100 Mb per haploid genome) by the size
of the entire map (averaging contractions and expansions).
Thus, the answer to the question “What is close and what is close enough?” de-

pends on the chromosomal region and quality of segregation of flanking markers.
Derivation from expected ratios would suggest chromosomal causes of altered re-
combination. Usually, the best attempt is to be within about 0.1–1.0 cM, which
makes the chromosome walk feasible. Of course, the direct “hit”, where the marker
turns out to be the gene of interest, is the most optimal scenario!
Increased mapping of functional genes as defined by ESTs also permits gene iso-

lation. Single-nucleotide polymorphisms (SNPs) stemming from such EST tags are
valuable and are starting to enrich genetic maps based predominantly on non-de-
fined markers such as random RFLP clones (see Landau-Ellis et al. 1991), micro-
satellites (SSRs; Cregan and Quigley 1997), and arbitrary markers such as AFLPs,
DAFs, or RAPDs (Vos et al. 1995; Caetano-Anoll�s et al. 1991; Bassam et al. 1991;
Hayashi et al. 2001; Sandal et al. 2002). Progressively, as sequencing costs decrease,
RFLP probes are being sequenced. For example, many databases (such as TIGR;
www.tigr.org) provide convenient tools for exploring the depth of information cou-
pling DNA sequence, map positions, and recombination distances.
The two closest flanking molecular markers are used to isolated high-molecular-

weight (HMW) DNA clones usually in the form of bacterial artificial chromosomes
(BACs; original BAC reference 1992; see Men et al. 2001). A variant of BACs are
transformation-competent chromosomes (TACs), which combine elements of the
Agrobacterium T-DNA and normal replicative function in their cloning vector (Mek-
sem et al. 2002). While these appear to facilitate potential gene cloning and library
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screening through complementation of recessive mutants, their application in this
fashion is limited. Yeast artificial chromosomes (YACs) as a cloning vector because
of their potential to carry larger DNA inserts (Pillai et al. 1996; Zhu et al. 1996).
YACs, however, present additional problems in both their construction and main-
tenance. The homologous recombination system of yeast also tends to create unde-
sirable deletions yeast transformation is also variable, as it prefers to transform
with smaller inserts.
BAC libraries now exist for a larger range of plants and no longer are a limiting

step to research (Tomkins et al. 1999; Meksem et al. 2000; Men et al. 2001). Scan-
ning the abstracts of recent conferences such as the Plant and Animal Genome
(PAG) meetings in San Diego reveals common approaches and common BAC
library properties. Average BAC size is around 100 kb, with an even distribution
of repeated and coding DNA. Chloroplast DNA inserts are usually present at low
abundance. HMW DNA is usually extracted from isolated nuclei from plant leaves
treated for several days in darkness to remove starch. Partially digested DNA (as
verified by CHEF pulse-field gel electrophoresis) is ligated into a binary vector
such as pBACBeLo11 or V41 (Figure 10.2), which is then transformed into E. coli.
For TAC libraries, the clones were mated en masse into Agrobacterium tumefaciens
(Men et al. 2001). BAC/TAC clones remain stable, as verified by size determina-
tions and presence of markers. BAC libraries are maintained in multititer plates
as well as in pools and multidimensional superpools. Detection and isolation of
a candidate BAC clone occur either by hybridization of labeled probes to nylon
membrane–spotted BACs (Figure 10.3a) or by PCR screening of BAC pools and
superpools.
For some organisms such as soybean and Lotus japonicus, physical libraries are

becoming available. These are based on BAC fingerprinting (Figure 10.3b), end
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Figure 10.2. Example of a BAC clone vector.
The vector usually contains a HindIII clon-
ing site for insertion of partially digested
plant DNA. Usually, the cloning site is inside
the E. coli LacZ gene, allowing easy “blue-
white” selection of inserted clones. Select-
able markers and replication origin as well
as components of the Agrobacterium tume-
faciens mini-Ti plasmid are present.



clone sequencing, and mapping of end clones. The availability of a physical map
will increase the speed of map-based cloning.
Once a candidate BAC is detected and confirmed in its position by sequencing

and then mapping polymorphic end clones, the BAC is subjected to shotgun se-
quencing to determine its coding content. In many plant species, regions are
duplicated and one may find that the candidate BAC represents another genomic
region. Great care is needed at this stage. For example, we, in collaboration with
the Australian Genome Research Facility in Brisbane, sequenced 135 kb of soy-
bean BAC17107 (c.f., Searle et al., 2003); a total of 2,300 reads were needed for
over 900 nebulization-derived fragments of about 1 kb in size (A. Men; pers.
comm.); the BAC contained numerous repeat elements, or parts thereof, from
retro-transposons and transposons. Annotation revealed many putative genes
found to be collinear to Arabidopsis thaliana as well as Lotus japonicus and Medicago
truncatula.
The DNA sequence of the candidate BAC is then annotated for candidate genes.

For example, soybean BAC17107 contains 11 genes with high confidence values,
supported by EST, protein and genomic data. When looking within that set of can-
didates for the “correct” gene, bias always plays into this stage, as researchers tend
to “favor” genes involved in control functions (e. g., transcriptional factors, recep-
tors, kinases). Household genes such as rRNA, ribosomal proteins, or metabolic
enzymes often are overlooked at this early stage. Likely candidates are sequenced
carefully using multiple sequencing runs; mutant alleles are also sequenced to de-
termine whether a SNP can be correlated with the phenotype of interest. Candidate
alleles are verified by mapping the SNP through allele-specific PCR amplification.
Complete co-segregation in all mutant progeny is expected. If the SNPs co-map
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Figure 10.3. Detection of BAC clones. (a) Filter-spotted libraries. The BAC library was spotted
robotically onto nylon membranes in a spatially distinct twin-spot pattern. Following hybridization
with the labeled probe, X-ray film or phosphoimaging instrumentation was used to detect twin
spots. The arrangement of spots helps with the determination of the candidate BAC clone. High-
intensity signals usually indicate a direct “hit.” However, attention needs to be paid to multiple
gene copies or pseudo-genes. (b) PCR-based pool screening. BAC clones from multititer plates
are pooled according to an X-Y-Z dimensional scheme. Superpools are screened by PCR. Positive
pool overlaps are further tested with more detailed pools and eventually single clones.



and provide an explanation for the phenotype through an altered protein structure,
then the absolute verification of the candidate gene status is complementation of
the mutant allele by the wild type. This is achieved by a variety of methods with
different levels of rigor and effort. The positionally cloned, dominant Pst1 disease
resistance gene was complemented by transient bombardment. The early infection
gene LYK3, known to encode a LysM domain receptor kinase (Limpens et al. 2003),
was complemented by Agrobacterium rhizogenes hairy root cultures, representing
the first positional cloning in the model legume Medicago truncatula; this was ac-
ceptable, as the phenotype was root-controlled. Many researchers are worried about
the use of hairy roots in nodulation research because the transgenic tissue is al-
tered in its phytohormonal balance. This appears to be of minimal consequence,
as studies in several legumes (Beach and Gresshoff 1988; Martirani et al. 1999; Stil-
ler et al. 1997; Bond et al. 1996) show that nodulation pattern, nodule number, and
ability to respond to autoregulation are maintained in hairy roots. Moreover, no-
dule-related gene expression (ENOD40 and leghemoglobin LbhA were tested) is
maintained in the same cell-specific manner as in non-transgenic roots (Martirani
et al. 1999). The only unusual phenotype associated with hairy roots was observed
in strain K599 transformed roots of soybean Bragg, which nodulated normally but
developed carrot-shaped nodules on about 5–15% of transgenic roots (J. Bond and
P. Gresshoff, unpublished data). It is possible that in roots with a high Ri-T-DNA
copy number, the developmental program leading to cessation of cell proliferation
in determinate nodules is altered to create meristematic nodules. The hypernodu-
lation gene Har1 (see Wopereis et al. 2000), encoding an LRR receptor kinase
(Nishimura et al. 2002a), was complemented by stable transformation using
A. tumefaciens in L. japonicus. This was needed, as the Har1-controlled phenotype
(hypernodulation) is shoot-controlled (see Jiang and Gresshoff 2002; Krusell et al.
2002).

10.4
Positional Cloning Successes in Legume Nodulation Genes

10.4.1
Nodulation Biology

The process of nodulation encapsulates multiple plant developmental features so
that its analysis provides factual and conceptual background for many developmen-
tal processes in plants (Figure 10.4). For example, lateral root formation shares
many common features with nodulation, such as the involvement of the pericycle.
Conversely, many features are distinct, such as the inverse regulation by ethylene
(Lohar et al. 2005; Penmetsa et al. 2003). Legume nodules are controlled out-
growths from the cortex and pericycle opposite from the xylem poles. Nodules
are induced by soil bacteria broadly known as Rhizobium. The Rhizobium genome
harbors about 50 nodulation-related genes that are transcriptionally activated by
root exudates usually belonging to the flavone/isoflavone family. The nodulation

24510.4 Positional Cloning Successes in Legume Nodulation Genes



genes cooperate to synthesize a novel class of plant growth regulators called
“Nodulation (Nod) factors”. These are oligosaccharides consisting of three to five
b-(1-4)-linked N-acetyl-d-glucosamine units modified by a long fatty acid at the
C2 position of the non-reducing end sugar and several minor decorations involving
sulfate, acetate, or fucose (Oldroyd 2001). For example, the major Nod factor for
Lotus japonicus is a pentameric N-acetylglucosamine carrying a cis-vaccenic acid
and a carbonyl group at the non-reducing terminal residue together with a 4-O-
acetylfucose on the reducing terminal residue (Niwa et al. 2001). As such, the
Nod factor is related to chitin, commonly seen in insect exoskeletons and fungal
cell walls. The role of the decorations appears to be transport and survival from
degradation (presumably from chitinases). Different Rhizobium species produce
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Figure 10.4. Developmental gene network involved in symbiotic root nodulation and mycorrhizal
development. Gray arrows refer to the mycorrhizal pathway, and black arrows imply the nodule
pathway. The target of autoregulation is still unclear and may differ between legumes and in the
degree of regulation. For example, for alfalfa, b is greater than a activity, while in soybean, a is
greater than b. It is still unknown whether successful “colonization” of the primordium is re-
quired for the transition of the primordium to the autonomous nodules. Autoregulation of my-
corrhization and its dependence on GmNARK was recently demonstrated (Vierheilig and
Gresshoff, unpublished data). It is not clear what signal is perceived by NARK/HAR1; thus arrow
c is a hypothesis based on the common infection-related features. Although the mycorrhizal and
rhizobial signals are perceived in part by a common cascade, and cross-regulation occurs, dis-
tinction is maintained, as neither mycorrhizal nor other fungi (perhaps acting through the
common “tertiary receptor” recognizing chitin-like elicitors) induce cell division leading to no-
dulation. Ethylene controls nodulation by altering the sensitivity of the root to Nod factor and also
by inhibiting cortical and pericycle cell divisions close to phloem bundles (Lohar et al. 2004).



different decorations and thus provide one level of host specificity. Some rhizobia,
(such as strain NGR234) produce a large cocktail of factors and are able to nodulate
multiple hosts.
Nod factors are perceived by a specific recognition machinery recently elucidated

through positional cloning of genes controlling non-nodulation phenotypes (Figure
10.5). It was known that some legume mutants (such as Ljsym1 and Ljsym5) un-
iquely lack the ability to respond to the Rhizobium, while others (such as Ljsym2,
Mtdmi2, and MsMN1007) showing the same non-nodulation phenotype also lacked
the ability to form symbioses with mycorrhizal fungi. Thus, the Rhizobium and
mycorrhizal symbioses share common components, reflecting evolutionary modi-
fication of the ancient fungal symbiosis for the more modern nodule symbiosis. It
is still unknown how the original signaling occurs for the fungal symbiosis, but it
is likely that the fungus releases a Nod factor equivalent, perhaps similar to other
fungal elicitors known from the field of plant pathogenicity (Kosata et al. 2003).
The lack of axenic fungal culture and the absence of mycorrhizal genetics hinders
progress in this area.

10.4.2
Non-nodulation Genes

Positional cloning has revealed a large set of critical genes involved in nodulation
(Table 10.2). Often the isolated gene was used to find orthologs in related species,
illustrating that legume research can help plant biology in general. The first le-
gume gene isolated by map-based cloning was the non-nodulation gene from
the MN1008 mutant originally isolated by Barnes in alfalfa (Medicago sativa).
This mutant is special, as alfalfa is tetraploid. In a monumental effort, Kiss and
colleagues in Hungary made crosses and transferred the mutation to a diploid
alfalfa species. Then, using RAPD markers (not really the most robust or high-
throughput), they managed to find the causative gene and labeled it NORK (nodu-
lation receptor kinase; Endr� et al. 2002). This kinase contains LRR domains and a
nucleotide-binding site (NBS). Interestingly, the MN1008 mutant is known to form
spontaneous nodules, (i.e., nodules in the absence of Rhizobium inoculation), thus,
the mutatio must act downstream from the NORK gene. In parallel M. Parniske’s
group in Britain used Lotus japonicus and isolated a NORK ortholog from the
Ljsym2 mutant (Stracke et al. 2002). The Lotus gene was labeled SYMRK (symbiosis
receptor kinase), reflecting its role in both Rhizobium and mycorrhizal symbioses
(Figure 10.4). Genetics predicted that LjSym1 and LjSym5 acted upstream of
LjSym2.
The group of J. Stougaard in Denmark achieved the cloning of a putative Nod

factor receptor late in 2003, opening a major avenue of investigation (Radutoiu
et al. 2003; Madsen et al. 2003). LjSym1 and LjSym5 code for two related LysM do-
main receptor kinases named NFR1 and NFR5. LysM domains have long been
known in several gene products with putative oligosaccharide- or peptidoglycan-
binding activities. It is likely that the two proteins interact in the plasma mem-
brane to form a heterodimer, which in turn may directly or indirectly interact
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with the LjSYMRK/NORK protein. NFR5 is the ortholog of the pea gene Pssym10
and lacks an activation loop, suggesting that it lacks kinase activity. Presumably, the
heterodimer functions through shared receptor and kinase activity. Direct Nod fac-
tor binding data for LjNFR1/5 do not exist as yet, although it was shown that the
mutations affect intracellular calcium spiking, a direct response to Nod factor ap-
plication. The two papers from 2003 couple the positional cloning of the Nod factor
receptor genes to a cellular phenotype, namely, the inability of the mutant to
respond to the Nod factor through membrane depolarization and extracellular
alkalinization.
A similar LysM domain gene was isolated from M. truncatula by the group of

T. Bisseling in the Netherlands (Limpens et al. 2003), who originally discovered
a host strain–specific, non-nodulation phenotype in a natural accession from
Afghanistan. This mutant, although well characterized, lacks the wild-type control.
Therefore, Limpens et al. (2003) found tightly linked molecular markers to the
Pssym2 genes then isolated a BAC from M. truncatula based on extensive microsyn-
teny. The M. truncatula BAC was sequenced and, contained seven different LysM-
type receptor kinase genes in a small multigene cluster. (NB: Since Nod factor spe-
cificities in legumes seem to evolve rapidly, as evidenced by significant structural
requirements in closely related legumes, it is likely that a LysM gene cluster
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Table 10.2. Examples of positionally cloned plant genes.

Gene name Organism Biochemical function Approach Reference

NORK Medicago sativa NBS-LRR-receptor
kinase

MBC Endr� et al.
2002

SymRK Lotus japonicus NBS-LRR-receptor
kinase

MBC Stracke et al.
2002

NARK Glycine max LRR receptor kinase MBC Searle et al.
2002,2003

NARK Glycine max LRR receptor kinase homology Nishimura et al.
2002a

HAR1 Lotus japonicus LRR receptor kinase MBC Krusell et al.
2002

HAR1 Lotus japonicus LRR receptor kinase MBC Nishimura et al.
2002a

NFR1 Lotus japonicus LysM receptor kinase MBC Radutoiu et al.
2003

NFR5 Lotus japonicus LysM receptor kinase MBC Madsen et al.
2003

LYK3 Medicago truncatula LysM receptor kinase;
NFR1 like

MBC Limpens et al.
2003

ASTRAY Lotus japonicus Transcription factor;
Hy5 like

homology Nishimura et al.
2002b

Nin Lotus japonicus Transcription factor insertion Schauser et al.
1999

MBC = map-based cloning; homology = usually based on an Arabidopsis gene;
insertion = using the Ac/Ds system



could function in the generation of diversity through intragenic recombination,
perhaps resembling immunoglobulin or plant disease gene evolution.) Allelic se-
quencing was not a feasible approach to discover a candidate gene, as in pea
there was no wild type and in M. truncatula there was no mutant. Thus, brilliantly,
Limpens et al. (2003) used transgenic hairy roots transformed with RNAi con-
structs for the multiple candidates; two of these significantly lowered or eliminated
nodulation, suggesting that they are the candidate genes. The LYK3 gene found in
M. truncatula, although related, is not equivalent to the NFR1 or NFR5 genes dis-
covered in Lotus. Indeed the mutant phenotype is different, as Pssym2 allows infec-
tion thread formation that is then aborted, while NFR1/5 mutants are completely
blocked in infection thread formation. This suggests that there are multiple “gate-
keepers” as the infection progresses and signals back and forth. Using the above
information as well as extensive mapping data, we determined that the soybean
rj1/nod49 locus is mutated at the NFR1 gene (Indrasumunar et al., in preparation).
Two alleles have been reliably sequenced and lead to frame shift mutations with
severe consequences on protein structure (premature termination). Interestingly
nod49 mutants do respond to Bradyrhizobium inoculation at high cell density
with pseudoinfections (cell divisions in the sub-epidermal cell layer) and occasional
nodules (Mathews et al., 1989). Why would an apparent strong knock-ouit mutant
maintain a responsiveness to high elicitor levels? The answer may lie with parallel
receptors of weaker affinity and receptor cross-talk. It is clear that the new field
of post-genomic research will focus on the substrates of these kinases and
the nature of their complexes. Technologies involving protein biochemistry,
based on enriched protein expression, protein-protein interaction analysis by
Surface Plasmon Resonance (SPR; see Biacore 3000 instrumentation), mass
spectroscopy, phospho-proteomics, site-directed mutagenesis, as well as reverse
genetics aimed at functional analysis (such as RNA interference (Jorgensen,
2002), and TILLING (Perry et al., 2003) will add new dimensions to our
genetic and transcriptional analysis.

10.4.3
Autoregulation of Nodulation Genes

Multicellular organisms need to control the proliferation of cells. This is achieved
at the cellular level, through cell cycle control, as well as at the tissue (localized)
and organismal (systemic) level. This extent of control is paramount for plant de-
velopment where pluripotent stem cells are maintained in the cambium, the peri-
cycle, and the apical domes. How does a plant control the cell division potential
and fate of resultant cells from such regenerative tissues? Clearly, multiple me-
chanisms overlap, one of which is the CLAVATA complex of the shoot apical mer-
istem illustrated beautifully in Arabidopsis (see Fletcher 2002; Clark et al. 1997 and
references therein). A similar system may function in other meristems, as is sug-
gested by broad expression profiles of AtCLV1 (Gresshoff and Schenk, unpublished
data), the abundance of CLV1-related receptor kinases in the Arabidopsis genome,
and the recent discovery of autoregulation mutants in legumes.
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Autoregulation of nodulation (AON) is a feedback system in which young infec-
tion stages restrict development of new infection stages (Caetano-Anoll�s and
Gresshoff 1991; Gresshoff 1993). Loss-of-function mutants in AON lead to abun-
dant nodulation termed either hyper- or supernodulation (Carroll et al. 1985a,
1985b). The regulation functions by either blocking initiation of new cell division
clusters (early-acting as in alfalfa) or blocking the advance of induced clusters (late-
acting as in soybean) (Mathews et al. 1989; Caetano-Anoll�s and Gresshoff 1991).
The regulation is systemic, as split root systems (Olssen et al. 1989) and reciprocal
grafts (Delves et al. 1986, 1992; Jiang and Gresshoff 2002; Krusell et al. 2002) illu-
strated that the shoot controls autoregulation. By using rooted trifoliate leaves of
soybean, it was possible to maintain the nodulation phenotype governed by the
source plant, suggesting that the leaf itself is capable of controlling autoregulation
(Bano and Harper 2002; Li and Gresshoff, unpublished data). Intergrafts of wild-
type stems onto supernodulation mutant stems do not suppress nodulation
(Li and Gresshoff, unpublished data). AON mutants have been isolated in soybean,
pea, Lotus japonicus, and Medicago truncatula (see Searle et al. 2003 and references
therein) and generally possess the same characteristics of increased nodule num-
ber, nitrate tolerance in nodulation, reduced root systems when nodulated, and
shoot control of AON. The large range of mutants coupled with similar mutations
in other LRR receptor kinases have allowed the definition of conserved structural
components for the kinase activity, such as conserved APE and DFG sites, as well
as the active site for phosphorylation (Di�vart et al. 2003). Some hypernodulation
mutants such as Ljhar1-1 also have an altered lateral root phenotype under specific
growth conditions, suggesting that the same gene controls nodule and lateral root
initiation and outgrowth (Wopereis et al. 2000). Two exceptions exist to the general-
ity of leaf-controlled autoregulation; in pea there is a mutant nod3, which is not
an allele of Pssym29 (the GmNARK ortholog of pea) and which is root-con-
trolled. Similarly, Lotus mutant astray (Nishimura et al. 2002b) is characterized
by increased nodulation and was found by an “educated guess” to be the ortholog
of the Arabidopsis Hy5 gene, known to increase the number of lateral roots.
Interestingly the Ljastray mutant does not have an altered lateral root phenotype.
LjASTRAY encodes a bZIP-type transcription factor and has an ortholog in
GmSTF1. Ljastray also functions in the root. Real-time PCR expression analysis
of GmSTF1 shows that the gene is broadly expressed in soybean tissue (Davis
2003).
Map-based cloning was successful in finding the major leaf-active AON gene of

legumes. Landau-Ellis et al. (1991) were the first to map an AON mutant locus
(namely, nts382 of soybean) on the newly emerging soybean map. Closely linked
markers were used to isolate a candidate BAC, which revealed the CLAVATA1-re-
lated receptor kinase gene GmNARK (nodule autoregulation receptor kinase)
(Searle et al. 2003; Men et al. 2002). Using multiple allelic mutants at the locus,
a direct correlation was established between the mutations and the mutant pheno-
type. Most mutations turned out to be nonsense mutations, suggesting that minor
structural changes caused by missense mutations, unless close to critical residues,
result in a minor phenotype not easily detected in mutant screens. An excellent ex-
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ample in soybean is the mutant nts1116, which exhibits hypernodulation (three
times that of wild type) and is mutated in V837A (Searle et al. 2003). The minor
missense mutation changing a valine to an alanine is detected only phenotypically
because the alteration is right next to the active site of the kinase domain. In par-
allel, Krusell et al. (2002) and Nishimura et al. (2002a) cloned a related gene,
LjHAR1 in Lotus japonicus. GmNARK is highly expressed as RNA in leaves and
stems but only weakly in shoot apical meristem or nodules (Searle et al. 2003;
Gresshoff et al. 2004). The high level of RNA expression but lack of biological ac-
tivity of GmNARK in root tissue presents a paradox that still needs to be resolved
by detailed biochemical studies involving tissue-specific partner molecules such as
AtCLV2 in the Arabidopsis system, RNA turnover, or availability of specific ligands
or downstream response elements (such as ROP, KAPP, WUSCHEL, or POLTER-
GEIST in Arabidopsis; cf. Fletcher 2002; Gresshoff et al. 2003). GmNARK is dupli-
cated in the soybean genome as GmCLV1A (Men et al. 2002), which is 95% iden-
tical at the DNA level. This duplicate locus does not possess autoregulation activity,
as is evidenced by the fast neutron deletion mutant FN37 of G. soja (Men et al.
2002) that lacks GmNARK and possesses GmCLV1A yet is autoregulation-deficient.
GmCLV1A shares an RNA expression profile with GmNARK and AtCLV1, with
moderate expression in the SAM (10–30 times higher than GmNARK) and ubiqui-
tous expression in leaves, roots, and flowers (D. Buzas, A. Hayward, S. Nonta-
chaiyapoom, unpublished data; Gresshoff et al. 2003). Is it possible that GmCLV1A
functions in the SAM similarly to ATCLV1? Does GmCLV1A possess some residual
AON-related activity permitting older tissues in a GmNARK mutant (such as
nts1007) to express some form of autoregulation? Does a GmCLV1A mutant pos-
sess a phenotype related to fasciation and pod development? Such questions can
now be answered because positional cloning has revealed some key members in
the AON cascade. However, analyses at the DNA and RNA levels are limited, as
they do not extend into the molecular physiology, which, after all, is “where the ac-
tion is.” Coupling genomic data with those of the phenome will clearly be a major
challenge of developmental biology in the next decade.
Discovery of new long-distance signals in plant development, especially those

controlling genes involved in cell proliferation and cell fate, may induce a para-
digm shift in plant development from small signal substances (auxins, cytokinins,
etc.; see Beveridge et al. 2003) to larger molecules such as RNA (Jorgensen 2002;
Tang et al. 2003) and peptides (Takayama and Sakagami 2002; Matsubayashi et al.
2002; Ryan et al. 2002). The purified kinase or LRR domains of GmNARK may
allow the isolation of a specific antibodies that could lead to immune precipitation
of the NARK complex and resultant detection of GmNARK interactors.
The fascinating aspects of the NARK system are its involvement in long-distance

regulation of cell proliferation and its similarity to the CLAVATA complex. There
are further receptor kinases related to the regulation of cell proliferation. The phy-
tosulfokine receptor perceives different small sulfated peptides and regulates cell
division in plant cells maintained in cell culture (Lorbiecke and Sauter 2002).
The major soybean cyst nematode resistance genes (Rhg1 and Rhg4) are LRR recep-
tor kinases (K. Meksem, unpublished data). Nematode and Rhizobium interactions
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with a legume, despite broad differences in the biology, share common steps such
as the activation of the Cheetah promoter fusion in L. japonicus (D. Lohar, unpub-
lished data). Several fungal elicitor receptors also are LRR receptor kinases, as are
components of the animal cell division machinery involving EGF (epider mal
growth factor). The interesting cross-activity of NARK to control AON as well as
autoregulation of mycorrhization, mirroring the overlap during the early induction
of infection stages, suggest that AON perhaps also is a derivation from an ancestral
fungal mechanism controlling establishment/infection of the microsymbiont in
the plant tissue. One can assume that mycorrhizal fungi and Rhizobium induce
a common plant response (possibly through the NORK/SYMRK step; see Figure
10.5) that results in a translocated signal that is recognized by the leaf and inter-
preted in a common way to produce the shoot-derived inhibitor that now blocks
further invasion success of the microbe. If such persistence in the tissue is essen-
tial for further nodule proliferation, then regulation of invasion could regulate cell
proliferation. One thus wonders which components of the systemic signaling in-
volved in SAR and general fungal responses were “pirated” for the autoregulation
of nodulation.

10.5
Conclusions

Positional cloning of plant developmental genes is now a reality actively used in
several model plant systems. We can take advantage of a decade-long technology
development in molecular marker technology, molecular maps, BAC library con-
struction, data sorting, and high-speed and low-cost DNA sequencing. EST and
SNP information grows daily and enriches the information pool needed to detect
candidates. Plant transformation, although still lengthy in many species, is a com-
mon procedure in hundreds of laboratories.
It is likely that the next five years will see the complete or near-complete genome

sequence of many more plants. Tomato, soybean, tobacco, Lotus japonicus, and
Medicago truncatula are just some examples that spring to mind. Physical maps,
even with numerous gaps, will sort BAC clones into larger contigs. T-DNA inser-
tion collections will exist for several plant species, allowing rapid isolation of flank-
ing sequences related to mutant phenotypes. Reverse genetics, involving either the
search of a mutant based on a gene sequence (by T-DNA collection screening or
TILLING; Perry et al. 2003) or RNA interference will enrich the search for genetic
components of plant developmental phenomena. In all this explosion of knowl-
edge, the need for physiological integration, the recognition of redundancy and
lack of function, and the complexities of the “protein world” and the resultant me-
tabolic pools that make the marvels of plant life should be foreseen.
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Overview

Whole-genome physical mapping with bacteria-based, large-insert clones is becom-
ing an active research area of genome research. Previous studies have demon-
strated that whole-genome clone-based physical maps are crucial to many aspects
of advanced genomics and molecular biology research, including large-scale gen-
ome sequencing, large-scale gene mapping, gene cloning and characterization,
and long-range genome analysis. DNA fingerprinting has become the method of
choice for large-scale, bacteria-based large-insert clone analysis and generation of
whole-genome, clone-based physical maps. To facilitate whole-genome physical
mapping with bacteria-based large-insert clones, several fingerprinting methods
have been developed. Using these methods supplemented with other tools,
whole-genome physical maps have been developed from bacteria-based large-insert
clones for several species of economic and/or biological importance. These physical
maps have greatly promoted the comprehensive genome research of these and re-
lated species. The effective use of the techniques of clone DNA fingerprinting will
greatly expedite whole-genome physical mapping and thus rapidly advance the
genome research of plants, animals, humans, insects, and microbes. This chapter
provides an overview of the fingerprinting methods and their applications in
whole-genome physical mapping and explains the detailed procedures for generat-
ing fingerprints from bacteria-based large-insert clones.

Abstract

DNA fingerprinting combined with the technologies of large DNA fragment clon-
ing in bacteria has become the most widely used approach to whole-genome phy-
sical mapping with large-insert clones. To facilitate effective use of this approach
for whole-genome physical mapping, this chapter provides an overview of the
major fingerprinting methods developed to date, including the agarose gel-based



restriction fingerprinting method, the manual sequencing or polyacrylamide gel-
based restriction fingerprinting method, and the automatic sequencing gel- and ca-
pillary electrophoresis-based restriction fingerprinting method. The procedures of
the fingerprinting methods that have been used or that have potential for wider
utilization are detailed. Analysis of the whole-genome physical maps developed
to date by using the fingerprinting methods and the most recent comparative stu-
dies among different fingerprinting methods have shown that quality contig map
construction is significantly affected by fingerprinting methods. A capillary electro-
phoresis-based, two- or three-enzyme fingerprinting method seems to be the most
efficient for whole-genome physical mapping, although any of the fingerprinting
methods could be used to generate fingerprints and to construct contig maps
from large-insert clones. It is also observed from these studies that other tools
such as DNA markers of genetic maps are needed to assist in the construction
of robust physical maps consisting of one or a few contigs for each chromosome
from the fingerprints of the source clones generated by the fingerprinting meth-
ods. New techniques or strategies are also needed to construct contig maps for
the genomic regions that are abundant in tandem repeats such as centromeric
and rDNA repeats.

11.1
Introduction

11.1.1
Inception and Development of DNA Fingerprinting

DNA fingerprinting or profiling refers to a method of detecting unique restriction
patterns of the DNA of an individual organism or a DNA fragment cloned in a
cloning host. The uniqueness of the organism’s DNA or the cloned DNA fragment
allows distinction of one organism or clone from another. The term DNA finger-
printing was first described by Jeffreys et al. (1985) using hybridization of DNA
with mini-satellite DNA probes. Since then a number of DNA fingerprinting sys-
tems have been developed based on DNA hybridization, PCR amplification, and/or
restriction enzyme digestion. Hybridization- and PCR-based DNA fingerprinting
systems have been used extensively in forensic and legal medicine and in plant re-
search for molecular marker development, genetic mapping, breeding, and diag-
nostics (Weising et al. 1995).
The focus of this chapter is on various methods of fingerprinting bacteria-

based large-insert clones cloned in bacterial artificial chromosomes (BACs),
bacteriophage P1-derived artificial chromosomes (PACs), plant transformation-
competent binary BACs (BIBACs), plasmid-based large-insert bacterial
clones (PBCs), and transformation-competent artificial chromosomes (TACs)
(see Chapter 9) using restriction enzyme(s), and their applications in the genera-
tion of whole-genome integrated physical and genetic maps of large, complex
genomes.
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11.1.2
Clone-based Whole-genome Physical Mapping

The goal of clone-based whole-genome physical mapping is to reconstruct the en-
tire genome of an organism from large-insert, arrayed DNA libraries. In general, it
involves an orderly arrangement of the clones of large-insert DNA libraries that re-
present the entire genome and are overlapped using different methods (see below).
The overlapping clones that are expected to derive from the same genomic region
are grouped by computers based on their similarities in nucleotide sequences and/
or restriction profiles, forming an overlapping clone group known as a “contig.”
The continuously overlapping clone contigs spanning a genomic region or the en-
tire genome are referred to as clone-based physical maps for the genomic region or
whole genome. The physical map contigs can be further landed to a genetic linkage
map using DNA markers mapped to the genetic map. As more mapped markers
are used, all contigs of the physical map can be landed to the genetic linkage map,
forming a robust, integrated physical/genetic map (Figure 11.1). Similarly, the
large-insert clones containing DNA markers can be used as probes to anchor the
integrated physical/genetic map to individual chromosomes by fluorescent in
situ hybridization (FISH), forming an integrated physical, genetic, and cytogenetic
map.
Integrated physical and genetic maps are the centerpieces of genomics research.

They provide not only revolutionary platforms and organizational frameworks for
all genomics research activities and consequences – including genome sequence,
genetic linkage maps, DNA markers, genes, quantitative trait loci (QTLs), ex-
pressed sequence tags (ESTs), regulatory sequences, and repeat elements – but
also a “freeway” for structural, functional, and evolutionary genomics research
(Figure 11.1).
Bacteria-based large-insert clone fingerprinting and contig assembly have be-

come the methods of choice for whole-genome physical mapping. To facilitate
construction of a whole-genome physical map from bacteria-based large-insert
clones, several restriction fingerprinting methods have been developed, including
the agarose gel-based method (Olson et al. 1986; Marra et al. 1997), the manual
polyacrylamide gel- or sequencing gel-based method (Coulson et al. 1986; Zhang
and Wing 1997), and the automatic sequencing gel- (Gregory et al. 1997; Ding et
al. 1999, 2001) or capillary electrophoresis-based methods (Xu et al. 2002, 2004).
The agarose gel-based method and the manual sequencing gel-based method
have been successfully used in the development of whole-genome, large-insert,
clone-based physical maps of several species, including Arabidopsis (Marra et
al. 1999; Chang et al. 2001), Drosophila (Hoskins et al. 2000), human
(IHGMC 2001), indica rice (Tao et al. 2001), mouse (Gregory et al. 2002), japo-
nica rice (Chen et al. 2002; Li et al. 2004), soybean (Wu et al. 2004), and chicken
(Ren et al. 2003). The automatic sequencing gel- or capillary electrophoresis-
based methods represent the latest techniques for whole-genome physical map-
ping with bacteria-based large-insert clones. Because of their high resolution,
high throughput, automation, and amenability to multiplex fingerprint genera-
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tion, these methods are being used to construct whole-genome physical maps of
several species.

11.1.3
Source DNA Libraries for Whole-genome Physical Mapping

Bacteria-based large-insert arrayed DNA libraries are desirable substrates for
whole-genome physical mapping by restriction fingerprinting and contig assembly.
They are essential not only for whole-genome physical mapping but also for large-
scale sequencing and analysis of large, complex genomes (Zhang and Wu 2001; see
also Chapter 9). Bacteria-based large-insert DNA libraries cloned in BAC, PAC,
BIBAC, PBC, or TAC represent the state-of-the-art technology for large DNA frag-
ment cloning in bacteria. Unlike the earlier DNA libraries cloned in cosmid, fos-
mid, P1, and YAC, the bacteria-based large-insert DNA libraries are capable of clon-
ing DNA fragments as large as 300 kb in bacteria, are stable in the host and low in
chimeric clones, and are amenable to high-throughput DNA purification.
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Figure 11.1. A conceptual integrated physical, genetic, and molecular cytogenetic map of a plant
chromosome and its applications. The overlapping dark grey and light grey bars in the integrated
physical/genetic map are large-insert genomic DNA clones such as BACs/BIBACs. The minimally
overlapping tiling path of clones is highlighted in light grey. Letters A to F indicate DNA markers
selected from a genetic linkage map. The markers are integrated into the physical map by
screening its source BAC libraries. The integrated physical/genetic map is mapped to the chro-
mosome by FISH of the marker-associated BACs/BIBACs. The distances between the markers are
measured in both kilobases and centimorgans in the integrated physical/genetic map and in
micrometers on the molecular cytogenetic map. The integrated physical, genetic, and molecular
cytogenetic map provides a powerful platform for all genomics research activities.



Bacteria-based large-insert DNA libraries that are desired for whole-genome phy-
sical mapping should have the following features (see Chapter 9). First, they
should have large insert sizes with fewer insert-empty clones. Based on the studies
of Soderlund et al. (2000), although libraries with larger average inserts better fa-
cilitate construction of quality whole-genome physical maps, libraries with average
insert sizes of 160 kb or larger are desired for whole-genome physical mapping.
Second, the source libraries should ideally represent the entire target genome. Be-
cause almost all of the bacteria-based large-insert DNA libraries were constructed
from genomic DNA partially digested with restriction enzymes and because the
distribution of the restriction sites of a restriction enzyme is uneven along a gen-
ome, several libraries constructed with different restriction enzymes are needed.
Moreover, multiple libraries cloned in different vectors and/or host systems will
further increase their representation for the whole genome. The use of different
vectors and/or host systems in the construction of the libraries enhances the capa-
city of cloning the sequences that are difficult to be cloned in one or another vec-
tor/host. In fact, almost all of the whole-genome physical maps reported to date
were developed from two or more DNA libraries constructed with different restric-
tion enzymes (see above). Third, because one of the major goals of genome re-
search in crop plants is to improve the crop plants using the tools provided by gen-
ome research, the libraries constructed in transformation-competent vectors such
as BIBAC and TAC streamline the utility of the resultant physical maps for func-
tional analysis and genetic engineering of the genome through genetic transforma-
tion. Finally, the genome coverage is another important aspect to be considered.
Studies have shown that the number of clones equivalent to approximately 10q
haploid genomes seems to be the most efficient for global genome physical map-
ping (Xu et al. 2004). This conclusion is strongly supported by the whole-genome
shotgun sequencing of both microorganisms (Fleischmann et al. 1995; Fraser et al.
1995) and higher organisms (Hoskins et al. 2000), in which 6–10q genome cover-
age of clones were sequenced.

11.2
Techniques and Methodologies

Restriction fingerprinting of bacteria-based large-insert clones relies upon DNA di-
gestion with one or more restriction enzymes, followed by the measurement of the
sizes of the resulting fragments. Although the clone DNA could be digested with a
single restriction enzyme and fractionated by agarose gel electrophoresis (Olson et
al. 1986; Marra et al. 1997) – or with two or more restriction enzymes, end-labeled
with radioactive or fluorescent nucleotides, and fractionated by polyacrylamide gel
(Coulson et al. 1986; Carrano et al. 1989; Gregory et al. 1997; Hong 1997; Zhang
and Wing 1997; Ding et al. 1999, 2001) or capillary electrophoresis (Xu et al.
2002, 2004), leading to different restriction fingerprinting methods – the procedure
of whole-genome physical mapping by fingerprint analysis of bacteria-based large-
insert clones includes the following steps.
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1. Clones are selected from the source DNA libraries and grown in the medium
containing appropriate antibiotics, and clone DNA is isolated and purified.

2. DNA is subjected to restriction digestion with one or more restriction enzymes,
and the restricted fragments are either directly fractionated on agarose gel ma-
trices or end-labeled and then fractionated on sequencing gel matrices or in ca-
pillaries.

3. The restriction profiles or fingerprints of the clones are visualized and digitized
in computers.

4. Overlapping clones are assembled into contigs using computer software called
Fingerprinted Contig (FPC) (http://www.sanger.ca.uk/Software/fpc/) based on
the similarity of the restriction patterns or fingerprints of the clones.
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Figure 11.2. An automated procedure for large-insert clone fingerprinting and contig map as-
sembly (modified from Xu et al. 2002 and http://hbz.tamu.edu - Analysis Tools – Automated). The
source BAC library is stored in 384-well microtiter plates. BAC DNA is isolated by the Auto-
Genprep 960 Robotic Workstation, digested with HindIII, BamHI, and HaeIII, and end-labeled at
the HindIII and BamHI sites with HEX-ddATP (BAC 1) or NED-ddATP (BAC2) in a single step. The
restricted and end-labeled DNA fragments are fractionated with an internal molecular weight
marker on the ABI 3100 Genetic Analyzer. The fingerprints of two BACs, along with one internal
standard marker (orange), are generated from a single capillary channel of the ABI 3100. The
fingerprints are collected with the GeneScan installed in the ABI 3100, transferred into a high-
performance calculating cluster of computer workstations, and assembled into a contig, a seg-
ment of a whole-genome physical map, using a computer program called FingerPrinted Contig
(FPC). The contig is finally anchored to a genetic linkage map with one or more mapped DNA
markers shown below the contig.



Figure 11.2 shows an automated procedure of genome physical mapping with
bacteria-based large-insert clones using the DNA isolation robotic workstation
AutoGenprep 960 (AutoGen, Inc. USA), the automatic DNA capillary sequencer
ABI 3100 (Applied Biosystems, USA), and a high-performance calculating
cluster of computer workstations (Dell, USA). This chapter will depict in detail
fingerprint generation and fingerprinting method comparison and its applications,
whereas fingerprint editing and contig map construction are described in Chapter
12.

11.2.1
Preparation of DNA from Bacteria-based Large-insert Clones

Several protocols have been used to prepare DNA from bacteria-based large-insert
clones for fingerprinting. All of the protocols are based on the alkaline lysis
method developed by Birnboim and Doly (1979). Introduced here are three of
the methods: the clone-by-clone method and the manual and fully automated
96-well format mini-preparations. In comparison, the manual and fully automated
96-well format mini-preparations have a throughput several-fold higher than the
clone-by-clone approach. Using the latter methods, DNA can be routinely isolated
from 1200–2400 clones in one scientist day.

11.2.1.1 Isolation of DNA from Bacteria-based Large-insert Clones Using the
Clone-by-Clone Approach

1. Using sterile toothpicks, inoculate individual clones from the source-arrayed
DNA library into 2 mL of Luria broth (LB) or Terrific broth (TB) supplemented
with appropriate antibiotic in 10-mL polypropylene or glass tubes. Incubate the
cells at 37 hC with shaking at 250 rpm for at least 16 h.

2. Harvest the cells by centrifugation at 2500 rpm (1200 g) for 10 min and discard
the supernatant. Thoroughly remove the remaining culture medium because
this may interfere with subsequent endonuclease digestion.

3. Add 0.3 mL of solution I (15 mM Tris-HCl, pH 8.0, 10 mM EDTA, 100 mg mL–1

RNase A) and resuspend the cell pellet by vortex and incubate on ice for 5 min.
4. Add 0.3 mL of freshly prepared solution II (0.2 N NaOH, 1% SDS) and gently

rotate the tube to thoroughly mix the contents. Keep on ice for 5 min. The cell
lysis is considered to be successful when the turbid suspension becomes trans-
lucent or clear.

5. Slowly add 0.3 mL of solution III (3 M KOAc, pH 5.5) to the tube and gently
mix the contents. Thick, white E. coli cell debris and genomic DNA will be visi-
ble. Keep the tube on ice for at least 15 min.

6. Spin at 3250 rpm (1900 g) for 30 min at 4 hC to collect the cell debris and chro-
mosomal DNA. Transfer all supernatant to a 1.5-mL Eppendorf tube. While
transferring, try to avoid any white precipitated materials. Add 0.8 mL isopropa-
nol, mix well, and keep the tube at room temperature for at least 10 min. Other-
wise, the sample may be left at –20 hC overnight.

26311.2 Techniques and Methodologies



7. Precipitate DNA in a tabletop microcentrifuge for 10 min. Pour off the super-
natant and wash the DNA pellet twice with 0.5 mL of 70% ethanol. Spin at
room temperature for 5 min.

8. Discard the supernatant and air-dry the pellet at room temperature and resus-
pend in 30 mL of TE (10 mM Tris.HCl, 1 mM EDTA, pH 8.0). The DNA can be
used for both agarose gel-based and polyacrylamide gel-based restriction finger-
printing.

11.2.1.2 Isolation of DNA from Bacteria-based Large-insert Clones in 96-well Format
Using a Manual Approach

1. Using a 96-pin clone replicator (Fisher Scientific, USA), inoculate the clones
stored in a 384-well microtiter dish of the source library into four 96-deep
well plates (Beckman, USA), with each well containing 1 mL of TB or LB med-
ium supplemented with appropriate antibiotics. Seal the plates with aluminum
foil and incubate at 37 hC with shaking at 325 rpm for 20 h.

2. Pellet the cells by centrifugation at 2500 rpm (1200 g) for 10 min in a GS-6KR
centrifuge with microplate carriers (Beckman, USA) and discard the superna-
tant by inverting the plates.

3. Add 40 mL of solution I (15 mM Tris-HCl, pH 8.0, 10 mM EDTA, 100 mg mL–1

RNase A) to each well using an 8- or 12-channel pipette, vortex to resuspend the
cell pellets, and incubate on ice for 5 min.

4. Add 80 mL of freshly prepared solution II (0.2 N NaOH, 1% SDS) to each well
and mix gently by tapping the microplate on top of lab bench at least 20 times.
Incubate at room temperature for 5 min and then on ice for 5 min. The suspen-
sion should change from turbid to translucent, suggesting that the cells are suc-
cessfully lysed.

5. Slowly add 60 mL of solution III (3 M KOAc, pH 5.5) to each well and gently mix
using a vortex. A white precipitate of E. coli cell debris and genomic DNA will
be seen. Keep the plates on ice for at least 15 min.

6. Spin at 3250 rpm (1900 g) for 30 min at 4 hC to pellet the cell debris and chro-
mosomal DNA, and transfer 100 mL of the supernatant with an 8- or 12-channel
pipette into eight 0.2-mL tube strips or 96-well 0.2-mL microtube plates (Ap-
plied Biosystems, USA). Try to avoid any white precipitated materials during
transferring.

7. Add 100 mL of isopropanol to each sample, mix well, and incubate at room tem-
perature for at least 10 min. At this stage, the samples can be kept at –20 hC
overnight.

8. Precipitate DNA by centrifugation at 3250 rpm (1900 g) for 15 min. Pour off the
supernatant and wash DNA pellets twice with 0.1 mL of 70% ethanol and invert
the plates several times each wash. Spin at 3250 rpm for 5 min.

9. Discard the supernatant, air dry the pellets at room temperature, and resuspend
each sample in 20 mL of TE. The DNA can be used for both agarose gel- and
polyacrylamide gel-based restriction fingerprinting.
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11.2.1.3 Isolation of DNA from Bacteria-based Large-insert Clones in 96-well Format
Using the AutoGenprep 960 Robotic Workstation

1. Using a 96-pin clone replicator, inoculate the clones stored in a 384-well micro-
titer dish of the source library into four 96-deep well plates (Autogen, Inc.,
USA) containing 1.4 mL of TB (or LB) medium supplemented with appropriate
antibiotic in each well, seal the plates with aluminum foil, and grow at 37 hC
with shaking at 350 rpm for 24 h.

2. Isolate the clone DNA using the AutoGenprep 960 DNA Isolation Robotic
Workstation according to the standard procedure recommended by its manufac-
turer.

3. Resuspend the DNA in 40 mL of TE with 100 mg mL–1 of DNA-free RNase, vortex
for 20 s, incubate at 37 hC for 10 min, and spin down. The DNA then can be
used for restriction fingerprinting.

11.2.2
Fingerprinting the Clone DNA Using Restriction Enzymes

Several methods have been developed to generate fingerprints from bacteria-based
large-insert clones using restriction enzymes for whole-genome physical mapping.
Below is a summary of each of the methods.

11.2.2.1 Agarose Gel-based, Restriction Fingerprinting Method
The agarose gel-based method (Marra et al. 1997) generates fingerprints from bac-
teria-based large-insert clones by digesting the clone DNA with a single 6-bp re-
striction enzyme such as HindIII or EcoRI, followed by fractionating the restricted
fragments on agarose gel. The fingerprints of the clones are visualized by staining
the gel with Vistra or SYBR Green and are captured into a computer for analysis
using a FluorImager. This method uses one restriction enzyme to generate the fin-
gerprint fragments because the agarose matrix can allow only the restricted frag-
ments ranging from 200 bp to 20 kbp that are typically generated by a 6-bp cutting
restriction enzyme to be fractionated. Figure 11.3 shows examples of human PAC
fingerprints generated with HindIII and fractionated on an agarose gel. The follow-
ing procedure is outlined according to Marra et al. (1997).

Equipment and Materials

1. 20q25-cm UV transparent trays and Model H4 electrophoresis units (Life Tech-
nologies, USA) with a refrigerated re-circulator (Model 1170, VWR Scientific,
USA).

2. Molecular Dynamics FluorImager SI (Amersham Biosciences, USA).
3. SYBR Green (FMC BioProducts, USA) or Vistra Green (Molecular Probes,

USA).
4. 10q TAE: 400 mM Trizma base, 200 mM glacial acetic acid, 10 mM EDTA

pH 8.0.
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5. 6q loading dye: 0.25% bromophenol blue, 0.25% xylene cyanol, 15% Ficoll.
6. Standard marker mixture: 0.83 mL of 1 mg mL–1 1 kb ladder (Life Technologies,

USA), 3.33 mL of 250 ng mL–1 marker II, and 3.33 mL of 250 ng mL–1 marker
III (Boehringer-Mannheim, Germany), 92.51 mL of TE, and 25 mL of 6q loading
dye.
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Figure 11.3. Fingerprints of human PACs generated with Hind III by the agarose gel-based re-
striction fingerprinting method (Marra et al. 1997). DNA size standards are present in the first
lane from the left and every fifth lane, and the sizes of each marker fragment are indicated in base
pairs in the first lane. The fingerprints in the remaining lanes are derived from human PACs. Note
that the identical fingerprints in different lanes are the duplication of the same PAC (from Marra
et al. 1997 with permission).



Clone DNA Restriction Digestion and Standard Marker Preparation

1. Set up the digestions of BAC DNA in a 10-mL reaction per sample in 96-micro-
tube plates:

ddH2O 3.75 mL
10q reaction buffer 1.00 mL
40 U mL–1 HindIII 0.25 mL
DNA 5.00 mL (1.2–1.5 mg)

Total volume 10.00 mL

2. Incubate at 37 hC for 3 h in a water bath or a thermocycler.
3. After digestion, collect DNA at the bottom of the wells by brief centrifugation,

add 4 mL of the 6q loading dye, mix, and collect the DNA sample by brief cen-
trifugation. Seal the plates with foil tape and keep on ice or store at 4 hC before
loading gels.

4. Immediately before electrophoresis, remove 20 mL of the standard marker mix-
ture to a separate tube, dilute by adding 17 mL of TE and 3 mL of 6q loading dye,
and incubate at 60 hC for 5 min.

Restricted Fragment Fractionation by Agarose Gel Electrophoresis and Data Acquisition

1. Prepare 1% agarose gels in 1q TAE. Cool down the molten agarose to 46 hC in
a water bath with occasional swirling. Pour approximately 200 mL of the molten
agarose into a 20q25-cm UV transparent tray and insert a comb of appropriate
size (e. g., 2 mm wide by 1 mm thick).

2. After the gel is solidified, remove the comb and place in electrophoresis unit
with enough pre-cooled (14 hC) 1q TAE buffer to submerge the gel.

3. Load 1.75 mL of the DNA-restriction enzyme digestion/loading dye mixture into
each well, with 1 mL of the standard marker in the first and every fifth well.

4. Electrophorese the samples at 56 V at a constant temperature of 14 hC for 14 h.
5. Stain the gel with 500 mL of a 1:10,000 dilution of Vistra Green in 1q TAE and

agitate in the dark for 10–15 min. Two gels can be stained at one time and up to
four gels can be stained using the same stock of dye. Store the diluted stains in
a foil-covered container at 4 hC.

6. After staining, view the gel using a Fluorimager with the following scan set-
tings: pixel size at 200 mm, digital resolution at 16 bits, detection sensitivity
at high, PMT voltage at 950 V, and filter at 530 nm. Crop the gel images and
convert them from the proprietary 16-bit Molecular Dynamics format to 8-bit
TIFF images.

7. Transfer by ftp to Unix workstations (SUN Microsystems) for band calling and
contig building (see Chapter 13).
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11.2.2.2 Polyacrylamide (Sequencing) Gel-based, Restriction Fingerprinting Method
The polyacrylamide gel-based restriction fingerprinting method (Coulson et al.
1986; Hong 1997; Zhang and Wing 1997); generates fingerprints from bacteria-
based large-insert clones by digesting the clone DNA with a sticky-end, 6-bp re-
striction enzyme such as HindIII; end-labeling with a radionucleotide such as
32P-dATP, 33P-dATP or 35S-dATP; and digesting with a 4-bp restriction enzyme
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Figure 11.4. Fingerprints of soybean BACs
cloned in pECBAC1, rice PBCs cloned in
pCLD04541, and tomato BIBACs cloned in
BIBAC2 generated with HindIII/HaeIII by the
manual sequencing gel-based restriction fin-
gerprinting method. The first and last lanes of
each type of sample are l/Sau3AI DNA markers
end-labeled with 33P-dATP, and the remaining
lanes are plant DNA BAC, PBC, or BIBAC
clones. The DNA of BAC, PBC, and BIBAC was
purified manually in 96-well format according
to Chang et al. (2001) and Tao et al. (2001). The
digestion of the BAC, PBC, and BIBAC DNA
with HindIII and HaeIII and end labeling of the
HindIII sites with 33P-dATP were conducted in a
single step in an eight-microtube strip. No
vector band was observed in the pCLD04541
clone fingerprints, one vector band was ob-
served in the pECBAC1 clone fingerprints, and
four vector bands were observed in the BIBAC2
clone fingerprints, each being indicated by
arrowheads.



(a blunt-ended enzyme is preferable) simultaneously or separately, followed by frac-
tionating the restricted fragments on DNA sequencing gels. The fingerprints of
clones are visualized by autoradiography and converted into image files by scan-
ning the fingerprints into a computer. The sticky-end 6-bp restriction enzyme is
used to digest the DNA, control the number of restricted fragments, and provide
sticky ends for labeling by a filling-in reaction, whereas the 4-bp restriction enzyme
is used to further digest the DNA fragments into smaller ones so that they can be
fractionated in a range from 50 to 1000 nucleotides on a denaturing DNA sequen-
cing gel. Figure 11.4 shows examples of BAC, PBC, and BIBAC fingerprints gen-
erated using this method. The below procedure is prepared according to Zhang
and Wing (1997), Chang et al. (2001) and Tao et al. (2001), in which DNA digestion
and end-labeling are completed in a single step.

Equipment and Materials

1. Sequi-gen GT sequencing system (Bio-Rad, USA).
2. Double-up gel drying system (Bio-Rad, USA).
3. 40% polyacrylamide solution (Bio-Rad, USA).
4. 10q TBE: 0.89 M Tris base, 0.89 M boric acid, 0.02 M EDTA, pH 8.0.
5. 3q loading dye: 98% deionized formamide, 0.3% bromophenol blue, 0.3% xy-

lene cyanol, and 10 mM EDTA, pH 8.0.
6. 8 M urea.
7. Kodak Biomax MR film (35q43 cm).

Standard DNA Marker Preparation

The standard molecular weight DNA markers are prepared by digesting l DNA
and end-labeling the restricted fragments in a reaction buffer containing 0.1 M
potassium acetate, 25 mM Tris-acetate (pH 7.5), 10 mM magnesium acetate, and
1 mM DTT.

1. Set up the following reaction of DNA marker preparation:

dd H2O 36 mL
0.5 mg mL–1 Lambda DNA (Biolabs, USA) 2 mL
10q reaction buffer (see above) 5 mL
10 mM dGTP (Sigma, USA) 2 mL
10 mM ddTTP (Sigma, USA) 2 mL
10 U mL–1 Sau3AI (Promega, USA) 1 mL
10 U mL–1 AMV-Reverse transcriptase (Promega, USA) 1 mL
33P-dATP (i2500 Ci mM–1, Amersham, USA) 1 mL

Total volume 50 mL

2. Mix well and incubate at 37 hC for 2 h. Stop the reaction by adding 25 mL of 3q
loading dye and store at –20 hC.

3. Heat at 95 hC for 5 min and transfer on ice before use. Load 1.5Z3.0 mL per
lane.
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DNA Restriction Digestion and End Labeling With a Radioactive Nucleotide

Each DNA sample is digested and labeled at a single step in a reaction buffer
containing 27.5 mM Tris-acetate, pH 7.8, 110 mM potassium acetate, 11 mM mag-
nesium acetate, 1 mM DTT, 110 mg mL–1 BSA, and 7 mM ddGTP (as necessary,
110 mg mL–1 DNase-free RNase A is added to the buffer) in 8- or 12-microtube
strips.

1. Set up the reaction of sample DNA digestion and labeling:

BAC DNA 3 mL (100–200 ng)
2q fingerprinting reaction buffer (see above) 2.79 mL
50 U mL–1 HindIII (Promega, USA) 0.05 mL
50 U mL–1 HaeIII (Promega, USA) 0.05 mL
10 U/50 U mL–1 AMV-reverse transcriptase (Promega, USA) 0.06 mL
33P-dATP (i2500 Ci mM–1, Amersham) 0.05 mL

Total volume 6.00 mL

2. Mix well and incubate at 37 hC for 2 h. Stop the reaction by adding 3 mL of 3q
loading dye.

3. Heat at 95 hC for 5 min and transfer on ice before use. Load 1.5Z3.0 mL per
lane.

Restricted Fragment Fractionation by Denaturing Sequencing Gel Electrophoresis and
Data Acquisition

1. Carefully clean up a pair of sequencing plates, set up the sequencing gel cast
unit, and prepare 100 mL of 4% polyacrylamide gel solution. To prepare the
solution, mix well 10 mL of 40% polyacrylamide, 90 mL of 8 M urea in
1q TBE, 40 mL TEMED, and 500 mL of 10% APS.

2. Pour the gel solution carefully into the gel cast and use a 0.4-cm, 73-well shark-
tooth comb (Bio-Rad, USA) and allow the gel to completely solidify.

3. Pre-run the gel for 1 h at 90 W in 1q TBE buffer.
4. Rinse the top of the gel thoroughly with 1q TBE, insert a shark-tooth comb

(0.4-cm, 73-well) and rinse all the wells thoroughly using a plastic syringe.
5. Load 1.5Z3.0 mL of each DNA fingerprinting sample per lane prepared above

and 1.5Z3.0 mL of the lambda/Sau3AI standard marker per lane, beginning
with the first lane, every ninth lane, and the last two lanes.

6. Run the gel at 90 W for about 100 min until the bromophenol blue dye is about
4 cm from the bottom of the gel.

7. Lift the gel on 3 MM chromatograph paper (Whatman, USA), wrap with Saran
Wrap, and vacuum dry at 80 hC using a vacuum gel dryer.

8. Expose the gel for 1–2 days to the Kodak Biomax MR film and develop the film.
9. Scan the fingerprints on the autoradiograph into image files using a UMAX Mi-

rage D-16L scanner and transfer to a Unix workstation (SUN Microsystems) for
further analysis (see Chapter 13).
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11.2.2.3 Automatic Sequencing Gel- and Capillary Electrophoresis-based Restriction
Fingerprinting Methods

The automatic restriction fingerprinting methods using the polyacrylamide gel-
based (Gregory et al. 1997; Ding et al. 1999, 2001) or capillary electrophoresis-
based (Xu et al. 2002, 2004) automatic sequencers generate fingerprints from bac-
teria-based large-insert clones by digesting the DNA with one or more sticky-end
6-bp restriction enzymes, end-labeling with fluorescent dideoxynucleotide dyes
such as ddATP-HEX or ddATP-NED, and then digesting with one 4-bp, blunt-
end restriction enzyme. In the manual sequencing gel-based restriction finger-
printing method, the sticky-end 6-bp restriction enzyme is used to digest the
DNA, control the number of restricted fragments, and provide sticky ends for label-
ing by a filling-in reaction, whereas the 4-bp restriction enzyme is used to further
digest the DNA fragments into smaller ones so that they can be fractionated in a
range from 35 to 600 nucleotides on a sequencing gel- or capillary electrophoresis-
based automatic sequencer. The fragments are separated on DNA sequencing gels
or sequencing capillaries. The fingerprints of clones are directly visualized on auto-
matic DNA sequencers such as ABI PRISM 377 (Applied Biosystems, USA) and
ABI 3100 and captured into a computer with the GeneScan software installed in
the sequencer. Figure 11.5 shows examples of the fingerprints of BAC clones di-
gested with three restriction enzymes and labeled with one fluorescent color as
well as the fingerprints of BAC clones digested with five different restriction en-
zymes, labeled with four fluorescent dyes (SNaPshot kit, Applied Biosystems,
USA), and fractionated in one capillary of the ABI 3100 sequencer.

Equipment and Materials

ABI PRISM 377, ABI 3100, or any advanced model of the automatic DNA sequen-
cers with supplemental materials for DNA genotyping analysis can be used.

Restriction Digestion and End-labeling With Fluorescent Nucleotides

In this fingerprinting method, each BAC DNA can be digested with (1) two en-
zymes such as HindIII/Sau3AI and end-labeled at the HindIII sites with a single
fluorescent dye such as ddATP-HEX, ddATP-NED, or ddATP-TET (Gregory et al.
1997); (2) one type IIS and one type III restriction enzyme such as HgaI/RsaI
and end-labeled at the unknown HgaI sites with a fluorescent dideoxy terminator
kit (Applied Biosystems, USA) containing ddATP-R6G, ddT(U)TP-ROX, ddGTP-
R110, and ddCTP-TEMRA (Ding et al. 2001); (3) three enzymes such as Hin-
dIII/BamHI/HaeIII and end-labeled at the HindIII, BamHI, or both enzyme
sites with one fluorescent dye such as ddATP-HEX, ddATP-NED, or ddATP-TET
(Applied Biosystems, USA) (Xu et al. 2002, 2004); (4) three pairs of restriction
enzymes such as HindIII/RsaI, HindIII/DpnI, and HindIII/HaeIII separately
and end-labeled at the HindIII sites with three different fluorescent dyes such
as ddATP-HEX, ddATP-NED, or ddATP-TET, respectively (Ding et al. 1999); or
(5) five restriction enzymes such as HindIII/BamHI/XbaI/XhoI/HaeIII and end-
labeled at the HindIII, BamHI, XbaI, and XhoI sites using the SNaPshot kit con-
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taining ddATP- R6G, ddGTP- R110, ddCTP- TAMRA, and ddT(U)TP- ROX (Xu et
al. 2002, 2004). Note that the number of restriction enzymes used to generate fin-
gerprints depends on the number of bands that are preferred to be generated per
clone. According to Xu et al. (2004), for the fixed range of band size (35Z500 bases)
of an automatic sequencer-based method, the number of bands per clone ranging
from 50 to 70 is the most desired for accurate, large contig assembly using the FPC
program (Soderlund et al. 2000). Both Ding et al. (1999) and Xu et al. (2004)
showed that although a certain number of bands per clone are required for its iden-
tity and assembly into a contig, too many bands in each clone make it troublesome
for the FPC program to assemble contigs accurately. Below, several procedures for
large-insert clone restriction digestion and end labeling with fluorescent nucleo-
tides according to Xu et al. (2000, 2004) are detailed.

1. For DNA digestion with HindIII/HaeIII and end labeling at the HindIII sites
with a single fluorescent dye, set up the reaction in a reaction buffer containing
25 mM Tris-acetate (pH 7.8), 100 mM potassium acetate, 10 mM magnesium
acetate, and 1 mM DTT:

dd H2O 6.425 mL
DNA 20.00 mL (200–500 ng)
10q reaction buffer 3.00 mL
10 mg mL–1 BSA 0.30 mL
80 U mL–1 HindIII 0.037 mL
80 U mL–1 HaeIII 0.038 mL
NED-ddATP or HEX-ddATP 0.10 mL
8 U mL–1 Taq DNA polymerase FS 0.10 mL

Total volume 30.00 mL

For DNA digestion with HindIII/BamHI/HaeIII and end labeling at the HindIII
and BamHI sites with a single fluorescent dye, set up the reaction in a reaction
buffer containing 25 mM Tris-acetate (pH 7.8), 100 mM potassium acetate,
10 mM magnesium acetate, 1 mM DTT, and 6 mM dGTP:
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m Figure 11.5. Fingerprints of Arabidopsis BACs generated by the capillary electrophoresis-based re-
striction fingerprinting methods (Xu et al. 2002, 2004; Figure 11.2). BAC DNA was isolated with the
AutoGenprep 960 Robotic Workstation in 96-well format. (A) BAC DNA was digested with HindIII/
BamHI/HaeIII and end-labeled with HEX-ddATP (BAC1) or NED-ddATP (BAC2), and the BACs la-
beled with different colors are combined. (B) BAC DNA was digested with HindIII/BamHI/XbaI/
XhoI/HaeIII and end-labeled at the HindIII, BamHI, XbaI, and XhoI sites with the SNaPshot kit
containing R6G-ddATP (green), R110-ddGTP (blue), TAMRA-ddCTP (black), and ROX-ddT(U)TP
(red). The restricted and end-labeled fragments are mixed with the internal molecular weight DNA
markers (orange) and fractionated on the ABI 3100 Genetic Analyzer. The fingerprint of each BAC
was captured by the GeneScan software (from Xu et al. 2004).



dd H2O 6.388 mL
DNA 20.00 mL (200–500 ng)
10q reaction buffer 3.00 mL
10 mg mL–1 BSA 0.30 mL
80 U mL–1 HindIII 0.037 mL
80 U mL–1 BamHI 0.037 mL
80 U mL–1 HaeIII 0.038 mL
NED-ddATP or Hex-ddATP 0.10 mL
8 U mL–1 Taq DNA polymerase FS 0.10 mL
Total volume 30.00 mL

For DNA digestion with HindIII/BamHI/XbaI/XhoIHaeIII and end labeling at
the HindIII, BamHI, XbaI, and XhoI sites using the SNaPshot kit containing
ddATP-R6G, ddGTP-R110, ddCTP-TAMRA, ddT(U)TP-ROX, and Taq DNA poly-
merase FS, first set up the reaction in reaction buffer I containing 50 mM NaCl,
10 mM Tris-HCl (pH 7.9), 10 mM magnesium acetate, and 1 mM DTT:

dd H2O 4.45 mL
DNA 35.00 mL (200–500 ng)
10q reaction buffer I 4.50 mL
10 mg mL–1 BSA 0.45 mL
20 U mL–1 HindIII 0.15 mL
20 U mL–1 XbaI 0.15 mL
20 U mL–1 XhoI 0.30 mL

Total volume 45.00 mL

After incubating at 37 hC for 2 h, heat at 65 hC for 15 min, precipitate the DNA
with isopropanol, wash in 70% ethanol, air dry, dissolve in 45 mL dd H2O, and then
set up the reaction in reaction buffer II containing 13.8 mM Tris-acetate (pH 7.8),
37.5 mM NaCl, 25 mM potassium acetate, 10 mM magnesium acetate, and 1 mM
DTT.

dd H2O 5.80 mL
DNA 45.00 mL
10q reaction buffer II 6.00 mL
10 mg mL–1 BSA 0.60 mL
80 U mL–1 BamHI 0.05 mL
80 U mL–1 HaeIII 0.05 mL
The SnaPshot kit 2.50 mL

Total volume 60.00 mL

2. Mix well and incubate at 37 hC for 2 h and then at 65 hC for an additional
45 min.

3. Combine multiple clones labeled with different colors as needed, precipitate
with 100% ethanol (previously stored at –20 hC), wash with ice-cold 70% etha-
nol, and air-dry the pellets.
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4. Dissolve the pellets in 9.75 mL Hi-formamide, add 0.25 mL Liz 500 size standard,
vortex, spin down, and keep at 4 hC overnight.

5. Heat at 95 hC for 5 min and transfer on ice before use. Load a 1.0-mL sample per
lane on an ABI PRISM 377 or fractionate the DNA on the ABI 3100 Genetic
Analyzer (sequencer) using the Run Module.

6. Collect the fingerprint data using the GeneScan software for physical map con-
tig assembly (see Chapter 13).

11.2.3
Applications of DNA Fingerprinting for Genome Physical Mapping

11.2.3.1 Whole-genome Physical Maps Generated from Large-insert Bacterial Clones
by Fingerprint Analysis

Whole-genome physical maps have been successfully generated from bacteria-
based large-insert clones for several plant, animal, and microbe species by using
the restriction fingerprinting methods followed by contig assembly using the com-
puter program FPC (Sulston et al. 1988; Soderlund et al. 1997, 2000). They are the
physical maps of Arabidopsis thaliana (Marra et al. 1999; Chang et al. 2001), indica
rice (Tao et al. 2001), japonica rice (Chen et al. 2002; Li et al. 2004), soybean (Wu et
al. 2004), Drosophila melanogaster (Hoskins et al. 2000), human (IHGMC 2001),
mouse (Gregory et al. 2002), chicken (Ren et al. 2003), and Bradyrhizobium japoni-
cum (Tomkins et al. 2001). Table 11.1 summarizes the basic features of the physical
maps. These studies show at least the following points. First, the restriction finger-
printing methods can be used to construct reliable whole-genome, contig-based
physical maps from random bacteria-based large-insert clones. Physical maps
could be constructed by using either the agarose gel-based restriction fingerprint-
ing method (Marra et al.1997) or the manual sequencing gel-based restriction fin-
gerprinting method (Zhang and Wing 1997; Tao and Zhang 1998). It should be
noted that the construction of all of the physical maps by these two methods
does not imply that they are the most powerful for whole-genome physical map-
ping; it indicates only that they are the first to be used for physical map construc-
tion. The automatic sequencing gel- and capillary electrophoresis-based finger-
printing methods are now being used to generate physical maps in several species.
Second, whole-genome physical maps by the fingerprinting methods are not af-
fected significantly by the sizes and complexities of the genomes, as indicated by
the fact that quality physical maps were constructed from species with genome
sizes ranging from several million base pairs to 3200 Mb. Third, DNA libraries
constructed from two or more restriction enzymes facilitate quality physical map
construction, as indicated by the fact that most of the physical maps were con-
structed from such libraries. Fourth, source clones equivalent to 6.9q–77q were
used to construct the physical maps, suggesting that studies are needed to deter-
mine how many equivalents of clones are needed to construct high-quality physical
maps efficiently. Finally, the fingerprinting methods are only able to construct over-
lapping clone contigs each spanning less than one million base pairs, suggesting
that other tools, such as mapped DNA markers, and clone end sequences and syn-
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tenic sequences, are needed to further extend the contigs into larger ones and fi-
nally construct robust physical maps consisting of fewer contigs per chromosome.

11.2.3.2 Comparison of Different Fingerprinting Methods
Table 11.2 summarizes the major features of the restriction fingerprinting methods
that have been developed so far to generate fingerprints from bacteria-based large-
insert clones using restriction enzymes. Each of these methods has its advantages
and disadvantages over the others. The agarose gel-based method (Marra et al.
1997) is relatively simple and economical and is able to fractionate DNA fragments
up to 20 kb, thus being amenable to fragment size estimation. These features fa-
cilitate large-scale clone fingerprinting. However, it has a very low resolution of
fragments, ranging from 4 bp at the 600-bp zone to 112 bp at the16-kb zone. More-
over, because only one restriction enzyme is used to generate the fingerprint from
each clone, the agarose gel-based method generates fewer fingerprint bands per
clone than do the polyacrylamide gel- and automatic sequencer-based methods
(Figure 11.3). Furthermore, because the samples and standard molecular weight
markers are loaded in separate lanes, the accuracy of band calling is much lower
than in the automated sequencer-based method. These shortcomings all could re-
duce the accuracy of large contig assembly. In addition, because the samples need
to be loaded manually and the method is still not suited for multiplex analysis, it is
not amenable to automation, and the throughput is lower than in the automatic
DNA sequencer-based method.
The manual polyacrylamide gel-based method (Zhang and Wing 1997; Tao and

Zhang 1998) is also relatively simple and economical. The similarity of the method
ensures that the restriction digestion is completed and that the digestion and label-
ing can be conducted in a single step. This method has a high resolution of one
nucleotide, which allows the fragments differing by one nucleotide to be separated
into different bands. Furthermore, this method generates fragments ranging from
58 to 773 bases that are well suited for contig map construction, and the number of
bands per clone can be readily adjusted along the insert sizes of the source clones
by adjusting the number of restriction enzymes used in the digestion and labeling.
These features are crucial to large-scale, quality fingerprint generation and contig
map assembly. Nevertheless, because the fragments are visualized by fragment end
labeling with radioactive nucleotides and the fractionation gels are loaded manu-
ally, this method is also not suited for automation and high-throughput fingerprint
generation. The separate loading of the samples from the standard molecular
weight markers likewise reduces the accuracy of band calling.
The automatic DNA sequencer-based methods (Gregory et al. 1997; Ding et al.

1999, 2001; Xu et al. 2002, 2004) are promising for the rapid development of
whole-genome physical maps for large, complex genomes despite the fact that
no whole-genome physical maps developed by these methods have been reported
so far. These methods allow generation of fingerprints at a resolution of 0.5 or 0.2
base, depending on the DNA sequencers used. They were developed to facilitate
automation of the fingerprinting process and high-throughput generation of fin-

27711.2 Techniques and Methodologies



278 11 Whole-genome Physical Mapping: An Overview on Methods for DNA Fingerprinting

Ta
bl
e
11
.2
.

C
om

pa
ri
so
n
am

on
g
di
ff
er
en

t
re
st
ri
ct
io
n
fin

ge
rp
ri
nt
in
g
m
et
ho

ds
.

M
et
ho

ds
Eq

ui
pm

en
t

N
o.

of
en
zy
m
es

us
ed

(e
.g
.)

U
sa
bl
e

fr
ag

m
en
t

si
ze

ra
ng

e

R
es
ol
u-

ti
on

1
Si
ze

st
an

da
rd

V
is
ua

liz
a-

ti
on

m
et
ho

ds

A
ut
o-

m
a-

ti
on

Th
ro
ug

h-
pu

t2
C
os
t3

($
/B
A
C
)

R
ef
er
en
ce

A
ga
ro
se

ge
l-b

as
ed

C
on

ve
n
ti
on

al
O
n
e

(H
in
dI
II
)

60
0
bp

Z
16

kb
4Z

11
2

bp
S
ep
ar
at
e

la
n
es

V
is
tr
a
or

S
Y
B
R

N
o

38
4

1.
20

M
ar
ra

et
al
.

19
97

M
an

u
al

po
ly
ac
ry
la
m
id
e

ge
l-b

as
ed

C
on

ve
n
ti
on

al
Tw

o
(H

in
dI
II
/H

ae
II
I)

58
Z
77

3
ba
se

1
ba
se

S
ep
ar
at
e

la
n
es

32
P
,
33
P

or
32
S

N
o

38
4

0.
50

Ta
o
et

al
.
20

01

A
u
to
m
at
ic

D
N
A

se
qu

en
ce
r-
ba
se
d
:

G
el

m
at
ri
x

A
B
I
37

7
Tw

o
(H

in
dI
II
/H

ae
II
I)

75
Z
50

0
ba
se

0.
5
ba
se

In
si
de

sa
m
pl
e

F
lu
or
es
-

ce
n
ce

Ye
s

15
36

1.
30

G
re
go

ry
et

al
.

19
97

G
el

m
at
ri
x

A
B
I
37

7
T
h
re
e
pa
ir
s

(H
in
dI
II
/R

sa
I,

H
in
dI
II
/ D

pn
I
an

d
H
in
dI
II
/ H

ae
II
I)

75
Z
50

0
ba
se

0.
5
ba
se

In
si
de

sa
m
pl
e

F
lu
or
es
-

ce
n
ce

Ye
s

38
4

3.
00

D
in
g
et

al
.

19
99

G
el

m
at
ri
x

A
B
I
37

7
A
pa
ir

of
ty
pe

II
S

an
d
ty
pe

II
(H

ga
I/
R
sa
I)

75
Z
50

0
ba
se

0.
5
ba
se

In
si
de

sa
m
pl
e

F
lu
or
es
-

ce
n
ce

Ye
s

38
4

3.
00
Z
4.
00

D
in
g
et

al
.

20
01

C
ap
ill
ar
ie
s

A
B
I
31

00
T
h
re
e

(H
in
dI
II
/B

am
H
I/

H
ae
II
I)

35
Z
50

0
ba
se

0.
2
ba
se

In
si
de

sa
m
pl
e

F
lu
or
es
-

ce
n
ce

Ye
s

15
36

1.
30

X
u
et

al
.
20

04

C
ap
ill
ar
ie
s

A
B
I
31

00
Fi
ve

(H
in
dI
II
/B

am
H
I/

X
ba
I/
X
ho
I/
H
ae
II
I)

35
Z
50

0
ba
se

0.
2
ba
se

In
si
de

sa
m
pl
e

F
lu
or
es
-

ce
n
ce

Ye
s

38
4

3.
00
Z
4.
00

X
u
et

al
.
20

04

1
T
h
e
re
so
lu
ti
on

of
ag
ar
os
e
ge
ls
is
va
ri
ab
le
,r
an

gi
n
g
fr
om

4.
2
bp

at
th
e
60
0
-b
p
zo
n
e
to

11
2
bp

at
th
e
16

-k
b
zo
n
e
of

th
e
ge
l,
w
h
er
ea
s
th
e
re
so
lu
ti
on

of
th
e
D
N
A
se
qu

en
ci
n
g

ge
ls

or
ca
pi
lla
ry

el
ec
tr
op

h
or
es
is

is
fi
xe
d
ac
co
rd
in
g
to

it
s
m
an

u
fa
ct
u
re
rs
.

2
T
h
e
th
ro
u
gh

pu
t
w
as

ba
se
d
on

th
e
ou

tp
u
t
of

tw
o
pe
rs
on

s
in

a
w
or
ki
n
g
da
y,
fr
om

cl
on

e
ce
lls

to
fi
n
ge
rp
ri
n
ts
.N

ot
e
th
at

on
ly
th
e
tw

o-
en

zy
m
e
m
et
h
od

of
G
re
go

ry
et

al
.(
19
97
)

an
d
th
e
th
re
e-
en

zy
m
e
m
et
h
od

of
X
u
et

al
.
(2
00
4)

ca
n
be

m
u
lt
ip
le
xe
d;

u
p
to

fo
u
r
cl
on

es
ca
n
be

an
al
yz
ed

pe
r
ge
l
la
n
e
or

ca
pi
lla
ry

ch
an

n
el
.

3
E
st
im

at
es

ar
e
ba
se
d
on

th
e
m
et
h
od

s
u
se
d
in

th
e
pu

bl
ic
at
io
n
s,

in
cl
u
di
n
g
th
e
co
st

fo
r
D
N
A

is
ol
at
io
n
an

d
fi
n
ge
rp
ri
n
ti
n
g
bu

t
n
ot

in
cl
u
di
n
g
la
bo

r.



gerprints. Generated fingerprints can be directly visualized, automatically captured
into a computer during electrophoresis, edited, and converted into an FPC file by a
customer-devised software. Labeling different clones with different migration rate–
comparable fluorescent dyes following the method of Gregory et al. (1997) and the
three-enzyme method of Xu et al. (2004) allows up to four clones to be fractionated
on a single gel lane or capillary channel, which could further increase the through-
put of fingerprint production by fourfold relative to the other fingerprinting meth-
ods. The loading of standard molecular weight markers with samples in the same
lane or capillary channel has significantly enhanced the accuracy of band calling.
As in the manual sequencing gel-based method, the number of bands per clone
can be adjusted readily, corresponding to the insert sizes of the source clones. Ac-
cording to the method of Ding et al. (1999, 2001) and the five-enzyme method of
Xu et al. (2004), up to five restriction enzymes are used and a single higher num-
ber of bands are generated per clone. Although the increased number of bands per
clone may not enhance the quality of the physical map constructed (see below), the
increased number of restriction enzymes and labeling processes would complicate
the fingerprint generation, including more steps and/or higher potential in non-
specific digestions. This could not only influence the quality of contigs but also in-
crease the cost of the fingerprinting reactions. Nevertheless, the automatic DNA
sequencer-based method with type IIS and type III restriction enzymes is not
cost-efficient but is more accurate in detecting small overlaps, and thus is useful
for gap closing for large-scale fingerprinting and physical mapping of an entire
genome (Ding et al. 2001).
The development of various fingerprinting methods has provided different tools

for and facilitated whole-genome physical mapping rapidly and efficiently. How-
ever, no comparative study has been conducted among the methods until recently
(Xu et al. 2004), although the agarose gel-based method (Marra et al. 1997) and the
manual sequencing gel-based method (Zhang and Wing 1997) have been used in
the development of whole-genome physical maps of several species. Xu et al.
(2004) first systematically studied influences of different fingerprinting methods
on quality physical map construction in silico and experimentally. These methods
included the agarose gel-based, one-enzyme method (Marra et al. 1997), the man-
ual sequencing gel-based, two-enzyme method (Zhang and Wing 1997), the capil-
lary electrophoresis-based, three-enzyme method (Xu et al. 2002, 2004), the auto-
mated sequencing gel-based four-enzyme method (Ding et al. 1999), and the capil-
lary electrophoresis-based five-enzyme method (Xu et al. 2002, 2004). They found
that different quality physical maps were constructed using different fingerprinting
methods. The results showed that the manual sequencing gel-based, two-enzyme
method consistently generated larger and more accurate contigs, followed by the
capillary electrophoresis-based, three-enzyme method, the agarose gel-based, one-
enzyme method, the capillary electrophoresis-based five-enzyme method, and the
automated sequencing gel-based four-enzyme method in descending order. This
is because although a certain number of bands per clone are required for its iden-
tity and assembly into a contig, too many bands in each clone make it troublesome
for the FPC program to assemble contigs accurately due to the increase in the
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chances of band mismatching. The results also showed that fingerprint band reso-
lution played an important role in the quality map of construction: the resolutions
that are one nucleotide or higher facilitate quality map construction. Xu et al.
(2004) also studied the influence of genome coverage of source clones, ranging
from 5q to 15q genomes, on quality map construction. The results revealed
that as the number of clones increased from 5q to 10q, the contig length rapidly
increased for all methods studied. However, when the number of clones was in-
creased from 10q to 15q coverage, the contig length at best increased at a
lower rate or even decreased. Therefore, they concluded, along with considerations
of fingerprinting throughput and automation, that the capillary sequencing-based,
three-enzyme method (Xu et al. 2002, 2004) or a capillary sequencing-based, two-
enzyme method with approximately 10q coverage clones is the most efficient for
quality map construction. It is worth noting that both of the fingerprinting meth-
ods are well amenable to multiplex fingerprint production, which adds further ad-
vantages to these methods over others for whole-genome physical mapping.

11.3
Discussion

DNA fingerprinting is a powerful tool for whole-genome physical mapping from
bacteria-based large-insert clones. This has been demonstrated in the past few
years in the physical mapping of several species, including human, plants, ani-
mals, insects, and microbes (Table 11.1). If a capillary electrophoresis-based, two-
or three-enzyme fingerprinting method (Xu et al. 2004) is used, the fingerprints
of approximately 70,000 clones equivalent to 10q genome coverage of an organism
could be generated within four scientist months, which are sufficient for assembly
of a whole-genome physical map of a species with a genome size of 1000 Mb.
Among the DNA fingerprinting methods developed in the past few years (although
each has its advantages and disadvantages over the others and any of them might
be able to generate contigs), selection of the method that is most suited to a phy-
sical mapping project is of significance for constructing quality physical maps ra-
pidly and efficiently. The studies of Xu et al. (2004) suggested that a capillary elec-
trophoresis-based, two- or three-enzyme fingerprinting method is the most effi-
cient for quality physical map construction because it is simple, fully automated,
and amenable to multiplex and high-throughput fingerprint production. In addi-
tion, the number of bands generated per clone is the most desired for physical
map contig assembly using the automatic DNA sequencer-based method.
Whole-genome physical mapping by fingerprint analysis is, however, a compli-

cated process. In addition to the use of the most suited fingerprinting method,
quality physical map construction from the fingerprints of clones is influenced
by many other factors. These factors include the average insert size, genome repre-
sentation, and genome coverage of the source clones (see Chapter 9; Soderlund et
al. 1997). It might also be affected by the computer program used for map contig
assembly from the fingerprints. The FPC program is the most widely used pro-
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gram for whole-genome physical map contig assembly from large-insert clone fin-
gerprints. It was initially developed by Sulston et al. (1988) to construct the contig
map of Caenorhabditis elegans from fingerprints generated from cosmids using the
manual sequencing gel-based method (Coulson et al. 1986). Later, the program was
further modified two or more times by Soderlund et al. (1997, 2000) to facilitate
contig map construction from fingerprints generated from large-insert clones
using the agarose gel-based method (Marra et al. 1997) and the manual sequencing
gel-based method (Hong 1997; Zhang and Wing 1997) (see Chapter 13). Although
the improved version of the FPC program provides several advanced features over
the original version of the program, it still needs further improvements, especially
for construction of contig maps from fingerprints generated with different auto-
matic sequencer-based fingerprinting methods. Currently, large and accurate con-
tig assembly using the FPC program is still largely influenced by human experi-
ences and intervention.
Multiple tools are needed to develop a robust physical map consisting of one or a

few contigs for each chromosome. Previous physical mapping (Marra et al. 1999;
Hoskins et al. 2000; Chang et al. 2001; IHGMC 2001; Tao et al. 2001; Chen et
al. 2002; Gregory et al. 2002; Ren et al. 2003; Wu et al. 2004) showed that the
DNA fingerprinting methods allowed only the contigs shorter than 1.0 Mb to be
assembled. Additional tools are needed to extend or merge the neighboring contigs
into larger ones or a “contig scaffold.” DNA markers mapped to genetic linkage
maps provide powerful means in this regard. Additionally, anchoring of contigs
to genetic linkage maps with DNA markers could also further verify the contigs
and increases the utility of the whole-genome physical map. Other tools that
have been used to assist in high-quality physical map construction include assign-
ment of STSs derived from the fingerprinted BAC end sequences along syntenic
genomic sequences and FISH mapping. It is also apparent from previous studies
(Wu et al. 2004) that novel technologies are needed to challenge the construction of
physical maps for the heterochromatic portions of the genomes, especially those
containing tandem repeat elements such as centromeric repeats and rDNA. This
effort is essential to obtaining a physical map that covers the entire genome and
to studying genomic organization, function, and evolution.
Whole-genome physical mapping by fingerprint analysis will continue to play an

important role in genome research. First, although whole-genome physical maps
have been constructed for several important species (Table 11.1), physical maps
will be needed for many other species or genotypes for advanced genomics re-
search. Second, in the past decades DNA sequencing technology has been revolu-
tionized, and thus the sequencing cost of large, complex genomes has become af-
fordable. The genomes of more and more human health–related, scientifically, eco-
nomically, agriculturally, and/or environmentally important plant, animal, insect,
and microbe species are undergoing sequencing or will be sequenced in the
near future. No matter which of the sequencing strategies – clone-by-clone or
whole-genome shotgun – is used, bacteria-based large-insert clone maps are indis-
pensable for the accurate assembly and finishing of the entire genome sequence.
The clone-based physical maps also provide an integrated resource for analysis of
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genome structure, organization, function, and evolution, and use of the genome
sequencing results in plant genetic improvement.
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12
Software for Restriction Fragment Physical Maps

William Nelson and Carol Soderlund

Overview

Over a decade ago, the first contigs built by restriction fragment fingerprints were
published. Coulson et al. [1] mapped C. elegans using a two-enzyme method, which
produced small fragments that could be run on an acrylamide gel. The result was
many high-precision fragments covering a subset of the clones. Olson et al. [2]
mapped yeast using a complete-digest method, which produced large fragments
that were run on agarose. The result was low-precision fragments covering most
of the clone. This method was improved by Marra et al. [3] and used extensively,
including for the human fingerprint map [4]. Ding et al. [5, 6] proposed high infor-
mation content fingerprinting (HICF), which uses a two-enzyme method run on a
sequencing machine, where each fragment is identified by both a size and one or
five labeled bases. As with the method used for C. elegans, this produces high-pre-
cision fragments covering a subset of the clone. Modifications of this method have
been developed by Dupont [7] and by Luo et al. [8], which we will refer to as the
Dupont and SNaPshot methods, respectively. This chapter discusses and compares
these methods, as well as the techniques for processing HICF fragments and as-
sembling them in FingerPrinted Contigs (FPC) [9, 10].

12.1
Introduction

12.1.1
Review of Agarose Fingerprinting and FPC

In agarose fingerprinting, the clones are digested with a restriction enzyme such as
HindIII and the resulting fragments are run on an agarose gel. The enzyme typi-
cally has a six-base recognition sequence and therefore cuts approximately once
every 46¼4096 bases, leading to an average of 32 fragments for a typical 130 kb
BAC clone. From the gel, the fragments are detected as dark-colored bands, and



a migration rate is assigned to each one. This is generally done with Image ([11],
www.sanger.ac.uk/software/Image), which is mainly interactive, i. e., a human
must determine which are the true bands. The migration rate for each fragment
is inversely related to the fragment size. By running a standards lane, it is possible
to convert the migration rates back to base pair sizes. Either the rates or the sizes
can be used as input into FPC, though the rates are typically used. The real value of
the rate is within a tolerance of the measured values. When using migration rates,
a fixed tolerance is used, while with sizes, a variable tolerance is used. We will con-
sider only rates in this chapter, and they will frequently be referred to as “bands.”
The clone fingerprints are then assembled into contigs by FPC. There are two

distinct steps involved in the assembly. First, every clone is compared with every
other, and every pair is given an overlap score, which is determined from the num-
bers of bands in each clone and the number of shared bands. Two bands from two
different clones are considered shared if they differ by less than the tolerance,
which is a user-supplied parameter to FPC. The score for a pair is intended to
be roughly the probability that those two clones would share that many bands
by random chance; the lower the score, the more likely it is that the two clones ac-
tually overlap in the genome. FPC compares the score against another user-sup-
plied parameter, the cutoff, and if the score is lower, FPC puts those two clones
into the same contig.
After FPC joins the clones into contigs, it tries to determine their ordering

within the contigs. For this purpose, FPC computes a “consensus band map,” or
CB map. Ideally, the CB map lists in the correct order all of the bands in the stretch
of genomic DNA covered by the contig. In practice, the clone band files contain
numerous errors – including extra bands, missing bands, and incorrectly sized
bands – which make it impossible to compute an exact CB map. Also, contigs
can be wrongly joined by a false-positive overlap, meaning that even with perfect
data, a good CB map could not be generated since the contig actually covers two
or more disjointed pieces of DNA.
Computing the best solution would take an unacceptable amount of computer

time; therefore, the algorithm to build the CB maps is an approximation. FPC
makes several attempts to compute a CB map (the exact number is user-specified),
each time starting from a different initial clone. Each attempted CB map gets a
score, which reflects the fraction of the clone bands that actually align to the
map; bands that do not align are referred to as “extra” bands. A clone that contains
more than 50% extra bands is labeled as a “Q” (for question) clone. Generally, the
presence of more than a few Q clones indicates that a contig has at least one false
positive overlap and should be broken into two or more contigs (this is further dis-
cussed in Section 12.4.5).
FPC chooses the best-scoring CB map for each contig and records the number of

Q clones in each contig. These numbers are shown to the user, who can then
choose to run the “DQer” to reduce the number of Q clones. The DQer attempts
to break up contigs having more than a given (user-specified) number of Q clones
by rerunning the assembly algorithm on those contigs using more stringent cutoff
values. Specifically, it reruns the algorithm up to three times, each time with the
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cutoff reduced by a user-specified step. For example, if the cutoff is set at 1e-12 and
the step is set to 1, then all contigs with too many Q clones will be reevaluated at
1e-13. This may split some contigs apart, hopefully eliminating the bad joins and
reducing the Q count. Contigs that still have too many Q clones will then be re-
evaluated at 1e-14 and, if necessary, again at 1e-15.
This is the procedure followed to build an agarose map. We will now discuss the

exact values of the parameters appropriate for agarose projects in order to compare
to the HICF projects discussed next.
The tolerance is determined by how accurately the gel image can be scored by

band callers; typically, a value of 7 is used (which corresponds very roughly to
15 bp). In these units, the range of possible band sizes is approximately 500–
1900, so the “gel length” parameter should be 1400. Gel length is an important
parameter because it determines the probability of two random bands overlapping
to within the tolerance; for example, two bands picked randomly from a range of
500 to 1900 are much more likely to be within 7 of each other than are two bands
picked from a range 10 times larger.
We note that the default gel length on FPC is 3300, which is the value that has

been used in most agarose projects. This value is considerably larger than the “cor-
rect” value of 1400, which means that the score cannot really be interpreted as a
probability (and this interpretation was already somewhat problematic due to fac-
tors discussed in Section 12.5.2 below). The success of these projects indicates that
the score can function successfully as a coincidence score even if it loses its strict
interpretation as a probability; in fact, it is often referred to as a coincidence score.
The best cutoff to use is influenced by two factors. First is the size of the project.

The more clones a project has, the more opportunities there are for false overlaps
to occur strictly by random chance; therefore, the cutoff needs to be low enough to
exclude these false overlaps. Second, since the genome is not random, there are
repeated bands that cause clones to share more bands than they would randomly.
Because of this, the cutoff has to be lower than it would otherwise be in order to
avoid false-positive overlaps. But since the presence of many Q clones provides a
way to detect most false positives [10], the cutoff does not have to be low enough
to completely eliminate these two factors; instead, the DQer can be run to reduce
the false positives. For agarose projects using BAC clones, with gel length 3300,
a cutoff of 1e-12 generally gives good results (with subsequent execution of the
DQer).
The cutoff determines the approximate percentage overlap that two clones must

have in order to be joined, and this in turn determines the expected numbers of
contigs and gaps. For example, with tolerance 7 and gel length 3300, a cutoff of
1e-12 means two 30-band clones must share at least 21 bands to be joined (calcu-
lated from the Sulston overlap formula [12]). In other words, the clones must over-
lap by at least 70% in order to be joined.
Letting 4 denote the required overlap percentage, c the coverage, and N the total

number of clones, then the expected number of contigs is approximately
Ne – c(1 – u) [13]. Since this number depends exponentially on 4, it is very desirable
to reduce 4 as much as possible, as even a small decrease translates into a signi-
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ficant reduction in the necessary coverage multiple. The 70% value typical of agar-
ose projects seems quite high, and one of the primary goals of HICF is to lower
this number.
Besides the 70% overlap requirement, the other major disadvantage of the agar-

ose method is the necessity of human band calling. Human band calling is very
time-consuming, requiring about 45 minutes per 96-clone plate, and it is also
quite prone to error.

12.2
HICF Techniques

12.2.1
Generalities

HICF fingerprinting applies to physical mapping the same technology that has
given rise to high-throughput sequencing. In HICF, the clones are digested with
restriction enzymes that result in an overhang on one or both ends and then are
labeled with one or more fluorescent labels that attach to the overhanging bases.
The labels will have different colors depending on the nucleotide they attach to,
so that the color or colors of a fragment directly correspond to nucleotides of the
overhang (an exception to this rule is the original method of [5]). The fragments
are run in a sequencing machine, which determines their sizes and colors, without
laborious human band calling. Fragments from different clones are considered to
match if their sizes differ by less than the tolerance and if their color labels are the
same.
HICF techniques can be divided into two types, according to whether one or

multiple bases are labeled on the overhang. The multiple-base labeling methods
are really small sequencing reactions in which the overhang of each fragment is
sequenced. Clearly this would add greatly to the information content of the finger-
prints, if it were practical; however, the analysis of the sequencer output becomes
quite difficult in this case, and to our knowledge only single-base labeling has so
far been used in practice.
Even with single-base labeling, a fragment can sometimes have more than one

label. This cannot be avoided because inevitably some fragments will be cut on
both ends by the enzyme that gives an overhang, and the overhangs on each
end will be labeled. If the two labels have different colors, the fragment will be de-
tected as two fragments having different colors but of the same size. Whether these
should be treated as one fragment or two is discussed further in Section 12.5.2.
In addition to being more automated, HICF is also much more sensitive than

agarose for two reasons. First, the fragment sizes are determined to a very high
precision, generally giving at least a 0.3-bp precision (the meaning of fractional
base pairs will be discussed below). This means that when fragments do match
up to within this tolerance, it is less likely to be by chance, so a smaller number
of matches are needed to identify a true overlap. Second, there are generally
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more fragments than in agarose, typically around 100 per clone. More fragments
mean more information, which is an advantage as long as there are not so
many that they start to randomly match up. With HICF, the high precision plus
the use of different color labels to further distinguish fragments means that
many more fragments can be used without an unacceptable number of false
matches.
Because of this extra sensitivity, HICF is theoretically capable of discriminating

much smaller clone overlaps than agarose; for example, a cutoff of 1e-12 requires
only about 30% clone overlaps with typical HICF parameters. This is a tremendous
gain in efficiency, although in practice non-randomness of the DNA and the error
rate can prevent one from actually using such small overlaps. In the highly repe-
titive maize and wheat genomes, which have so far been the main subjects of
HICF, cutoffs in the range of 1e-25 to 1e-50 have been found to be necessary.
One drawback to HICF, which we will discuss below, is that the HICF bands

cannot be accurately reproduced in silico, meaning that sequenced clones cannot
be mapped back to the physical map. This is unfortunate because placing se-
quenced clones on the physical map has proved very useful with agarose maps
[14]. A second drawback is that the fragments cover only a subset of the clone
and thus the fragments cannot be used to approximate the size of the clones,
which has been useful in the agarose method.
Several variants of HICF have been proposed in recent years, beginning with

Ding et al. in 1999 [5]. This approach required three separate labeling reactions
for each clone and was improved upon in 2001 [6] with a method based on a
type IIs restriction enzyme. This method was adapted by Dupont [7] and will be
described in Section 12.2.2. Another promising variant (see [8]), based on the
ABI SNaPshot kit, is described in Section 12.2.3.

12.2.2
Approaches Using Type IIS Enzymes

Ding et al. [6] proposed that the DNA be cleaved by the type IIS 5-cutter enzyme
HgaI into fragments with 5-bp overhangs. The fragment sizes were further re-
duced by digestion with the type II 4-cutter enzyme RsaI, which produces blunt
ends. This second enzyme is necessary to produce small enough fragments to
be run on a sequencing machine. The fragments having an overhanging end
were then labeled with either one or five fluorescent labels and run through an
ABI 377 sequencer to detect their labels and sizes (Note that most of the resulting
fragments are cut on both ends by the 4-cutter and therefore are not labeled at all.
These fragments are discarded and do not contribute to the fingerprint). Ding et al.
[6] also developed a technique, as described below, that allows HICF data to be used
directly within FPC.
Dupont has developed a slight modification of this process [7], which we will

refer to as the “Dupont” method. In this method, the type IIS enzyme is the 6-cut-
ter EarI, while the type II is the 4-cutter TaqI. In contrast to the Ding method, the
4-cutter cuts with a two-base overhang, where the first base is g. Since the 4-cutter
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cuts very frequently, the base g is not labeled; hence there are only three color
labels in the Dupont method as opposed to four in the original. Also, this method
uses only single-base labeling, even though EarI has a three-base overhang.
Dupont has applied this method to construct a complete map of the maize gen-

ome using the ABI 377 sequencer. They have reported a significantly smaller num-
ber of contigs for the same clone count as compared to the public agarose map;
however, their map has not been made public.
Based on this positive report, it was decided that a publicly available maize HICF

map should be constructed using the Dupont method. This work is being done at
Rutgers and the University of Arizona by a group that includes the present authors
(see http://www.genome.arizona.edu/fpc_hicf/maize). We are using the same en-
zyme set as Dupont, but we chose the ABI 3700 sequencer instead of the 377 in
order to increase throughput. We have also found it necessary to build with
lower cutoffs (1e-45 to 1e-50) than those reported by Dupont, but it is difficult
to resolve this discrepancy since the Dupont data is not available.
For this process, we see approximately 17% error; in other words, approximately

17% of the bands in the final band files appear to be incorrect. This means that
two identical clones, prepared separately and fingerprinted on different machines,
will have only 66% of their bands overlapping on average, and it does not appear
possible to correct this through data processing.

12.2.3
SNaPshot HICF

The SNaPshot process was developed by Applied Biosystems for analyzing SNPs
and has been adapted for fingerprinting by Luo et al. [8], who used it to construct
a physical map of wheat genome D (the NSF Wheat D Genome Project, http://
wheatdb.ucdavis.edu:8080/wheatdb; see also [15]). In SNaPshot, clones are di-
gested with four 6-cutter type II enzymes (EcoRI, BamHI, XbaI, and XhoI) and
one 4-cutter (HaeIII) enzyme whose purpose is again to reduce the fragment
sizes. The four enzymes are chosen so that each one has a unique first base on
its overhang, meaning that after labeling, the four colors correspond cleanly to
ends produced by the four enzymes. Since the type II cut sites lie within their re-
cognition sequences, the sequences surrounding the labeling sites are determined,
which may lead to more consistent labeling in this method as compared to type IIs
methods. It does appear that noise is reduced in SNaPshot, leading to a higher-
quality build. In tests carried out as part of the NSF Wheat D Genome Project,
the error rate per fingerprint was measured at just over 13% (Frank You, personal
communication), a significant improvement over the 17% rate that we measured
for Dupont HICF. However, a conclusive comparison of the two techniques has
not been carried out. SNaPshot is currently not supported on 3700 machines,
but it is supported on the 3730 and 3100 machines, so high-throughput finger-
printing is possible.
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12.3
Processing HICF Data

12.3.1
Peak Scoring

The HICF data come from the ABI sequencing machine in the form of a “trace”
file, with the extension “.fsa.” This file contains a graph of the intensity recorded
for the different colors as a function of time (an “electropherogram”), which is the
raw output of the machine. As a fragment goes by the detector, it produces a peak
in the graph corresponding to its color label. The goal is to locate these peaks, se-
parate the real ones from spurious ones, and figure out the size (in base pairs) of
the fragments that produced them.
If the ABI Genescan Analysis software is set to “auto-analyze,” then the software

will carry out some of these steps automatically. In particular, it will locate the
peaks and assign fragment sizes to them. The peaks, along with their heights,
widths, and fragment sizes, are entered into a table known as the “peak table,”
which is also contained in the trace file (Figure 12.1). With current size standards,
the fragments can be sized from 35 bp to 500 bp.
Unfortunately, several hurdles remain. First, the peak table contains many spur-

ious peaks, sometimes hundreds, from which the real peaks must be separated.
Generally this is done using a threshold scheme: the real peaks are assumed to
be higher than the false ones, so a threshold is chosen and peaks below the thresh-
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table for the blue channel.



old are discarded. However, choosing the threshold is not so easy. A fixed threshold
does not work because the overall strength of the signal can vary dramatically from
trace to trace and from color to color. Sometimes the highest peaks will be under
1000, and sometimes they will be 10,000 or more. Because of this variability,
usually one or more of the higher peaks are used to normalize the height scale;
for example, in our maize project, for each color we take the sixth highest peak
of that color and multiply its height by 0.25 to get the threshold for that color. Du-
pont used a similar scheme, and the GenoProfiler application (discussed below)
also implements this idea, with user-specified parameters [16].
Obviously this kind of thresholding scheme has a number of adjustable para-

meters that need to be optimized on some control data. In our project, we finger-
printed a set of clones repeatedly and chose the parameters that gave the best
match of the replicates; however, we saw approximately equal performance for fac-
tors from 0.2 to 0.4, and it seems unlikely that there is one “best” parameter set.
A complication present with the 3700, and possibly other capillary-based sequen-

cers, is so-called “front-end loading,” which results in spurious peaks at sizes below
75bp. This problem ismost easily resolved bynot using fragments smaller than75bp.

12.3.2
Sizing of Fragments

The sizing of fragments is carried out by Genescan software, and it is very consis-
tent. For example, we found a maximum standard deviation of 0.15 bp for six iden-
tifiable vector bands, measured across five different 3700 machines and approxi-
mately 60,000 clones. This consistency allows the use of quite low tolerances for
building HICF fingerprints within FPC, as compared to agarose.
Unfortunately, the sizes, although highly consistent, are not very accurate. This

has been observed by all HICF groups and is recognized by ABI as well. The error
is typically 0–6 bp, up or down; for example, a fragment of an actual size of 100 bp
can give rise to a peak anywhere from about 94–106 bp. There is no discernible
pattern to the errors, and there is evidence that it depends on the underlying se-
quence. Luo et al. [15] have observed that a strand and its complement frequently
have different mobility; they further tested whether GC content could explain the
difference but found an insignificant correlation.
Assuming that the error has some dependence on sequence, the sizes produced

by the machines contain extra information beyond just fragment size, and it is this
information that allows fractional base pair sizes to have meaning. For example, a
fragment sized at 99.7 is almost certainly not the same as one sized at 100.3, but
this information would be lost if the machine rounded them both to 100. Thus,
sequence-dependent mobility will increase the sensitivity of HICF, but without
any deeper understanding of it, we cannot say exactly how much information is
gained. Further characterization of this phenomenon would be beneficial.
We emphasize that the sizing error is not at all a problem for comparing finger-

prints to each other or for constructing maps; where it becomes a problem is in
trying to compare the fingerprints with theoretically expected fragment sizes.
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This is one of the obvious approaches to testing and validating the process, but be-
cause of the size error it is not as informative as one would like. The error also
makes it very difficult to add sequenced clones to the map by in silico digestion,
as mentioned above.

12.3.3
Quality and Contamination Screening

When processing clone fingerprints, there will be failures, and it is desirable to
weed them out through quality checks. As it happens, the cloning process itself
provides an excellent check in the form of vector bands. These are the HICF
bands produced by digestion of the cloning vector, which will be few in number
and the same for every clone from a given library. Requiring the presence of almost
all of these bands is a good check on quality (the only reason not to require all of
them is that, as mentioned above, the peak scoring is inexact and may sometimes
miss a peak that is there but below the threshold).
Also useful as a check are the sizing standards peaks, which are always labeled

with a color separate from any of the HICF fragments. If the run was successful,
then the standards peaks should be the highest peaks in their color, and they should
be sized by Genescan exactly to their predetermined sizes. None of the standards
peaks should ever be missing, and if this does happen (which is rare), the clone
should be rejected. A more common problem is for a spurious peak to exist that
is higher than one or more of the real standards peaks. If more than one or two
of these are seen, it indicates a problem and the clone should be rejected.
Other checks can be made on the peak counts, both before and after scoring. Few

or no raw peaks is obviously a failure, and this is rather common. Some traces will
have very large numbers of raw peaks, but we have not found that this indicates a
bad fingerprint. Clones that produce too few scored peaks may as well be rejected,
because they will probably just result in singletons anyway, having too few bands to
produce a significant overlap with another clone (Clones that do not go into a con-
tig are referred to as singletons).
One problem that can severely degrade the build is chimeric fingerprints, i. e.,

fingerprints containing fragments from two different clones. These can form if
material from one well contaminates another well at any stage of the process. Chi-
meric fingerprints cause false joins, leading to wrong contigs; in a severe case, all
the clones may come together into a single contig. There are two ways to screen
this type of contamination. The most thorough screen is to make the assumption
that the contamination occurs within plates and then to search for pairs of clones
on the same plate that have a suspiciously high overlap. The test can be applied to
all pairs or to only neighboring wells. Where to set the threshold is unclear, but
lower is probably better since every chimeric clone that slips through is likely to
produce a damaging false join. In our project we use the same cutoff we are
using in FPC, so effectively we do not allow any two clones from the same plate
to join. Genoprofiler, discussed below, also includes this type of plate-by-plate con-
tamination checking.
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The second screen takes advantage of the fact that chimeric fingerprints will gen-
erally have more bands than normal, since they contain fragments from two
clones. Then all fingerprints with more than a given number of bands may be re-
garded as suspicious and be discarded. To some extent, this is already required by
FPC, which will not accept clones having more than 250 bands; however, this num-
ber is larger than typical chimerics, which would be expected to have roughly twice
the normal band count, or approximately 200 bands for Dupont HICF.
Each of these screens has strengths and weaknesses. The first screen will catch

all possible intra-plate contamination, and it also produces useful evidence on
whether contamination is actually occurring. However, a chimeric can still slip
past this test if its contaminant fails in fingerprinting. Since roughly 15% of the
fingerprints can be expected to fail, this test could miss 15% of the chimerics,
which may not be acceptable. The second screen does not rely on successful finger-
prints, but it does require a maximum band count to be chosen, and this is proble-
matic. If the band count limit is too high, chimerics of smaller clones will be
passed, while if it is lowered to catch these, many valid clones will also be removed.
Probably the best solution is to use a combination of both.
Lastly, we mention that low-quality or noisy fingerprints generally should have

little effect on the map even if they are not screened, since they should only result
in singletons. Hence, the quality checks need not be too stringent and can be
viewed more as a way to track the success rate and to identify problems. Contam-
ination, on the other hand, is very damaging and must be removed if possible.

12.3.4
Vector and Repeat Screening

Screening out vector bands is a good idea in any fingerprint mapping project. The
vector bands, which come from the cloning vector, are the same for each clone and
therefore lead to false detection of overlaps. The difference in the score is substan-
tial. For example, two 100-band clones matching 60 bands, with tolerance ¼ 7 and
gellen ¼ 25,500, will have an overlap score of 7.4e-50; adding four matching vector
bands reduces the score to 1.1e-55. This can be compensated by a lower cutoff if all
clones use the same cloning vector, but this does not work if the project uses multi-
ple libraries with different vectors. Another group of bands that one may want to
screen out are those coming from high-copy repeats, which are especially prevalent
in many plant genomes. For an agarose project, the fragments are not much smal-
ler than typical retroelements, and since the retroelements can be fragmented by
other retroelement insertions, it seems unlikely that many consistent-sized frag-
ments are produced. However, in HICF the fragments are only 128 bp on average,
so they can fit easily in a retroelement, and unless they are badly fragmented or
mutated, the bands will appear in the final fingerprint. So there is reason to believe
that repeat element bands will play more of a role in HICF than in agarose. In the
Wheat D Genome Project, about 30 repeat bands were screened, and we are study-
ing this possibility in our project. Dupont did not do repeat screening for their
maize map.
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Before screening any repeat (or vector) bands, they must be identified. The
easiest way to do this is to fingerprint the vectors by themselves. The repeats
can be extracted from whole clones by plotting the occurrence frequency of each
band and looking for the spikes. GenoProfiler has a built-in function to carry
out this frequency analysis.
Having decided which bands to screen, there are two ways to carry out the

screen. FPC can import a file of bands to screen, which it will apply to every
newly added clone (cf. Section 12.4.1). FPC carries out the screen only at the
time of addition, so if the screening set is changed later, the project must be re-cre-
ated and all clones re-added. Screening is also available within GenoProfiler, in
which case the screening is applied as the band files are created, so a change in
screening requires all of the band files to be regenerated.

12.3.5
Packaging HICF Data for FPC

The input to FPC is a file of one or more clone fingerprints, where each fingerprint
is represented by a list of positive integers, sorted from smallest to largest. The file
can be a “band file,” with the extension “.bands,” or a “sizes file,” with extension
“.sizes”; it makes no difference within FPC.
FPC cannot currently accommodate decimal-valued band sizes or multiple col-

ors; hence, the HICF fingerprints must be reprocessed into the correct FPC format.
Fortunately, this is easy to do, using a technique proposed by Ding et al. [6]. The
idea is to first rescale the sizes by a factor, dropping the decimal, and then add
an increment value specific to each color. For example, for three-color HICF, we
can first multiply each fragment size by 20, and then we can drop the decimal
part while still retaining precision of 1/20 ¼ 0.05 bp. Since the fragment sizes
range from 75–500, after rescaling they will run from 1500–10,000. We then com-
bine all three colors into one list by adding 10,000 to the green bands and 20,000 to
the yellow bands; this segregates the different colors into separate ranges so that
they do not get matched to each other by FPC. The end result is a list of bands
ranging from 0–30,000, with a few gaps corresponding to the excluded 0–75 frag-
ment size range.
For SNaPshot, which has four colors, the procedure is similar. Typically, a scale

factor of 10 is used, with color increments of 0, 5000, 10,000, and 15,000. Genopro-
filer implements this idea with adjustable parameters.

12.3.6
GenoProfiler

GenoProfiler [16] is a Java software application developed specifically for processing
HICF data (http://wheat.pw.usda.gov/PhysicalMapping/tools/genoprofiler; Figure
12.2). GenoProfiler can carry out all of the processing steps described above. Start-
ing from the raw output of ABI sequencers (any model), it will generate FPC-com-
patible band files with the extension “.sizes.” It also includes a number of other
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features such as fragment frequency analysis and contamination checking. It can
process both three-color and four-color HICF data and is currently undergoing
active development and improvement.

12.4
Building HICF Maps in FPC

Once the band files are created, they are loaded into FPC and assembled. For HICF
projects, it is crucial to use FPC version 7 or later; this can be obtained from http://
www.genome.arizona.edu/software/fpc. Version 7 contains several modifications to
accommodate HICF, most importantly the use of double-precision numbers to ac-
commodate the very small overlap scores generated by HICF. This version is also
vastly superior to previous versions of FPC for reasons unrelated to HICF. It has a
new, versatile, and easy-to-use contig graphical display, which allows marker and
other data to be viewed in configurable tracks. It also has the Blast Some Sequence
(BSS) routine, which simplifies blast searches against sequence located on the FPC
map, and an automated minimal tiling path selector (see [14]).
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12.4.1
Creating a New Project, Loading the Fingerprints, and Screening Vectors

For the most part, the process of building a map is the same as for agarose projects
and is described in the FPC tutorial [17], which is also available from www.geno-
me.arizona.edu/software/fpc, along with a User’s Guide and demo. We summarize
the procedure here in order to elucidate the differences, but new users should still
read the tutorial, as it describes many more important features.
To create a new project, go to the directory where it will be located and make a

subdirectory called “Image.” Put the band files (or sizes files) to be used into the
Image directory. FPC always looks for new fingerprints in this directory. Next,
run FPC with no command-line arguments, and the main window will appear (Fig-
ure 12.3). Right-click on the File button, choose “Create new project,” and enter the
project name in the pop-up window.
Now a new, empty project exists. Before adding any fingerprints, the vector band

screening should be configured, if desired. To set this up, press the “Configure”
button on the Main window, which will bring up the Configure window (Figure
12.4). Enter the file name of vector bands to be screened in the text box labeled
“Vector file,” and press Close. The file can contain vector bands for several different
clone libraries. Details of the file format can be found in the User’s Guide (http://
www.genome.arizona.edu/software/fpc/faq.html); note that this format is currently
being revised for an upcoming release of FPC.
Once the vector screen file is specified, the fingerprints can be loaded. This is

done by pressing the “Update .cor” button on the Main window. This causes
FPC to load all the fingerprint files from the Image directory. After it loads a
file, it transfers it to either the Bands directory or the Sizes directory, depending
on the file extension; these directories are created if they do not already exist.
These two directories are only for storage – the files in them are not used again
by FPC.

29712.4 Building HICF Maps in FPC

Figure 12.3. FPC Main window.



The “.cor” on the “Update .cor” button refers to the file with that extension
which FPC creates in order to store the band information. This is a binary format
file that cannot be edited. FPC also creates a file with extension “.fpc,” which is the
primary project file. All the information needed to display the project is in the .fpc
file, but since this file does not contain the actual bands, any operation that uses
the bands also requires the .cor file. Lastly, a .fpp file is also created, which stores
contig configurations. This file is not necessary for running FPC, but if it is miss-
ing, the settings will revert to their defaults.

12.4.2
Tolerance and Gel Length

The tolerance setting is found on the FPC Main Analysis window (Figure 12.5),
and it tells FPC how close two bands must be to be considered matching. Its
value should be set according to the observed size variation of particular bands
in the project. For example, as described above, we observed a maximum standard
deviation of 0.15 bp for vector bands fingerprinted on 3700 machines; based on
this, we chose a tolerance of 0.35 bp, and after rescaling by the factor of 20, we
got a tolerance of 7 in the rescaled units. There is no “perfect” value, and anything
from 5 to 10 appears to work equally well for us. For SNaPshot projects using a
rescale factor of 10, the same calculation gives a tolerance of 3.5, so a tolerance
of 3 or 4 would work.
The “gel length” setting is found on the FPC Configuration window, and it

should be set to the total number of possible band values. For example, for
three-color HICF as described above, with scale factor 20 and increments 10,000
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and 20,000, the bands lie in three intervals: 1500–10,000, 11,500–20,000, and
21,500–30,000. Each of these has a length of 8500, for a total gel length of 25,500.

12.4.3
Cutoff

The cutoff setting on FPC’s Main Analysis window governs how much overlap two
clones must have in order to be joined into a contig. As discussed above, there are
various theoretical factors that govern its value, but in practice it has to be deter-
mined by trial and error. The goal is to find the highest cutoff such that, after
the DQer is run, the build has an acceptably low number of bad joins. For agarose
projects, cutoffs around 1e-12 are normal, but in HICF, they tend to be much
lower, typically 1e-30 to 1e-50. FPC v7 has been altered to use double-precision
floating-point numbers in the overlap calculation, which allows these low values
to be used without problem.
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12.4.4
Building

Once the settings described above have been set, the project is ready to build. To
build from scratch, press the button labeled “Build Contigs (Kill/Calc/OkAll)” on
the Main Analysis window. This will destroy all the contigs, if any, and rebuild
everything.
To build new fingerprints into an existing project without destroying existing

contigs, press “Incremental Build Contigs.” New fingerprints will be added to ex-
isting contigs, some of which may then be merged to form larger contigs.

12.4.5
Build Quality, Q Clones, and the DQer

As discussed in the Introduction, the build may result in wrongly joined contigs
containing substantial numbers of Q clones. These Q clones are then reduced
by running the DQer, which for v7 has been modified to accept a user-defined
step size. For agarose, a step of 1 works well (e. g., 1e-13, 1e-14, 1e-15), but for
HICF a step this small has little effect, and the step should be changed to some-
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thing like 5 (e. g., 1e-55, 1e-60, 1e-65). If a larger amount of noise is present, as in
our experience with the Dupont method, then it also makes sense to raise the
number of allowable Q clones from the default of 5. We are currently using 10,
and an even higher number may be appropriate.
To elaborate on this, a Q clone is not necessarily wrong. If the fingerprints con-

tain substantial errors, then there will be correctly located clones that still contain
more than 50% “extra” bands and get labeled as Q. The goal of the DQer is not to
eliminate all Q clones but rather to break apart badly joined contigs. If a false po-
sitive join occurs, then all the clones of one contig are attached incorrectly to an-
other contig; since there is no way to order clones from two different contigs in
one linear CB map, the clones of one contig end up in a stack, as illustrated in Fig-
ure 12.6. The bands of the stacked clones cannot be ordered, so they all end up as
Q clones. Hence, a contig with many Q clones probably has a false join and should
be split. Ideally, the DQer settings should be as low as possible while still eliminat-
ing most of the bad join Q-stacks. If the settings are more stringent than necessary,
valid contigs will be split apart.
It is not unusual for the build, before DQing, to put a substantial fraction of the

clones into one contig. If the DQer is not able to break this clump apart into good
contigs, then the starting cutoff should be lowered and the build rerun. The benefit
of the DQer is that it allows the initial build to be performed with a relatively high
cutoff to maximize the number of joins, while still breaking apart most of the
wrong joins subsequently using more stringent cutoffs.
The DQer should also be run after each incremental build, because each

addition of new clones can cause wrong contig merges, which should be broken
apart.

12.4.6
multiFPC

MultiFPC, created by Discovery Biosciences (http://www.discoverybio.com/pro-
ducts/multifpc/multifpc_intro.htm), is an adaptation of FPC v4.6.4 that contains
a modified clone overlap formula specifically designed for HICF. The ideas behind
these modifications are reasonable and will be discussed further in Section 12.5.2;
however, there are some significant drawbacks to multiFPC as it exists now (in ver-
sion 1.2.01). First, it is adapted from an old version of FPC and therefore lacks
many improvements found in FPC v7. Second, it is considerably slower than
FPC, taking 13 minutes to build a 930-clone test project versus 1 minute for
FPC. Hence, we feel that FPC v7 should be preferred at present for building
HICF projects, pending further development of multiFPC.
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12.5
Theoretical Aspects

12.5.1
Simulations

We have carried out simulations using rice chromosome 10 to estimate the effec-
tiveness of HICFmapping. Rice has few repeats compared to maize, so it is a good
subject for HICF. Our simulations show a great advantage for HICF as compared
to agarose mapping when there is no noise. By introducing noise into the simula-
tions, we also get an idea of how the quality degrades in terms of contig-forming
power and incidence of Q clones.
For the simulations, we used the rice chromosome 10 pseudomolecule, with all

sequence contig gaps removed so that it was just one long sequence. We then cre-
ated a simulated 15q clone library with 2029 clones having an average insert size
of 168 kb and a standard deviation of 12 kb. Lastly, we created one dataset with the
clones digested in silico with HindIII (for the agarose simulation) and a second da-
taset with the clones digested with the Dupont HICF enzymes.
HICF outperforms agarose greatly when comparing these two simulated pro-

jects. Regardless of the cutoff used, there are no Q clones, and at 1e-25 all of
the clones come together into one contig. For agarose, by contrast, there are 34 con-
tigs at 1e-12, while at 5e-12 there are still 25 contigs along with 180 Q clones, in-
dicating at least one false positive join.
A similar result is seen with an 8q simulated library of 930 clones. In this case,

HICF at 1e-15 forms 7 contigs and 0 Q clones, while agarose at 1e-8 still forms 26
contigs, and at the cost of 200 Qs. From these results it is clear that HICF, without
noise and on a genome with few repeats, is vastly more efficient that agarose.
Returning to the 15q library, we also ran simulations with noise. The noise was

simulated by simply removing bands at random and replacing them with other,
randomly generated bands. For example, 5% noise means that 5% of the real
bands (on average) were removed and replaced with random bands. Builds were
run at 5%, 10%, 15%, and 20% noise, all at a cutoff of 1e-45. (This stringent cut-
off was chosen to ensure that any Q clones generated were due to noise and not to
bad joins.)
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As shown in Figure 12.7, the noise degrades the contig-forming power of HICF
considerably. Thirty-four contigs are formed at 10% noise versus nine contigs at
0%. Indeed, the contig count approximately doubles for every 5% increase in
noise. Qs are minimal until noise reaches 10%, after which they proliferate rapidly.
In our maize project, after running the DQer to reduce bad joins, we have 6.2%

Q clones, corresponding to about 17% noise in Figure 12.7. Interestingly, this is
exactly the noise estimate we arrived at using clone replicate comparisons, as men-
tioned above; however, we do not know whether the percentage of Q clones always
measures noise so accurately.

12.5.2
Overlap Equations

The methods outlined above, and used by all HICF projects to date, use the Sulston
formula [12] without modifications to compute the overlap probability between
clones. As discussed, the bands of several colors are simply merged into one nu-
meric range using the scale factors and color increments discussed above. Never-
theless, the novel features of HICF do suggest certain modifications to the formula.
We will discuss two types that have been incorporated into the program multiFPC,
mentioned above.
One possible modification accounts for the uneven distribution of the HICF frag-

ments. HICF fragments average approximately 128 bp in size, but the range of
fragments used is typically around 50–500 bp. At the high end of this range, the
density of fragments is much lower than at the low end; therefore, a match of
large fragments is considerably less likely to be due to chance. It would make
sense to modify the overlap formula to give these matches a higher weight; indeed,
this is true for agarose as well and has been studied by J. Hatfield [18]. In this im-
plementation, the idea was found to work well on simulated data, but little im-
provement was seen with real agarose data.
The authors of multiFPC assert that the effect is stronger in HICF, and this does

seem to be the case (Figure 12.8). However, the bias towards smaller sizes is sub-
stantial also in agarose, and in both cases the distributions are far from smooth,
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which means that any probability calculations assuming smooth distributions can
be only approximate.
Another modification, which seems to have been exclusively studied by the mul-

tiFPC authors, deals with double-end-labeled fragments. These are the relatively
uncommon fragments that are cut on each end by a labeling enzyme instead of
having one end cut by the non-labeling 4-cutter. The clone will then have two
bands of identical size but possibly of different colors. Clones that share both
bands actually share only one fragment, and it is plausible that this should
count for less than sharing of two genuinely different fragments. Exactly how
much less has been worked out by the authors of multiFPC, and it will be interest-
ing to see the derivation [19].
To conclude we briefly discuss tests carried out by Discovery Biosciences to com-

pare the multiFPC overlap formula with the Sulston formula of FPC (http://
www.discoverybio.com/products/multifpc/multifpc_results1.2.01.htm). The results
were very favorable to the multiFPC formula, but it seems that much of the poor
performance of the Sulston score in these tests was due to the use of single-preci-
sion floating-point numbers, which cannot represent the very small overlap scores
obtained in HICF. FPC v7, as mentioned above, has been changed to use double-
precision numbers, so it is not clear how much performance gap there is at pre-
sent.
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Reduced Representation Strategies and Their Application to
Plant Genomes

Daniel G. Peterson

Overview

Many important crop species have large, highly repetitive genomes that make
whole-genome sequencing and assembly technically difficult and/or prohibitively
expensive. However, there are a growing number of high-throughput “reduced re-
presentation” strategies that allow isolation and study of important and/or interest-
ing sequence subsets from even the largest plant genomes. The following is a re-
view of some of the major reduced representation techniques that are currently
being utilized to study plants. In particular, the merits and limitations of strategies
for sequencing gene space and/or repetitive elements will be discussed. Addition-
ally, techniques for de novo discovery of DNA polymorphisms will be reviewed.
Specific techniques addressed include the following.

1. Expressed sequence tag (EST) sequencing, which is currently the most econom-
ical means of elucidating the coding regions of expressed genes (Rudd 2003).

2. Methylation filtration (MF), a gene-enrichment technique based on the obser-
vation that, in some plants, genes are hypomethylated compared to repeats
(Rabinowicz et al. 1999).

3. Cot-based cloning and sequencing (CBCS), a technique rooted in the principles
of DNA renaturation kinetics that allows enrichment for genes, repeats, or any
other group of sequences based upon their relative iteration in the genome
(Peterson et al. 2002a, 2002b).

4. Reduced representation shotgun (RRS) sequencing, a means of small poly-
morphism discovery rooted in some of the most basic molecular biology tech-
niques, i. e., restriction enzyme digestion of DNA and agarose gel electrophor-
esis (Altshuler et al. 2000).

5. Degenerate oligonucleotide primed PCR (DOP-PCR), a small polymorphism
discovery tool in which partially degenerate primers are used to amplify a
subset of genomic sequences that are then cloned, sequenced, and compared
(Jordan et al. 2002).



6. Microsatellite capture techniques that use synthetic oligonucleotides composed
of short tandem repeats to discover simple sequence repeats (SSRs) in genomic
DNA.

13.1
Introduction

“Everything is simpler than you think and at the same time more complex than you
imagine.”

Johann Wolfgang von Goethe (1749–1832)
Seed-bearing plants (angiosperms and gymnosperms) exhibit considerable con-
servation with regard to relative gene order and overall gene repertoire. This con-
servation is evident in comparisons of even the most distantly related taxa; for in-
stance, loblolly pine and Arabidopsis diverged from a common ancestor 300 million
years ago, yet 90% of pine EST contigs have apparent homologues in Arabidopsis
(Kirst et al. 2003). In contrast, the genome sizes (1C DNA contents) of seed plants
exhibit tremendous plasticity, e. g., loblolly pine has a genome 162 times larger
than that of Arabidopsis, though it is clear that the former does not have or need
162 times as many genes. Of note, species within the same family may exhibit
up to 100-fold differences in 1C DNA content, and 10-fold differences have been
observed for species in the same genus (Bennett and Leitch 2003). At the extreme,
the angiosperms Fritillaria assyriaca (a lily) and Cardamine amara (a mustard) show
a 2123-fold difference in genome size (Bennett and Leitch 2003) although both spe-
cies possess comparable levels of structural sophistication. The lack of correlation
between genome size and structural complexity/gene repertoire in higher eukar-
yotes is known as the C-value paradox, and its evolutionary implications have
been a subject of study and debate for decades (see Hartl 2000 and Petrov 2001
for reviews).
The vast majority of genome size variation in seed plants is due to lineage-spe-

cific amplification of non-genic “repeat sequences,” some of which may be found
in thousands or millions of copies per 1C genome. While a few of these repeats
have come to serve structural roles (e. g., centromeric and telomeric repeats),
most have no known function. Many of the repetitive elements in plant genomes
appear to have originated from intergenic proliferation of transposable elements
(SanMiguel and Bennetzen 2000), while others have uncertain origins (Lapitan
1992). While polyploidy, gene duplication, and gene loss certainly account for
some of the variation in seed plant genome sizes, their contributions to the
C-value paradox appear to be rather small (Hartl 2000). For instance, polyploidy
accounts for I0.5% of the i2000-fold variation in plant genome sizes1), and
gene duplications and losses likely account for even less.
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1) In the RBG Kew Plant DNA C-Values Data-
base (Bennett and Leitch 2003), seed plant
species vary in ploidy from 2q to 20q (10-
fold). A 10-fold variation in ploidy divided by

the 2123-fold observed variation in DNA con-
tent among these same species is 0.5%.



Whole-genome sequences provide the ultimate dataset by which the DNA of dif-
ferent species can be compared. However, many important crop species have large
genomes (Figure 13.1) in which repetitive sequences constitute the bulk of geno-
mic DNA, are highly interspersed with genes, and/or have relatively recent origins
(i. e., exhibit little inter-copy divergence), making gene isolation and whole-genome
sequence assembly prohibitively difficult and costly (Rudd 2003). In recent years, a
variety of “reduced representation” techniques have been developed to isolate and
study important and/or interesting sequence subsets from large, repetitive gen-
omes in a cost-effective manner; subsets include (but are not limited to) expressed
sequences, low-copy (zgene-rich) genomic regions, polymorphic DNA markers,
and repetitive elements. Use of some reduced representation methods may permit
capture and elucidation of a species’ “sequence complexity” (SqCx – Figure 13.2)
and thus provide most of the benefits of whole-genome sequencing at a fraction
of the cost. Other reduced representation techniques allow rapid characterization
of DNA polymorphisms without a priori knowledge of genomic sequence, afford-
ing inroads into the sequence diversity of under-explored genomes and providing
mechanisms for efficient genotyping in those species that enjoy finished se-
quences.
This chapter focuses on those reduced representation strategies that will help in

the sequencing of plant gene space, allow efficient characterization of the repetitive
elements of genomes, and permit de novo discovery of DNA polymorphisms. The
strengths and limitations of each reduced representation technique are discussed.
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Figure 13.1. Comparative genome sizes of economically important crop species and Arabidopsis.
All 1C genome size data are from Bennett and Leitch (2003) except the value for Arabidopsis
(Arabidopsis Genome Initiative 2000). Values for pine, spruce, oak, fir, and Douglas fir are mean
genome sizes for their respective genera. Species with genome sizes equal to or smaller than rice
are shown in gray, those with genome sizes larger than human (3.26 pg) are shown in black, and
those with 1C DNA contents in between rice and human are represented in white.
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Figure 13.2. Genome size vs. sequence complexity (SqCx). (A) The genome of the hypothetical
plant Planta genericus is composed of a variety of DNA elements; each element is represented by
a rectangle composed of two interlocking (i. e., complementary) pieces/sequences. For simplicity,
each element is assumed to be 500 bp in length. (B) The two most highly repetitive (HR; blue)
elements in the genome are “square” (300,000 copies/genome) and “triangle” (100,000 copies).
Considerably fewer copies are found of the moderately repetitive (MR; green) elements “dorsal
fin” (30,000 copies) and “pentagon” (20,000 copies). All other 19,996 elements in the genome are
single/low-copy (SL; red) in nature. (C) 63.8% of the P. genericus genome is composed of copies
of “square,” while “triangle,” “dorsal fin,” and “pentagon” constitute 21.3%, 6.4%, and 4.3% of
the genome, respectively. The remaining 4.2% of the genome is composed of the 19,996 different
SL sequences. (D) A short stretch of P. genericus DNA showing the comparative frequency of HR,
MR, and SL elements. (E) SqCx is the sum of all the unique sequence information in a genome.
While “square” and “triangle” account for the vast majority of P. genericus genome size, the
contribution of each of these elements to SqCx is negligible [100 q (500 bp 10,000,000 bp) ¼
0.0005%]. In contrast, the SL sequences, which constitute only 4.2% of genome size, account for
99.9% of SqCx. The goal of gene-enrichment reduced representation techniques is to isolate and
sequence those elements that contribute most to SqCx (i. e., SL DNA) with minimum encum-
brance from the repetitive elements, which may make up the lion’s share of the genome but
contribute very little to SqCx.



13.2
Reduced Representation Techniques

13.2.1
EST Sequencing

Reverse transcriptase (Baltimore 1970; Temin and Mizutani 1970) is an RNA-
dependent DNA polymerase. In nature, the enzyme is the means by which the
genomes of retroviruses (i. e., viruses with RNA genomes) make complementary
DNA (cDNA) for incorporation into a host’s genome. With regard to molecular
biology, the use of reverse transcriptase to generate cDNA molecules from isolated
mRNA and the subsequent construction of cDNA libraries heralded in the era of
gene expression research. Because each cDNA library serves as a “snapshot” of
gene expression in the cells from which it was derived, comparison of cDNA li-
braries from different tissues or developmental stages, or from the same tissues
exposed to different environmental stimuli, affords a means of correlating changes
in morphology and cellular activity with changes in gene expression.
With the development of PCR and automated sequencing, it became possible

to sequence large numbers of end sequences from cDNA clones. The cDNA
end sequences, commonly referred to as expressed sequence tags (ESTs; Adams
et al. 1991), can be utilized as molecular markers, a discovery that has greatly ac-
celerated molecular mapping efforts (e. g., Komulainen et al. 2003). Because
cDNA/EST sequencing results in the preferential sequencing of portions of ex-
pressed genes, it is a powerful reduced representation technique that allows an
economical preliminary means of exploring plant gene space (see Rudd 2003
for review).

13.2.2
Methylation Filtration

DNA methyltransferases are enzymes that add methyl groups onto select bases of
DNA. In plants, DNA methyltransferases normally catalyze the transfer of the
methyl group from S-adenosyl-l-methionine to the fifth carbon in the pyrimidine
ring of cytosine to form 5-methylcytosine (m5C) (Kumar et al. 1994). However, cy-
tosine residues are not methylated indiscriminately. Rather, methylation is highly
regulated, and it has been correlated with all kinds of genetic phenomena, includ-
ing normal control of gene expression (e. g., Finnegan et al. 1998, 2000; Zluvova et
al. 2001), imprinting (e. g., Kinoshita et al. 2004; Berger 2004), paramutation (e. g.,
Lisch et al. 2002), transgene silencing (e. g., Fojtova et al. 2003; Meng et al. 2003),
aging (e. g., Fraga et al. 2002), repression of recombination (e. g., Fu et al. 2002),
diploidization in allopolyploids (e. g., Liu and Wendel 2003), and rapid epigenetic
adaptation in response to major environmental changes (e. g., Fraga et al. 2002;
Kovalchuk et al. 2003; Fojtova et al. 2003).
Early attempts at cloning methylated DNA (including m5C-rich DNA from

plants) were not particularly successful (see Redaschi and Bickle 1996 for review).
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The principal reason for this difficulty was elucidated in the late 1980s when it was
shown that some E. coli strains possess enzymes that preferentially restrict foreign
methylated DNA sequences. Like other restriction endonucleases, the three E. coli
methylation-specific restriction enzymes (MSREs), known as McrA, McrBC, and
Mrr, apparently evolved to protect the bacterium from invading bacteriophages.
However, they are quite capable of cleaving methylated plant DNA as well (Re-
daschi and Bickle 1996). After the discovery of MSREs, E. coli strains were engi-
neered with nonfunctional MSRE genes (i. e., with a mcrA–, mcrBC–, and/or mrr–

genotype) to facilitate cloning of methylated DNA.
In some plant species, the presence of a high density of m5C residues (i. e., hy-

permethylation) is strongly correlated with certain repeat sequences (e. g., retroele-
ments), while low-copy sequences typically contain few or no m5Cs (i. e., they are
hypomethylated). A striking example of this type of methylation pattern is seen in
maize (Bennetzen et al. 1994).
Recently, Rabinowicz et al. (1999) developed a clever and simple means of pre-

paring genomic libraries enriched in hypomethylated sequences. In short, they
cloned mechanically sheared maize DNA into mcrAþ, mcrBCþ, and/or mrrþ host
strains. Most hypermethylated DNA is cleaved in these strains, and thus the result-
ing libraries are enriched in hypomethylated (ostensibly gene-rich) DNA. An over-
view of their technique, methylation filtration (MF), is shown in Figure 13.3. The
efficacy of MF in producing gene-enriched genomic libraries has been shown for
maize (Rabinowicz et al. 1999; Whitelaw et al. 2003) and claimed for canola and
wheat. Methylation filtration is licensed exclusively to Orion Genomics (www.or-
iongenomics.com) and is marketed under the name GeneThresher.
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Figure 13.3. Overview of methylation filtration. (A) Plant genomic DNA is mechanically sheared
into fragments. For the species shown, repeat sequences are hypermethylated compared to gene
sequences. Hypermethylated DNA regions are indicated by small stars along the DNA strands.
(B) The genomic DNA fragments are ligated into a vector containing an antibiotic resistance gene
and a cloning site that allows alpha-complementation (blue/white selection). (C) The recombi-
nant molecules are used to transform a strain of bacteria with active MSREs (i. e., McrAB, McrC,
and/or Mrr gene products). (D) The MSREs, depicted by scissors, cleave plant hypermethylated
DNA (upper cell) but do not restrict hypomethylated DNA (lower cell). (E) When challenged with
an antibiotic on selective medium, only those bacteria that contain an intact circular plasmid will
survive to form colonies. Colonies containing plasmids that lack an insert in their cloning site will
appear blue, while those containing an insert in their cloning site will appear white. Archiving
white clones results in a library enriched in hypomethylated (ostensibly gene-rich) DNA.



13.2.3
Cot-based Cloning and Sequencing

Much of what is known about eukaryote genome structure stems directly from
work done by Roy Britten and colleagues during the 1960s and 1970s.1) Britten
and his collaborators at the Carnegie Institution of Washington empirically studied
the re-association of genomic DNA in solution using a technique they called “Cot
analysis,” and it was through Cot analysis that the repetitive nature of eukaryotic
genomes was discovered (Britten and Kohne 1968). In brief, when mechanically
sheared DNA in solution is heated to near-boiling temperature, the molecular
forces holding complementary base pairs together are disrupted and the two
strands of the double helix dissociate or “denature.” If the denatured DNA is
then slowly returned to a cooler temperature, sequences will begin to “re-associate”
(renature) with complementary strands. The temperature at which renaturation oc-
curs can be regulated so that little or no sequence mismatch is tolerated. As pre-
dicted by the law of averages, the rate at which a sequence finds a complementary
strand with which to hybridize is directly related to that sequence’s iteration in the
genome (Figure 13.4). In other words, those sequences that are extremely abun-
dant (on average) find complementary strands with which to pair relatively quickly,
while single-copy sequences take a much longer time to find complements. In a
Cot analysis, a series of DNA samples are allowed to renature to different Cot va-
lues; a sample’s Cot value is the product of its DNA concentration (C0), re-associa-
tion time (t), and, if appropriate, a buffer factor that accounts for the effect of ca-
tions on the speed of renaturation (Britten et al. 1974). The amount of re-associa-
tion at each Cot value is typically determined by using hydroxyapatite (HAP) chro-
matography to separate double- and single-stranded DNA (dsDNA and ssDNA)
and spectrophotometry to quantitate the amount of DNA in ssDNA and dsDNA
eluents. A graph showing re-association of genomic DNA as a function of Cot is
known as a Cot curve. Through study of Cot curves of different species, Britten
et al. discovered that eukaryotic genomes tend to be composed of several distinct
kinetic components – specifically, highly repetitive (HR), moderately repetitive
(MR), and single/low-copy (SL) DNA. Using a Cot curve as a guide, HAP chroma-
tography can be used to isolate the different kinetic components of a genome (e. g.,
Britten and Kohne 1968; Goldberg 1978; Kiper and Herzfeld 1978; Peterson et al.
1998) as illustrated in Figure 13.4.
In the late 1990s, I began work as a postdoctoral associate in the lab of Andrew

H. Paterson at the University of Georgia. My previous training in Cot analysis and
nuclear DNA isolation (Peterson et al. 1997, 1998) coupled with Paterson’s exper-
tise in plant genetics/genomics (e. g., Paterson et al. 1995, 2000) eventually led
us to develop “Cot-based cloning and sequencing” (CBCS), a synthesis of Cot
methods, molecular cloning, and high-throughput DNA sequencing that permits
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1) The principles of nucleic acid re-association
elucidated by Britten et al. lie at the heart of
many molecular techniques utilized today, in-
cluding PCR, filter hybridization (Southern/

Northern blots, colony blots, macroarrays),
microarrays, and chip-based re-association
experiments (see Goldberg 2001 for review).
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Figure 13.4. Fractionation of the hypothetical Planta genericus genome using CBCS. As in Figure
13.1, each element in the P. genericus genome is represented by a rectangle composed of two
interlocking (i. e., complementary) pieces/sequences. Additionally, all elements are roughly 500 bp
in length. (A) A Cot analysis of P. genericus reveals that its genome is composed of a fast (blue), a
moderately fast (green), and a slow re-associating component. The fraction of the genome in
each component and the kinetic complexity (estimated sequence complexity) of each component
are determined from mathematical analysis of the Cot curve. Because the elements in a genome
re-associate at a rate proportional to their copy number, those sequences in the fast re-asso-
ciating component represent the most highly repetitive (HR; blue) sequences in the genome,
while those in the moderately fast and slow re-associating components represent moderately
repetitive (MR; green) and single/low-copy (SL; red) elements, respectively. (B) P. genericus DNA
is sheared into 450-bp fragments and denatured. This illustration and each subsequent frame
show a small, random part of a much larger renaturation reaction. However, each element within
a frame is shown in correct proportion to elements from its own and other components. (C) The
DNA is allowed to renature to the Cot value “a” (see frame A). As shown in the Cot curve (frame
A), at Cot a nearly all HR elements have formed duplexes (based upon “collisions” with com-
plementary strands), but few MR and essentially no SL elements have found complements. Hy-
droxyapatite (HAP) chromatography then is used to separate (D) double-stranded (renatured) HR
DNA from (E) single-stranded DNA (MR and SL DNA). The double-stranded HR DNA is cloned
to produce an HRCot library. (F) The single-stranded DNA remaining after the first HAP frac-
tionation is allowed to renature to a Cot value equivalent to g (see frame A), at which virtually all
MR elements have formed duplexes but single-copy elements are still unlikely to have found
complements. HAP chromatography is used to separate the (G) double-stranded MR DNA from
the (H) single-stranded SL DNA. The MR-enriched DNA fraction (frame G) is cloned to produce
an MRCot library. Random primer strand synthesis is used to generate complementary strands for
the single-stranded DNA molecules in the SL-enriched fraction (frame H), and the resulting
duplexes are cloned to produce an SLCot library.



production and exploration of DNA libraries enriched in genes and/or repeats
(Peterson et al. 2002a, 2002b). In CBCS, the results of a Cot curve (or genome
parameters determined through other techniques) are used to guide HAP-based
fractionation of genomic DNA into its major kinetic components (e. g., HR, MR,
and SL DNA). The isolated kinetic components are cloned to produce HRCot,
MRCot, and SLCot libraries, respectively, and component libraries are sequenced
(Figure 13.4). For those solely interested in sequencing low-copy DNA (i. e., most
genes), only an SLCot library need be prepared (e. g., Yuan et al. 2003; Lamoreux
et al., submitted).1) The efficacy of CBCS as a gene space enrichment tool has been
demonstrated for sorghum (Peterson et al. 2002a), maize (Yuan et al. 2003; White-
law et al. 2003), wheat (Lamoreux et al., in preparation), cotton (Paterson et al., in
preparation), and chicken (Wicker et al., in preparation).
Of reduced representation techniques, CBCS is the only one that theoretically

permits sequencing of a species’ sequence complexity (SqCx; Figure 13.2). Because
Cot analysis provides the kinetic complexity (i. e., the estimated SqCx) of each com-
ponent, the most efficient means of capturing a species’ total SqCx is to sequence
each Cot library to a depth that provides a high probability that all the elements in
that component are sequenced at least once (Peterson et al. 2002a, 2002b). Since
almost all of the SqCx of a plant genome will be found in its SLCot library, the
vast majority of resources can be devoted to sequencing SLCot clones (Figure
13.4). For many plant genomes, CBCS should allow sequencing of SqCx at a
cost of one-quarter to one-twentieth that of traditional shotgun sequencing (see
Peterson et al. 2002b).
While in retrospect it seems rather obvious that DNA re-association could be

used to create gene-enriched (or repeat-enriched) genomic libraries, there are sev-
eral factors that likely contributed to the relatively late development of CBCS: (1)
while Cot analysis was highly utilized in the 1970s, its popularity waned with
the advent of molecular cloning; (2) Cot analysis (especially as it was practiced
in the 1970s) was a technically demanding procedure requiring extreme standardi-
zation, and thus it was performed only in a handful of labs even in its heyday; (3)
Cot analysis is considerably “less forgiving” than molecular cloning, and the tre-
mendous appeal of the latter was such that most leaders in re-association kinetics
shifted their research focus; and (4) by the time high-throughput sequencing be-
came possible, many of the original practitioners of Cot analysis had retired.
Since publication of our original CBCS manuscript (Peterson et al. 2002a), we

have been continually working to improve all aspects of CBCS. For example, in
our initial experiments in sorghum we cloned SL duplexes that were the products
of kinetic re-association. Although high stringency was maintained during rena-
turation to prevent base mismatches, any mismatch making it through to the clon-
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1) Working independently, J. L. Bennetzen and
colleagues developed “high Cot” sequencing
(Yuan et al. 2003), a technique that is essen-
tially identical to enrichment for single/low-
copy sequences using CBCS (i. e., sequencing
of SLCot clones). Because the publications of
Peterson et al. (2002a, 2002b) pre-date Yuan et

al. (2003) and because, in our experience,
people often confuse the term “high Cot” with
“high copy” (“high Cot” DNA is actually
composed of low-copy sequences), in this re-
view we will use the terminology established
by Peterson et al. (2002a).



ing process presumably would be resolved by the host cell’s DNA repair mechan-
isms, possibly resulting in generation of a sequence that does not exist in the donor
genome. While this phenomenon would have minor implications in capturing
SqCx, it would limit the usefulness of SLCot clones in the detection of small poly-
morphisms (e. g., SNPs) within gene and repeat families. By the time our first
CBCS paper was published (Peterson et al. 2002a), we had already started using
an enzymatic approach to synthesize complementary strands from single-stranded
SL DNA templates, thus circumventing the problems associated with cloning re-as-
sociation products and increasing the utility of CBCS. We are working to success-
fully adapt a random priming approach to synthesize complementary strands for
HR/MR molecules as well.1) We are also conducting tests with a recently discov-
ered nuclease that preferentially cleaves dsDNA (Shagin et al. 2002; Zhulidov et
al. 2004) and consequently may allow elimination of HAP chromatography, thus
speeding up and simplifying the CBCS protocol.

13.2.4
De Novo Polymorphism Discovery

Within a species, the vast majority of gene sequence variation is due to relatively
small DNA polymorphisms. There are several types of small polymorphisms
that are widely utilized to study plant gene/genome evolution.

1. Single-nucleotide polymorphisms (SNPs): As their name suggests, SNPs are
single base pair differences within alleles of a gene. They represent a powerful
means of relating the smallest possible changes in DNA sequence to variation
in phenotype. SNPs are widely utilized molecular markers in mammals and are
becoming more common molecular markers in plants (Schmid et al. 2003;
T�rj�k et al. 2003).

2. Insertion/deletion (indel) polymorphisms: Indels are typically discovered using
SNP discovery approaches. Indels are useful genetic markers and are easier to
score than SNPs as detection of the latter requires sequencing (or resequen-
cing) while the former can be detected as length differences in PCR products
(Bhattramakki et al. 2002).

3. Microsatellites or simple sequence repeats (SSRs): SSRs are tandemly repeated
DNA sequences of 1–7 bp. They are abundant in the genomes of most eukar-
yotes, and because they are frequently polymorphic, codominant, and easily
scored, they have been utilized as molecular markers in numerous pursuits in-
cluding linkage map construction, parentage analysis, population genetics stu-
dies, and marker-aided selection (see Fisher et al. 1996 and Dekkers and Hos-
pital 2002 for reviews). SSRs, which technically are a subclass of indels, can be
discovered through analysis of large EST sets (e. g., Gupta et al. 2003).

An obvious means of studying SNPs, indels, and SSRs is to use PCR to examine
polymorphisms at specific loci within a population. Likewise, genome/EST se-
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mobilized to permit second-strand synthesis.



quence data from one species can be used to study parallel loci in closely related
species. However, such research requires synthesis of locus-specific primers and
thus a priori knowledge of the nucleotide sequence of the locus being studied.
Below is a discussion of several reduced representation techniques that allow
SNP, indel, and/or microsatellite discovery without existing sequence data.

13.2.4.1 Reduced Representation Shotgun (RRS) Sequencing
Recently Altschuler et al. (2000) devised a means of studying SNPs and other small
polymorphisms at a reasonable number of loci without prior knowledge of geno-
mic sequence. Their technique, which they call reduced representation shotgun
(RRS) sequencing, is quite simple and presumably is applicable to most species
(see Figure 13.5 for an overview). In brief, genomic DNA from a number of indi-
viduals is mixed together, digested with a single restriction enzyme, and size-frac-
tionated by agarose gel electrophoresis. An agarose band containing DNA frag-
ments within a relatively narrow size range (e. g., between 600 and 650 bp) is re-
moved, and DNA fragments from the band are cloned and sequenced. Because
most restriction sites will be shared by individuals in the population, the gel
slice will likely contain alleles of the same loci. Polymorphisms can be detected
by sequence analysis.
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Figure 13.5. Overview of RRS sequencing. (A) DNA is extracted from multiple individuals in a
population. (B) All of the DNA samples are placed in the same tube, and a single restriction
enzyme (depicted by scissors) is added. (C) After complete digestion, the DNA mixture consists
of many fragments of different sizes. As the individuals in the population are likely to share most
of the same restriction sites, most homologous DNA sequences are likely to be about the same
size. (D) The digested DNA is size-fractionated via electrophoresis, and a small band containing
DNA fragments in a relatively narrow size range (e. g., 600–650 bp) is extricated from the gel. The
DNA in the gel band is isolated, cloned, and sequenced. (E, F) Sequences are compared using
sensitive alignment algorithms. SNPs and very small deletions and insertions can be discovered
by comparing those sequences that appear to represent the same locus (i. e., are largely identi-
cal). For the 620-bp fragment shown, SNPs are discovered at nucleotides x and y. For the 613-bp
fragment, a SNP is detected at nucleotide z.



13.2.4.2 DOP-PCR
More than a decade ago, degenerate oligonucleotide PCR (DOP-PCR) was devel-
oped as a means of amplifying (more or less) entire genomes. Using human
DNA, Telenius et al. (1992) demonstrated that PCR primers with the sequence
5l-CCGACTCGAGNNNNNNATGTGG-3l (where N can represent any one of the
four nucleotides) will bind to enough sites throughout the genome to allow ampli-
fication of most chromosomal regions. DOP-PCR has proven to be an extremely
useful tool in genome studies in which DNA quantity is limited (e. g., Cheung
and Nelson 1996; Dietmaier et al. 1999; Buchanan et al. 2000; Kittler et al. 2002).
Recently, Jordan et al. (2002) demonstrated the utility of DOP-PCR as a reduced

representation technique for finding SNPs and other small polymorphisms in
three different species (human, mouse, and Arabidopsis). In short, they produced
a series of primers identical to the standard DOP-PCR primer (see above) except
that each new primer had one to four additional nucleotides added to its 3l end.
By increasing primer length, Jordan et al. effectively decreased the number of com-
plementary sequences to which the primers were likely to bind, and thus decreased
the number of PCR products generated in a particular reaction, i. e., reduced the
number of loci amplified. To detect polymorphisms, the sequences of PCR pro-
ducts resulting from amplification using a specific primer or combination of pri-
mers were compared across multiple individuals.

13.2.4.3 SSR Capture
The first SSR enrichment protocols involved hybridizing “microsatellite-like”1) oli-
gonucleotides to colony blots of either large- or small-insert genomic clones and
identifying those clones that contain a microsatellite. While effective, these ap-
proaches are relatively cumbersome and expensive.
As an alternative to library screening, Ostrander et al. (1992) propagated a small-

insert phagemid library in a dut ung E. coli strain. The dut ung genotype results in
frequent substitution of dUTP for dTTP during DNA replication. Ostrander et al.
then isolated circular single-stranded phagemid DNA from the bacteria using an
M13 helper phage. A microsatellite-like primer and Taq polymerase then were
used to generate second strands for those molecules containing a region comple-
mentary to the primer. Introduction of the DNA molecules into wild-type E. coli
resulted in strong selection against single-stranded, dUTP-rich DNA and, conse-
quently, in enrichment for double-stranded DNA containing microsatellites.
An additional means of isolating SSRs involves cross-linking microsatellite-like

oligonucleotides to nylon and hybridizing the membrane with genomic DNA frag-
ments. This effectively captures DNA sequences with regions complementary to
the oligonucleotides (Edwards et al. 1996).
Currently, the most popular SSR enrichment techniques are those rooted in

PCR-based primer extension (e. g., Fisher et al. 1996; Phan et al. 2000; Waldbieser
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single-stranded oligonucleotides that possess
the characteristics of microsatellites and may

be complementary in whole or part to natu-
rally occurring SSRs.



et al. 2003) and those that utilize streptavidin-coated beads to capture re-association
hybrids between biotin-labeled, microsatellite-like oligonucleotides and genomic
DNA fragments (e. g., Fischer and Bachmann 1998; Hamilton et al. 1999). Primer
extension techniques require that (1) two SSRs be in close proximity to one another
so that the region between them is amplified with SSR-based primers (e. g., Fisher
et al. 1996; Figure 13.6), (2) an SSR be near a repeat sequence so that amplification
can be achieved using an SSR-like primer and a repeat-based primer (e. g., Phan
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Figure 13.6. A primer extension method for SSR enrichment. The technique shown is similar to
that of Fisher et al. (1996). (A) A series of primers are synthesized. Each primer possesses the
same SSR-like repeat, i. e., (CT)6, at its 3l end (gold line) and a partially degenerate seven-base
sequence at its 5l end (green lines) that does not include any additional CT repeats. (B) The
primers are used to PCR-amplify those genomic regions flanked by primer binding sites. The
conditions of the PCR reaction are kept stringent to make sure that the 5l ends of the primers
actually anneal with complementary sequences (red and pink lines) in the genomic DNA, thus
preventing slippage of primers to the 3l ends of targeted microsatellite loci and subsequent loss
of variation in repeat length. (C) Each resulting PCR product has an SSR (gold and yellow paired
lines) near its ends. (D) PCR products are cloned and sequenced.

Figure 13.7. Hybrid capture method for SSR enrichment. (A) Genomic DNA is digested into
fragments with restriction enzymes that produce blunt-ended cut sites, a linker is ligated to the
fragments, and PCR using a primer complementary to one strand of the linker is used to amplify
the DNA, thus ensuring that the vast majority of molecules in the reaction have linkers on both
ends. (B) One or more single-stranded biotinylated SSR-like sequences are synthesized. In the
diagram a biotinylated (CA)20 probe is shown. The ball on each (CA)20 probe represents biotin.
(C) The genomic DNA/linker molecules are denatured and allowed to re-anneal with an excess of
the biotin-labeled probe(s). (D) The mixture is loaded onto a column containing streptavidin-
coated beads and the column is thoroughly washed. Only those genomic DNA molecules
hybridized to a biotin-labeled probe stick to the column. (In one variation, the streptavidin-labeled
beads are magnetic and are removed from a slurry using a magnet.) (E) The SSR-containing DNA
is eluted from the column (by heating or chemical means) and amplified via PCR with the same
primer used in step A. (F) The SSR-containing molecules are cloned and ultimately sequenced.



et al. 2000), or (3) genomic DNA be digested with a restriction enzyme and linkers
with a primer-binding site be attached to the ends, allowing PCR amplification
using an SSR-like primer and a linker-based primer or two linker-based primers
(i. e., Fischer and Bachmann 1998). The biotin-streptavidin “hybrid capture” ap-
proaches do not require that any particular sequence be near an SSR (Figure
13.7). Combinations of the primer extension and “hybrid capture” techniques
have also been developed (e. g., Paetkau 1999).

13.3
Other Reduced Representation Techniques

In addition to the techniques listed above, there are several other reduced represen-
tation techniques that are applicable to a particular species or group of species but
are likely to be of limited use to the plant genomics community as a whole. An
example of this is the RescueMu technique that has been used to isolate genes in
maize (see Raizada et al. 2001 and Raizada 2003 for reviews). In brief, RescueMu
is a plasmid inserted into a maize Mu1 transposon. The active RescueMu element
preferentially inserts itself into gene regions in maize (70–90% of the time). Plas-
mid rescue then can be used to recover the 5–25 kb of DNA flanking the inserted
element. However, RescueMu is currently limited to studying certain maize geno-
types in which Mu1 elements are active.
In some plants, certain class II transposons known as “miniature inverted-repeat

transposable elements” (MITEs) appear to be preferentially associated with genes
(see Feschotte et al. 2002 for review). Based on this observation, a modified
AFLP procedure known as transposon display was used to amplify genomic re-
gions containing a MITE known to show an insertion preference for genes
(Casa et al. 2000). However, because MITE families can vary widely between spe-
cies, not all MITEs are preferentially associated with genes, and some genomes
have few MITEs (see Casacuberta and Santiago 2003 for review), it is unlikely
that transposon display will be useful in sequencing gene space from most plant
genomes.

13.4
Discussion

13.4.1
Repeat Sequence Enrichment

While repetitive sequences are often deemed “junk DNA,” it is becoming increas-
ingly clear that repeats (especially transposable elements) are one of the principal
factors responsible for the evolutionary success of eukaryotes (see Britten 1996 and
Wessler 1997). Repetitive DNA influences gene expression and recombination (As-
saad et al. 1993; Dorer and Henikoff 1994; Sherman and Stack 1995), and some
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repeat sequences are involved in maintaining chromosome structure (Lee et al.
1994; Lundblad and Wright 1996). Consequently, studying repeat sequences is ne-
cessary to understanding plant genome evolution, gene function, and chromosome
organization.
Of the various reduced representation techniques, CBCS is the only technique

that allows efficient isolation and characterization of the repetitive sequences of
genomes. Its utility as a repeat enrichment tool has been demonstrated for sor-
ghum (Peterson et al. 2002a) and chicken (Wicker et al., submitted). Of note,
CBCS can be used to generate a more accurate overview of the repeat content of
a genome than sequencing a small number of large-insert clones. For example,
at the time the sorghum CBCS research was conducted, there were three sorghum
BAC sequences (AF061282, AF114171, and AF124045) in GenBank. Sequencing of
sorghum Cot clones revealed that the most abundant repeat sequence in the sor-
ghum genome is a previously unnamed retroelement found only once in the
424,434 bp of sequenced BAC DNA. The prevalence of this element, now
known as Retrosor-6, was verified by BAC macroarray analysis, and it was shown
to comprise roughly 6% of the sorghum genome (Peterson et al. 2002a). Since
publication of the sorghum CBCS paper, the amount of sorghum sequence data
in GenBank has increased dramatically. As expected, Retrosor-6 is a common fea-
ture of many recent sorghum dbGSS entries, most notably Sorghum propinquum
genomic clones.
While repetitive DNA is an enormous impediment to gene research in most

major crops, knowledge of the sequences and distribution of repeats may circum-
vent many problems and, indeed, create new research opportunities. For instance,
a better understanding of the physical distributions of repetitive DNA families at a
resolution compatible with cloning technologies (such as over different BAC
clones) may provide the means to identify “gene-rich” genomic domains that are
priorities for early sequencing. Additionally, complete physical mapping of large
genomes will benefit substantially from, and perhaps even require, a comprehen-
sive knowledge of the sequences and distributions of repetitive DNA families. In
this regard, HRCot and MRCot sequences from sorghum have facilitated physical
mapping in this species (Peterson et al. 2002a). Identification of repetitive DNA is
also valuable for masking repeats out of EST databases, significantly improving the
quality of unigene sets.
The principal limitation of CBCS in the study of repeat sequences is that du-

plexes formed by strand re-association are cloned, a feature that will result in occa-
sional base mismatches and consequently make it difficult to detect small poly-
morphisms within repeat families. However, as mentioned above, we are working
to adapt a second-strand synthesis technique for HRCot and MRCot library con-
struction that may enhance the utility of CBCS.
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13.4.2
Sequencing Gene space

Of the reduced representation techniques described above, EST sequencing, methy-
lation filtration, and CBCS represent means of preferentially sequencing all or part
of a plant’s gene space. Toward this end, each of these techniques has its relative
advantages and limitations.

13.4.2.1 EST Sequencing
Compared to methylation filtration and CBCS, EST sequencing is the only reduced
representation method that affords insight into both gene expression and gene
space. This dual functionality makes EST sequencing a highly cost-effective gen-
ome research tool (hence the rapidly growing EST databases for many plant spe-
cies; Rudd 2003). Additionally, because ESTs correspond to the exonic regions of
genes, they are ideal molecular markers: each EST is not simply close to a gene
but is part of a gene. However, EST sequencing has definite limitations as a
gene space–enrichment technique.

1. The mRNA molecules used in cDNA production have been posttranscription-
ally modified; specifically, introns have been removed, a 5l m7GpppN cap has
been added to each transcript, and 3l poly-A tails have been appended. It is
usually via their poly-A tails that mRNAs are isolated and from oligo(dT) pri-
mers that DNA strands are synthesized by reverse transcriptase. However, infor-
mation corresponding to the 5l ends of transcripts may be lost due to the lim-
ited processivity of reverse transcriptase and/or the inhibition of enzyme move-
ment by mRNA secondary structure (Edery et al. 1995).

2. Since intron removal precedes addition of poly-A tails, little or no information
about introns is acquired by sequencing ESTs.

3. Reverse transcriptase is rather prone to mistakes, and consequently cDNA mo-
lecules are considerably more likely to contain errors than is cloned genomic
DNA (Menendez-Arias 2002). In fact, as many as 3% of nucleotides in reverse
transcriptase-catalyzed strand synthesis reactions are likely to be incorrect
(Rudd 2003).

4. Since processed mRNA is the starting material in cDNA library construction,
promoter sequences, a crucial portion of gene space, are not found in EST li-
braries.

5. Plant tissues may be dominated by a few abundant transcripts. For example, a
handful of cellular biogenesis genes account for i40% of transcripts found in
Arabidopsis pollen (Lee and Lee 2003). While the representation of dominant
transcripts in an isolated mRNA population can be reduced using “normaliza-
tion” strategies (e. g., Ko 1990; Soares et al. 1994; Neto et al. 1997; Zhulidov et al.
2004), gene copy number is not accurately reflected in cDNA libraries even if
normalization techniques are employed.
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6. Some transcripts are ephemeral, lasting only a few minutes in cells (this is
especially true of transcription factor mRNAs; e. g., Gee et al. 1991; Knauss et
al. 2003; Yang et al. 2003), and others are simply transcribed at extremely low
levels, making their recovery difficult (Ito et al. 2003; Hsu et al. 2004).

7. The representation of genes in a given cDNA library is indicative of gene ex-
pression in the source tissue(s) only under specific environmental conditions.
In order to have some confidence of acquiring the mRNA-encoding regions
of every gene in a genome, one would theoretically have to obtain mRNA
from every tissue exposed to every likely environmental condition/stress at
every stage of development (Rudd 2003), as well as overcoming the problems
mentioned above.

8. Due to the limitations described (specifically points 4, 5, and 6), EST sequen-
cing, even from libraries representing numerous developmental stages and tis-
sues, reaches a point of diminishing returns at 50–70% transcript coverage. For
example, although there are roughly 29,000 Arabidopsis genes as determined by
genome sequencing (Arabidopsis Genome Initiative 2000), the 178,000 ESTs
obtained from 61 different Arabidopsis tissues/stages/environments account
for only 63% (i. e., 16,115) of these (Rudd 2003).

Despite its shortcomings, EST sequencing’s dual ability to provide sequence infor-
mation on the coding regions of probable genes and data on differential gene tran-
scription has made it an invaluable tool in genome research. The value of ESTs as
molecular markers and the incorporation of EST data into new techniques such as
serial analysis of gene expression (SAGE), microarrays, transcriptome chips, etc.,
indicate that EST sequencing will continue to be an important tool for quite awhile.

13.4.2.2 Methylation Filtration
Methylation filtration is by far the simplest reduced representation technique, a
fact that makes it highly appealing to those doing high-throughput genomics. It
clearly enriches for gene regions in maize (Rabinowicz et al. 1999; Whitelaw et
al. 2003) and several other species (www.oriongenomics.com), and it is possible
that it would provide some level of gene enrichment/repeat reduction for many
(most?) plant species. In this regard, a recent BLAST analysis (D. Peterson, unpub-
lished results) indicates that of the 50,160 methylation filtered Sorghum bicolor se-
quences in GenBank (as of 24 March 2004), only 1.53% show significant (E value
I1q10–5) homology to Retrosor-6, a repetitive element that appears to account for
about 6% of sorghum DNA (see above; Peterson et al. 2002a). Thus MF appears to
reduce the level of Retrosor-6 in sorghum DNA by roughly (768 50,160 ¼) 3.9-fold.
Potential problems with using MF as a gene enrichment tool are evident by ex-

amination of the literature on DNA methylation in plants. First, it is well documen-
ted that some plant genes are normally hypermethylated and may become inacti-
vated if hypomethylated. For example, (1) methylation of CGCG sites in several
petunia genes is correlated with normal adventitious shoot bud induction, but
both gene methylation and adventitious shoot budding are repressed by DNA
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methylase inhibitors (Prakash et al. 2003); (2) a 261-kb BAC from barley containing
the powdery mildew resistance locus Mla has been shown to contain an extensive
hypermethylated, but transcriptionally active, gene-rich island (Wei et al. 2002);
(3) in at least seven ecotypes of Arabidopsis, the PAI1 and PAI4 genes involved
in tryptophan biosynthesis are hypermethylated when active (Melquist et al.
1999; Bartee and Bender 2001); and (4) in vitro, somatic embryogenesis in carrot
is blocked if cells are treated with 5-azacytidine, an agent that causes DNA hypo-
methylation (LoSchiavo et al. 1989).
Second, there is considerable evidence that changes in methylation are a normal

means by which plant genes, especially those involved in development or response
to stress, are regulated (Finnegan et al. 2000). For example, (1) in dormant potatoes,
large-scale, transient demethylation (50–70%) of 5l-CCGG-3l sequences precedes
transcription of genes involved in cell division and meristem growth (Law and Sut-
tle 2002); (2) meristematic regions in pine exhibit 35% DNA methylation in juve-
nile trees versus i60% methylation in adult plants, but exposure of adult plants to
reinvigoration stimuli causes a decrease in methylation to levels similar to those
observed in juveniles (Fraga et al. 2002); (3) a rapid global decrease in DNA methy-
lation occurs during seed germination and shoot apical meristem development in
Silene vulgaris (Zluvova et al. 2001); (4) methylation appears to be involved in reg-
ulation of mRNA genes in numerous plant species (Drozdenyuk et al. 1976; Wat-
son et al. 1987; Follman et al. 1990; Zluvova et al. 2001); (5) vernalization in Arabi-
dopsis and tobacco appears to be triggered by demethylation of genes involved in the
transition to flowering (Finnegan et al. 2000); (6) in maize, cold stress leads to gen-
ome-wide DNA demethylation in root tissues and subsequently to changes in tran-
scription (Steward et al. 2002); (7) endosperm-specific demethylation and activation
of specific alpha-tubulin alleles has been reported in maize (Lund et al. 1995);
(8) the P1-Blotched and P1-Rhoades genes of maize show developmentally sensitive
changes in methylation (Hoekenga et al. 2000); and (9) tissue-specific differences in
DNA methylation have been observed in a number of plants, including tomato
(Messeguer et al. 1991) and rice (Xiong et al. 1999).
Finally, the hypermethylation of repeat sequences is by no means a constant or

consistent characteristic of plant genomes. For example, (1) the tandem HaeIII re-
peat in the grass Pennisetum glaucum is hypomethylated (Kamm et al. 1994);
(2) when snapdragon is exposed to cold weather, methylation of the transposon
Tam3 is reduced and transposition of the element increases (Hashida et al.
2003); (3) in maize, Robertson Mutator transposable elements undergo changes
in methylation that coincide with changes in their expression (Singer et al.
2001); (4) within a genome, highly repetitive sequences can exhibit differential
methylation patterns as demonstrated for the Zingeria biebersteiniana centromeric
repeat Zbcen1 (Saunders and Houben 2001), the “AluI” satellite repeats of snap-
dragon (Schmidt and Kudla 1996), and various high-copy tobacco repeats (Kovarik
et al. 2000); (5) middle repetitive DNA sequences from maize are found in both
hypermethylated and hypomethylated DNA domains (Bennetzen et al. 1994);
(6) the maize suppressor-mutator transposable element and a Cucumis melo satellite
repeat exhibit tissue-specific differences in their methylation patterns (Banks and

324 13 Reduced Representation Strategies and Their Application to Plant Genomes



Fedoroff 1989; Grisvard 1985); and (7) in some instances (e. g., Arabidopsis centro-
meric regions), one strand of the DNA double helix may be hypermethylated com-
pared to its complementary strand (i. e., there can be strand-biased methylation)
(Luo and Preuss 2003).
The preceding observations indicate that methylation filtration will result in the

loss of methylated genes whether currently active in the source tissue or inactive.
Those genes involved in development and stress responses are particularly likely to
be eliminated by MF. Additionally, certain repeat sequences will end up in methy-
lation-filtered DNA. In this regard, 33% of sequences in methylation-filtered Zea
mays libraries show significant homology to known repeats (Whitelaw et al. 2003).
Undoubtedly, some species are likely to be more amenable to methylation filtra-

tion than others. However, it is clear that before investing in MF, one should have a
basic knowledge of the DNA methylation patterns found throughout the life cycle
of the experimental organism.

13.4.2.3 Cot-based Cloning and Sequencing
In Cot-based cloning and sequencing (CBCS), repetitive and/or low-copy se-
quences are separated based upon their relative renaturation rates, which are re-
flective of their relative copy numbers in the genome. Such fractionation is comple-
tely independent of gene expression since the DNA used in re-association is me-
chanically sheared genomic DNA. Likewise, sequence renaturation is independent
of methylation patterns (Burtseva et al. 1979). Moreover, the separation of DNA se-
quences using Cot techniques is a well-established biochemical phenomenon that
can be applied to all species regardless of phylogeny (Peterson et al. 2002a, 2002b).
Consequently, of the three gene-enrichment techniques, CBCS theoretically pro-
vides the most comprehensive and least biased gateway into the low-copy diversity
of plant genomes.
CBCS is the most versatile of the reduced representation strategies, as it can be

used for enrichment of genes and/or repeats. It is the only reduced representation
method that, in and of itself, could theoretically be used to sequence a genome’s
SqCx (see Peterson et al. 2002a, 2002b for review). In terms of gene enrichment,
the parameters used in isolating the SL component can be adjusted to meet inves-
tigator goals and can be adapted for specific genomes (see Peterson et al. 2002a and
Paterson et al. 2004 for reviews). For example, in those species in which genes are
known to be grouped into “islands” (e. g., grasses), increasing the length of se-
quences used in constructing the SLCot library will decrease the probability that
repetitive elements will elute with the SL component and result in longer clones
more suitable for bidirectional sequencing. Additionally, allowing re-association
to proceed to a higher Cot value will increase the stringency of SL fractionation
and decrease potential repeat contamination. However, in making such changes,
one runs the risk of “weeding out” short low-copy sequences near or flanked by
repetitive elements. Consequently, sequencing clones from multiple SLCot li-
braries with different insert sizes may provide the greatest coverage of gene
space per sequencing dollar (Paterson et al. 2004).
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Compared to MF, CBCS appears to be a more stringent method of separating
repetitive and low-copy DNA. While MF appears to result in a fourfold reduction
in the level of Retrosor-6 in sorghum DNA (see above), no SLCot clones in a
499-clone library showed homology to Retrosor-6 (in contrast, 13.4% and 1.7%
of HRCot and MRCot clones, respectively, contained Retrosor-6 sequence). Like-
wise, a comparison of MF and SLCot libraries from maize indicates that more
than twice as many repeat sequences are found in the former as in the latter
(Whitelaw et al. 2003).
As with all reduced representation techniques, CBCS has some limitations/draw-

backs:

1. The DNA used in renaturation kinetics must be extremely clean, as even low-
level contamination from proteins, carbohydrates, and/or secondary com-
pounds can cause serious problems (see Murray and Thompson 1976 for re-
view). Contaminants such as polyphenols can inhibit renaturation by damaging
DNA (Peterson et al. 1997). In contrast, carbohydrate contaminants may effec-
tively decrease the area in which re-association takes place and thus artificially
speed up the renaturation rate. Some contaminants may absorb light at or near
260 nm and, if undetected, lead to aberrant results. Of note, many molecular
biology protocols work well even if “dirty” DNA is used. However, such DNA
is not suitable for Cot analysis and CBCS. Additionally, it is necessary that nu-
clear DNA, not total cellular DNA, be used in Cot analysis/fractionation, as sig-
nificant organellar DNA contamination will complicate/confuse Cot analysis
and decrease library quality. A protocol for isolating highly pure nuclear DNA
suitable for Cot analysis and CBCS is available at the Mississippi Genome Ex-
ploration Laboratory (MGEL) website (www.msstate.edu/research/mgel/
nucl_DNA.htm).

2. CBCS requires a fairly good understanding of re-association kinetics.
3. In a few plant species, there is a high level of non-genic, low-copy DNA. For

example, the tomato genome appears to have a considerable proportion of
low-copy elements that are not genes (Peterson et al. 1998). For such species,
CBCS may provide only marginal benefits compared to whole-genome shotgun
sequencing.

4. It has been speculated that SLCot sequencing may result in underrepresenta-
tion of members of large gene families (Martienssen et al. 2004), i. e., large
gene families may fractionate with MR DNA. While this may be a problem if
sequencing is performed using only one stringently prepared SLCot library, it
is easily remedied by preparing several SLCot libraries with partially overlap-
ping kinetic ranges.

5. Complementary regions may be found within the same single-stranded, low-
copy sequence. Such molecules will “fold back” on themselves and form du-
plexes at Cot values approaching zero. While fold-back DNA is thought to be
a minor component of genomes, low-copy fold-back sequences will be lost dur-
ing SLCot library preparation. In species where fold-back DNA accounts for
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i3% of a genome, it may be advisable to clone and sequence the fold-back frac-
tion (see Peterson et al. 2002b for further discussion).

Because a Cot analysis can be a relatively difficult, time-consuming process, the
natural tendency of many researchers is to forgo actually constructing a Cot
curve and skip right to re-association-based fractionation and cloning. If one’s
goal is solely to enrich for gene space, this may be a justifiable route, especially
if it is clear that the experimental genome contains numerous repeats, the organ-
ism’s genome size is well established, and the DNA used in re-association is known
to be free of contamination. For example, Lamoreux et al. (submitted) recently pre-
pared one SLCot library from bread wheat based on data from an existing wheat
Cot curve and a second SLCot library based on an estimated Cot1⁄2 value for sin-
gle-copy DNA as determined from genome size. The experimental Cot1⁄2 value
of the SL component and the theoretical Cot1⁄2 value of single-copy DNA were
fairly similar and, not surprisingly, the sequence contents of both Cot libraries
were indistinguishable. To estimate the Cot1⁄2 of a species’ single-copy component,
the following formula can be used:

Cot1⁄2org ¼ (Cot1⁄2coli q Gorg) Gcol (1)

where Cot1⁄2org is the estimated Cot1⁄2 of single-copy DNA for the organism of in-
terest, Gcoli is the genome size in base pairs of E. coli, Gorg is the 1C DNA content of
the organism of interest in base pairs, and Cot1⁄2coli is the Cot

1⁄2 of E. coli DNA. In-
serting E. coli’s known genome size (4,639,221 bp; Blattner et al. 1997) and its
Cot1⁄2 value (4.545455 M p sec; Zimmerman and Goldberg 1977) yields the follow-
ing:

Cot1⁄2org ¼ (4.545455 M p sec q Gorg) 4,639,221 bp (2)

Placing a known genome size for an organism into Eq. (2) and solving for Cot1⁄2org
provides the Cot1⁄2 for a theoretical single-copy component. From the predicted
Cot1⁄2, one can decide upon a Cot value that will provide a high likelihood that
most low-copy elements will be isolated (e. g., Figure 13.4).

13.4.2.4 Integration of Reduced Representation Strategies
Recently, Whitelaw et al. (2003) compared the sequence content of SLCot, methyl-
filtered, and unfiltered libraries from maize. Both MF and SLCot libraries showed
enrichment of expressed sequences (27% and 22% of clones recognizing ESTs, re-
spectively) compared to the unfiltered library (6% of sequences exhibited homol-
ogy to ESTs). With regard to repetitive sequences, 14% of the SLCot sequences pos-
sessed significant homology to known repetitive elements, while 33% of MF se-
quences recognized repeats. Compared to the MF library, the SLCot library con-
tained a larger proportion of sequences with no significant matches to any database
sequences (63% vs. 39%), which partly reflects the higher repeat content of the
MF library and may also reflect the ability of CBCS to capture elements (e. g.,
short-lived transcription factors, other low-copy sequences) that may elude EST
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and MF approaches. Perhaps the most significant finding of the study was that
when SLCot and MF sequences were grouped into contigs, 60% of the MF clones
assembled only with other MF clones, while 72% of SLCot clones assembled only
with other SLCot sequences. This suggests that at least in maize, SLCot sequen-
cing and MF may be enriching for largely different low-copy sequence subsets; al-
ternatively, one technique may be enriching for a greater diversity of low-copy se-
quences than the other. Consequently, Whitelaw et al. suggested that with regard to
maize and possibly other large genomes, a combination of MF and SLCot sequen-
cing might provide better results than using one strategy alone.

13.4.3
Polymorphism Discovery

13.4.3.1 RRS Sequencing and DOP-PCR
The vast majority of polymorphism discovery techniques require a priori knowl-
edge of sequences unique to a particular locus (or loci). Two notable exceptions
are RRS sequencing and DOP-PCR. Both approaches enrich for a subset of loci
more or less at random. If the DNA from many individuals is pooled, polymorph-
isms can be discovered by sequencing the isolated sequence subset and using com-
putational algorithms to align probable alleles.
RRS sequencing and DOP-PCR have their relative advantages and disadvantages.

Both techniques permit SNP and indel discovery. However, neither technique guar-
antees that polymorphic regions will be found in a sequence subset. Likewise, re-
petitive sequences are as likely to be sequenced as non-repetitive sequences; re-
peats are removed from consideration in silico. Of the two methods, RRS sequen-
cing is certainly the most straightforward and probably the least expensive, as it
does not require primer synthesis and is rooted in techniques common to most
molecular biologists. DOP-PCR involves more experimental steps than RRS se-
quencing (compare methods of Jordan et al. 2002 and Altschuler et al. 2000). How-
ever, a typical DOP-PCR experiment will likely provide information about a larger
subset of loci than an RRS sequencing experiment. As both techniques are known
to be effective, it is likely that an investigator’s preference for one over the other
may reflect his/her familiarity (or lack thereof) with primer design and PCR.

13.4.3.2 Microsatellite Isolation
There are currently numerous approaches for de novo isolation of microsatellites.
However, all the protocols share one thing in common: they rely upon the use of
synthetic microsatellite-like oligonucleotides to “find” SSRs in genomic DNA. Of
the microsatellite isolation protocols, the “nylon cross-linking” technique (i. e.,
cross-linking microsatellite-like oligonucleotides to a nylon membrane and incu-
bating the membrane with genomic DNA; e. g., Edwards et al. 1996) has the great-
est potential for capturing all potential SSRs, as every possible SSR oligonucleotide
can easily fit on a relatively small nylon membrane. However, this approach is not
widely used, reportedly because it does not provide satisfactory results for some
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species and/or some practitioners (Fischer and Bachmann 1998). The elegant ap-
proach of Ostrander et al. (1992) is applicable to many organisms, but it requires
the use of two bacterial strains and a phage intermediate and thus is less popular
than simpler SSR capture techniques. In the “primer extension” protocols, micro-
satellite-like sequences form part of primer sequences used in PCR (e. g., Figure
13.6). The primer extension protocols can be very fruitful and can be adjusted to
meet the needs of most researchers. However, successful application of these pro-
tocols requires a fair amount of skill in primer design and some reaction optimiza-
tion. Likewise, in order to amplify an SSR locus, two primer-binding sites are ne-
cessary (see above). In the widely used “hybrid capture” protocols, biotinylated mi-
crosatellite-like oligonucleotides are hybridized to genomic DNA, and hybrid mole-
cules are isolated via streptavidin-coated beads (e. g., Figure 13.7). The hybrid cap-
ture technique requires only modest PCR skills, and there is no requirement that
microsatellites be near each other or near any other element. Thus the hybrid cap-
ture techniques will likely supplant primer extension techniques for those inter-
ested in straightforward SSR isolation. The primer extension techniques, however,
enjoy the advantage of being easily adapted to certain genomes and/or highly spe-
cific needs, and thus they will likely continue to be utilized as well.

13.5
Conclusions

Reduced representation strategies provide a means of exploring large, repetitive
plant genomes in a cost-efficient manner. Specifically, they allow study of impor-
tant sequence subsets that otherwise could be obtained only by whole-genome
shotgun sequencing. The reduced representation techniques that can be employed
in a given situation depend largely on the goals of the scientist and the biology of
the experimental organism. EST sequencing and CBCS should be useful in captur-
ing gene space of all seed plants, while MF will likely provide some level of gene
enrichment for many plant species and high levels for others. CBCS is currently
the only reduced representation technique that allows preferential study of repeat
sequences. DOP-PCR, RRS sequencing, and microsatellite enrichment tools afford
access to polymorphisms for mapping, molecular breeding, and characterizing
genotypic/phenotypic relationships.
As the focus of genomics becomes centered less on small-genome model organ-

isms and more on economically and socially important species, the utilization of
existing reduced representation techniques and the demand for new reduced repre-
sentation strategies will undoubtedly increase. Additionally, the large size of most
crop genomes and the smaller pool of funding sources for plant research compared
to vertebrate research make it likely that plant biologists will continue to be among
the most avid users and developers of reduced representation techniques.
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14
Large-scale DNA Sequencing

Christopher D. Town

Abstract

Advances in technology have brought about dramatic advances in DNA sequen-
cing, greatly increasing the throughput and decreasing the cost per base. As a re-
sult DNA sequencing has become a readily available commodity that is now re-
garded as central to understanding the biology of any organism. This chapter pro-
vides an overview of the scope, methodology, and expectations of large-scale plant
DNA sequencing projects.

14.1
Introduction

DNA sequencing has come a long way in the past decade. Two major advances
have been the introduction of fluorescent “Big Dye” chemistry that permit real-
time, multi-channel detection of sequenced bases and the introduction of capil-
lary-based machines. As a consequence of these and other advances, the through-
put of individual machines and of sequencing centers has increased dramatically
and costs have decreased in parallel. Today, DNA sequencing is a readily available
commodity to all researchers at a relatively reasonable cost, so that most small- to
middle-sized research labs no longer operate their own sequencing equipment.
The reduction in cost of both capital equipment and supplies, coupled with a recog-
nition by funding agencies of the importance of DNA sequence as an underpin-
ning for almost all modern research, has led to an increasing number of progres-
sively larger and more ambitious sequencing projects.
The first large-scale plant genome sequencing effort was the Arabidopsis Genome

Initiative, which was formally launched in 1996 and led to the completion of the
genome in December 2000 (AGI 2000). The sequencing project itself was preceded
by more than half a decade of physical mapping activities that started with yeast
artificial chromosome (YAC) and cosmid libraries before moving on to bacterial ar-
tificial chromosomes (BACs). The majority of the sequencing focused on BACs and



was distributed among sequencing centers in the United States, Europe, and
Japan. Each center was responsible for specific chromosomes or parts of chromo-
somes, and each center carried out both sequencing and the initial annotation of
the finished sequence. During the four-year period of sequencing, costs decreased
by more than a factor of two and have continued to decrease since then.
Another major advance that occurred in the late 1990s was the development of

sequence assemblers that could handle large and complex genomes, resulting in
the demonstration by the Celera group that whole-genome sequencing strategies,
initially pioneered at the Institute for Genomic Research (TIGR) for the Haemophi-
lus influenzae genome (Fleischmann et al. 1995), could be applied to larger and
more complex genomes: first Drosophila melanogaster (Myers et al. 2000) and
then the human genome (Venter et al. 2001). Since that time, whole-genome se-
quencing projects have become progressively more common and BAC-based pro-
jects less common. The principles and merits of each will be discussed briefly
below.

14.2
Motivation for Sequencing and Choice of Strategy

Motivations for large-scale sequencing include gene discovery, single-nucleotide
polymorphism (SNP) discovery and mapping, and comparative genomics. Each
of these involves different approaches to the acquisition and management of tem-
plates for the sequencing process as well as the downstream analysis.

14.3
EST Sequencing

Sequencing of expressed sequence tags (ESTs) remains an efficient and cost-effec-
tive way for gene discovery and the acquisition of species-specific sequence infor-
mation for use in functional genomics. Unless the aim is to acquire libraries
from specific tissues for downstream use, the most efficient way to cover a new
species is to make a single library from an RNA pool derived from a range of tis-
sues and treatments. Library normalization can significantly increase the rate of
gene discovery by sequencing (e. g., Kuhl et al. 2004), but the cost savings from re-
duced sequencing must be offset against the cost of normalization, which can be
quite substantial.
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14.4
Large-scale Sequencing BAC-based Projects

Some examples of BAC-based plant genomics projects are listed in Table 14.1,
which is not intended to be exhaustive. In a BAC-based project, one or more
BAC libraries are constructed from genomic DNA using distinct restriction en-
zymes, with the goal of producing 10–20q genome coverage. Whether or not a
physical map exists at the outset, the goal is to finish the genome using the mini-
mal number of BACs necessary. This may be based either primarily on a map-as-
you-go sequence tag connector (STC) strategy (Venter et al. 1996) or by making
more use of preexisting physical maps developed by fingerprinting, etc. (see Chap-
ters X, Y, Z).
BAC-based sequencing has several advantages over the whole-genome approach:

1. It is easily distributed among multiple centers. This encourages multi-institu-
tional and international collaborations and allows each center to identify and
feel more invested in its own “territory.”

2. It presents fewer assembly problems for two reasons. Software for assembling
regions 50–250 kb in size are readily available and can be run on most compu-
ters. Repeated sequences that present problems in assembly are restricted to
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Table 14.1. Plant genome projects.

Table 14.1a. BAC-based projects.

Species Genome size Approx. number
of BACs required

Status

Arabidopsis thalianaa Z120 Mb 1500 Finished, December 2000
Oryza sativab Z430 Mb 4300 3391 BACs produced 259 Mb of

unique draft sequence
Oryza sativac Z430 Mb 4300 High-quality draft, December

2002. Chromosomes 1, 3, 4, and
10 completed; other
finishing ongoing

Zea maysd Z2,300 Mb Survey only 500,000 BAC ends; Z100 BACs in
progress

Lotus japonicuse Z470 Mb 4700 26.2 Mb in 256 BACs
Medicago truncatulaf Z500 Mb 5000 HTGS phase 3: 24.71 Mb; 211

BACs; HTGS phase 2: 27.08 Mb;
220 BACs; HTGS phase 1: 34.34
Mb; 349 BACs

a http://www.tigr.org/tdb/e2k1/ath1/ath1.shtml. (AGI 2000)
b http://www.monsanto.com/monsanto/layout/our_pledge/rice_genmo.asp. (Barry 2001).
c http://rgp.dna.affrc.go.jp/; see http://www.tigr.org/tdb/e2k1/osa1/ for genome-wide totals.
(Feng et al. 2002; Sasaki et al. 2002; The Rice Chromosome 10 Sequencing Consortium 2003)

d http://pgir.rutgers.edu/
e http://www.kazusa.or.jp/lotus/ (Asamizu et al. 2003)
f http://www.genome.ou.edu/medicago_totals.html



only those repeats within an individual BAC and are therefore of lesser magni-
tude.

3. In certain cases, it may present a more cost-effective way for targeting the re-
gion of the genome to be sequenced. For example, the Medicago truncatula gen-
ome has been shown to be organized into two more or less topographically dis-
tinct regions – heterochromatic, pericentromeric gene-poor regions and gene-
rich euchromatic chromosome arms (Kulikova et al. 2001). By focusing the se-
quencing on the euchromatic arms on a BAC-by-BAC basis, the Medicago Gen-
ome Sequencing Consortium projects that it will be able to capture Z90% of
the gene content by sequencing Z50% of the Z500-Mb genome.

14.5
Chromosome-based Sequencing

Several whole-genome projects have used a chromosome-based strategy to try to
simplify an assembly process (e. g., Plasmodium falciparum) (Gardner et al. 1998).
In this technique, the organisms’ chromosomes are first fractionated either by
pulse-field gel electrophoresis or flow cytometry, and whole chromosome libraries
are made, sequenced, and assembled in much the same way as for whole-genome
sequencing projects. In principle, this method has the advantage of simplifying the
assembly process both by limiting the amount of sequence to be assembled and by
restricting the repeated sequences to those present on a particular chromosome. Its
limitations are that chromosome fractionation is not very efficient, resulting in the
presence of “contaminants” from other chromosomes, and that the amounts of
DNA produced by such fractionation techniques may be limiting.
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Table 14.1b. Whole-genome projects.

Species Genome size Sequence
completed

Fold coverage Total assembled
sequence

Oryza sativa ssp.
japonicaa

Z430 Mb 2,500 Mb 5.8q 389.8 Mb

Oryza sativa ssp.
indicab

Z460 Mb 2,522 Mb 4.2q 361 Mb

Populus trichocarpac Z550 Mb 4,800 Mb 8.7q Not available
Zea maysd

Methyl-filtered
Cot-enriched
MeFþCot

2,300 Mb
260 Mbe

284 Mbe

413 Mbe

183.2 Mb
179.7 Mb
362.9 Mb

0.7qe

0.6qe

0.9qe

102.8 Mb
120.7 Mb
202.7 Mb

a http://portal.tmri.org/rice/RiceDescription.html. (Goff et al. 2002)
b http://www.genomics.org.cn/bgi/english2/index.htm. (Yu et al. 2002)
c http://genome.jgi-psf.org/poplar0/poplar0.info.html
d http://www.tigr.org/tdb/tgi/maize/. (Whitelaw et al. 2003; Palmer et al. 2003)
e Filtered (effective) genome size (Whitelaw et al. 2003)



14.6
Whole-genome Shotgun Sequencing

Whole-genome shotgun (WGS) sequencing has several advantages over a BAC-by-
BAC approach, the principal of which is its simplicity. Only a few libraries with dif-
ferent insert sizes are required to cover the whole genome, whereas for a BAC-
based project, one or two libraries are required for each BAC, and a typical genome
project may require several thousand BACs (Table 14.1). In addition, the intrinsic
redundancy involved in a BAC-based project, where 10–20% overlaps are se-
quenced, is avoided. Whole-genome projects can also be distributed over multiple
centers, but resources from all centers must be pooled for assembly. Assembly can
be carried out by more than one center and provides a valuable check on the ro-
bustness of these assemblies, but as larger genomes are approached, the availabil-
ity of both software and hardware capable of carrying out such assemblies is re-
stricted to fewer and fewer centers.
While whole-genome sequencing and assembly may produce very large assem-

blies, ordering and orienting these assemblies relies heavily on good underlying
physical and genetic maps with embedded sequences such as sequenced genetic
markers and BAC ends. The “finishing” of whole-genome sequencing projects,
which requires directed closing of gaps and low-quality sequence, is necessarily car-
ried out on a regional basis. Thus, even whole-genome projects where the shotgun
phase of sequencing may be shared by several centers in a necessarily random
fashion will transition to regional responsibilities (e. g., chromosome-by-chromo-
some) once the shotgun phase and initial assembly are complete.

14.7
Selective Genome Sequencing by Differential Cloning Strategies

Whole-genome sequencing projects may also use differential cloning strategies to
focus the sequencing efforts on specific regions of the genome. Most common are
methyl filtration (Rabinowicz et al. 1999) and Cot-based strategies (Peterson et al.
2002). These are described elsewhere in this volume.

14.8
Low-coverage Sequencing

Sequencing genomes to completion, such as was done for Arabidopsis, is costly and
labor-intensive in the closure (finishing) stage. When the main goal is to discover
gene content rather than the precise order and orientation of every gene and the
sequences of intergenic regions, low-coverage sequencing can be very effective.
The Lander-Waterman equation (Lander and Waterman 1988) allows the estima-

tion of assembly size and fraction of the genome coverage for different levels of
sequencing. Given a genome of length L and sequence reads of length b, the prob-

34114.8 Low-coverage Sequencing



ability that a base remains unsequenced after n reads can be calculated from the
Poisson distribution:

P(0) ¼ e–bn/L (1)

From Eq. (1) we can obtain the total unsequenced bases (the total gap length)

total gap length ¼ Le–bn/L (2)

and the total number of connected unsequenced regions (total number of gaps)

number of gaps ¼ ne–bn/L (3)

The assembly size for any given level of coverage is given by

assembly size ¼ L[((ecs-1)/c) þ (1–s)], (4)

where c ¼ genome coverage (number of bases sequenced/genome size) and s ¼
1–T/L (T ¼ number of bases required for a detectable overlap).
Note that the levels of coverage depend on read length and the amount of se-

quence overlap required between two sequence reads for assembly and also rely
on the assumption that the libraries being sequenced are random representations
of the genome of origin. Some figures for a typical 120-kb BAC and a hypothetical
1000-Mb genome are shown in Table 14.2. Regardless of genome size, a 3q
sequence coverage of either a BAC or whole genome will capture Z95% of the
sequence content of whatever is being sequenced. Reconstructions using random
sampling of subsets of sequence reads from finished microbial genomes at TIGR
show that the Lander-Waterman equation is generally quite accurate.
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Table 14.2a. Expectations from sequencing a 120-kb BAC to various levels of sequence coverage.

Sequence
reads (n)

Percentage
of BAC
unsequenced

Base pairs
unse-
quenced

No. of
double-
strand gaps

Average
gap length
(bp)

Avg.
contig
size (bp)

Fold
coverage

171 36.79 44,146 67 662 1122 1q
514 4.98 5974 31 194 3599 3q
857 0.67 809 7 112 14,448 5q
1,371 0.03 40 0 0 147,260* 8q

*In theory, the BAC would be closed, in a single contig. In practice, usually a few gaps remain.

Table 14.2b. Expectations from sequencing a 1000-Mb genome to various levels of sequence
coverage.

Sequence
reads (n)

Percentage
of genome
unsequenced

Base pairs
unse-
quenced

No. of
double-
strand gaps

Average gap
length (bp)

Avg.
contig
size

Fold
coverage

1,428,571 36.79 367,879,441 564,453 652 1122 1q
4,285,714 4.98 49,787,068 264,363 188 3599 3q
7,142,857 0.67 6,737,947 68,786 98 14,448 5q
11,428,571 0.03 335,463 6788 49 147,260 8q



Low-coverage sequencing has advantages over EST sequencing in that it surveys
all potential coding regions, whereas ESTprojects typically tap into only Z60% of a
genome. It will also provide information on promoters, repeat content, etc., but for
large genomes and especially for those with high repeat content, it is not cost-ef-
fective. When reference genomes are available to provide information on order
and orientation of small assemblies, much valuable information can be obtained
from low-coverage sequencing (e. g., the 1.5q coverage of the dog genome; Kirk-
ness et al. 2003). However, dog and human are quite closely related, and the extent
to which anchor genomes (e. g., Arabidopsis as a reference for the Brassicaceae, rice
as a reference for the Poales, and Medicago and Lotus as references for the Faba-
ceae) are useful for ordering and orienting small assemblies from other plant spe-
cies remains to be explored.

14.9
BAC End Sequencing

BAC end sequencing, an important component of physical map development,
should also be considered as another form of low-coverage sequencing. BAC end
sequencing is a little more demanding than normal plasmid-based sequencing be-
cause the combination of the low copy vector and large insert leads to low yields of
template and therefore additional labor and reagent demands. Thus, BAC end se-
quencing can be two to five times more costly than sequencing high-copy plasmids
or prepared PCR products. However, paired end sequences of BACs form an im-
portant part of scaffolding whole-genome shotgun programs as well as in BAC-
based genome projects. In addition, the sequence itself provides a more or less ran-
dom survey of the information content (genes, transposons, repeats) of a new gen-
ome.

14.10
The Sequencing Process Itself

14.10.1
Library Production

Whether sequencing BACs, sub-genomic fractions, or whole genomes, shotgun li-
braries are almost always constructed from size-fractionated, randomly sheared
template DNA. Random shearing, accomplished by either nebulization or more so-
phisticated methods (e. g., Hydroshear, Gene Machines, San Carlos, CA), mini-
mizes bias in the DNA presented for cloning, while knowledge of the insert size
range for each library is essential for later steps in the post-assembly process
known as scaffolding. Libraries are typically produced in two or more size ranges
(e. g., 2–3 kb and 10–12 kb) in either a high or medium copy number vector. Low
copy number vectors (F-origin of replication) can also be used if insert stability due
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to recombination is an issue, but template preparation is then more demanding.
Cloning strategies should maximize the number of insert-containing clones. At
TIGR this is accomplished by using BstXI linkers that cannot self-ligate. Cloning
strategies that require transcription through the insert (e. g., blue-white selection)
are more likely to suffer from problems of toxic sequences, the absence of which
from a collection of sequences can compromise the subsequent assembly process.
Vector systems that minimize insert toxicity by flanking the insert with transcrip-
tional stop signals have been developed (e. g., Lucigen, Middleton, WI) and appear
to have some merit, but they have not been widely used to date. To provide long-
range linking information, jumping libraries (see Collins and Weissman 1984 for
the principle involved) that capture the two ends of large size-selected genomic
fragments are more amenable to high-throughput sequencing since their overall
insert size does not compromise template production; this type of library is likely
to see increased use for whole-genome projects.

14.10.2
Template Production

High-throughput sequencing requires high-throughput and cost-effective template
production. Over the last few years, alkaline lysis–based methods carried out ro-
botically have evolved as the most robust and cost-effective. Cell growth and tem-
plate production are now generally carried out in 384-well format (250-mL cul-
tures), with the resulting template isolation producing enough material for up to
about five reactions. For BAC templates for end sequencing, larger culture volumes
(1200 mL) and an oxygen atmosphere are often used, and the yield of template
(moles) is lower. Other methods for template production, such as Templiphi (Re-
agin et al. 2003; Amersham Biosciences, Piscataway, NJ), which is an amplification
process based on F29 DNA polymerase, are also very effective but more costly.
PCR products can be sequenced directly by first treating samples with a combi-

nation of exonuclease and shrimp alkaline phosphatase to remove unused nucleo-
tides and primers. Following heat inactivation of these enzymes, the appropriate
primer is added and the standard cycle sequencing reaction is performed. For
high-throughput analysis of PCR products from diverse regions of the genome
(e. g., SNP analysis), it may be desirable to include a common primer sequence
at the end of each SNP-specific primer, thereby allowing all samples to be se-
quenced using the same primer(s) and eliminating possible mix-ups between
SNP and sequencing primer.

14.10.3
Sequencing Reactions and Analysis

Because Big Dye reagents for sequencing are quite costly, recent trends have been
towards progressively smaller reaction volumes. Currently, large-scale centers em-
ploy reaction volumes 1/20 to 1/32 of the nominal volumes proposed by the man-
ufacturer, with corresponding reductions in cost. Final volume of the entire reac-

344 14 Large-scale DNA Sequencing



tion is Z10 mL. For high-throughput centers, all sequencing reactions are analyzed
by capillary sequencing equipment, which permits automatic loading, relatively
short run times, and accurate sample tracking. The most common tools currently
in use are the ABI 3700, ABI 3730 (Applied Biosystems, Foster City, CA), and
MegaBACE (Amersham Biosciences, Piscataway NJ) machines. These machines
can execute up to 12 runs of 96 samples per day for up to 72 h without operator
intervention.
One of the challenges faced by these high-throughput operations is striking the

right balance between keeping up with the latest technology, which consistently of-
fers such advantages as higher throughput and longer read lengths, and getting the
full value out of capital investments in obsolescing equipment.

14.10.4
Sequencing Capacity and Costs

The National Human Genome Research Institute (NHGRI) expects its designated
large-scale sequencing centers to be able to carry out 20 million attempted reads
per year at or below a specified cost (at time of writing, $1.50 per read) (see
http://grants1.nih.gov/grants/guide/rfa-files/RFA-HG-03-002.html for details).
Only a few centers meet these criteria. Following NHGRI’s example, other funding
agencies in the United States now also impose upper limits on the permitted cost
of sequencing reactions. The imposition of these cost limits (at the time of writing,
$80,000 per finished megabase) has effectively identified centers that are efficient
enough to meet these requirements and thus are able to conduct moderate- to
large-scale sequencing projects.

14.10.5
Post-sequencing Data Processing

14.10.5.1 Quality Trimming
Raw sequencing reads are processed by base-calling and trimming software that
defines “high-quality” sequence and removes any residual vector. Examples of
such software include phred/cross_match (Ewing and Green 1998; http://
www.phrap.org/phrap.docs/phred.html) and Lucy (Chou and Holmes 2001).
Although details of these processes differ among institutions, the net effect is
the same, generating vector-free, high-quality sequence reads that are ready for se-
quence assembly. The phred quality value (QV) is related to the base call error
probability by the formula

QV ¼ –10 log10( Pe )

where Pe is the probability that the base call is an error. Most sequencing projects
use a phred value of 20 as their cutoff for high-quality sequence, which corre-
sponds to a 1 in 100 chance that the base call is incorrect.
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14.10.5.2 Sequence Assembly
Sequence assembly is carried out by assembly software that assembles sequence
reads that fulfill certain criteria of percent identity, minimum overlap, etc. The pre-
cise parameters used depend on both the assembler program itself and user-speci-
fied values. Typical requirements for assembly would be i97% identity with at
least a 40-nucleotide overlap and not more than 10 bases overhang mismatch at
the ends. Each base in an assembly is assigned a composite quality score that re-
flects the relative accuracy of that base position. Clone mate information (i. e., the
necessary relationship between sequence reads that come from the opposite ends
of the same clone) is not used in the assembly process, which is strictly sequence-
based. Quite a number of sequence assemblers exist both in the public domain and
as commercial packages. However, most assemblers (e. g., phrap - www.phrap.org;
TIGR assembler – Sutton et al. 1996) are limited in the size of genome they can
handle and are best suited to BACs and prokaryotic genomes. To extend the
whole-genome shotgun strategy to large eukaryotic genomes that present problems
of both size and repeat content, new generation whole-genome assemblers have
been developed, first by Celera (Huson et al. 2001) and then at the Whitehead In-
stitute (Batzoglou et al. 2002; Jaffe et al. 2003). Both these programs embody new
assembly strategies and algorithms. Several other assembly packages developed
and now in use for large whole-genome assembly processes (e. g., Atlas developed
by Baylor College of Medicine, Phusion developed by the Sanger Center, and Jazz
developed by the Joint Genomes Institute) are hybrids that provide large-scale se-
quence management but continue to use phrap as the underlying assembly en-
gine. Running any of these assemblers of large genomes requires significant com-
puter power (16–32 Gb of RAM) and highly parallel processing (20 cpu or more),
especially for the initial pairwise sequence comparison phase of the assembly pro-
cess. Thus, as for sequencing, truly large-scale whole-genome projects are limited
to a small number of centers with the appropriate computational resources.

14.10.5.3 Scaffolding
Scaffolding is the process by which sequence assemblies are linked together based
upon clone-mate and insert-size information to develop the most consistent order-
ing and orientation information for related assemblies; thus, it provides a long-
range representation of the genome. Most assembly packages include a scaffolding
module, but users have little control over the algorithm used or its output. Bam-
bus, developed at TIGR (Pop et al. 2004), is a general-purpose scaffolder that af-
fords users significant flexibility in controlling the scaffolding parameters. A
major advantage of Bambus is that it is able to make use of linking data other
than that inferred from clone-mate information. When appropriate to the goals
of the project, such scaffolded assemblies provide the starting point for directed
closure or finishing reactions designed to close sequencing gaps between assem-
blies that are known to be physically linked. In addition, sequences embedded
within assemblies such as genetic markers and BAC ends can provide links back
to physical and genetic maps that may further assist in the orientation, ordering,
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and association between contigs. With the increasing number of relatively well-fin-
ished reference genomes, postulated conservation of synteny across species repre-
sents another potential avenue for ordering and orienting assemblies and contigs,
at least as a first approximation for directing closure reactions. Bambus is able to
use the output from the genome alignment program MUMmer (Delcher et al.
2002) to construct scaffolds of low-coverage genomes (Pop et al. 2004).

14.10.5.4 Sequence Editing and Gap Closure
If the goal of the sequencing is to produce high-quality finished sequence over an
entire region, some post-assembly work is required. Sequence editing requires in-
spection of the assembly of chromatogram traces to resolve discrepancies or ambi-
guities that compromise the assembly or the joining of assemblies. This is gener-
ally a manual process and can be time-consuming, but it is particularly important
in resolving regions of highly similar repeats where the sequence differences be-
tween repeats are of the same order as the intrinsic error rate of the sequencing
process (1–2%). To accelerate this process, TIGR has developed an Autoeditor pro-
gram (Gajer et al. 2004) to accomplish the same goals using a rationale similar to
the human process. In test runs using raw sequence reads from finished genomes
where sequences had subsequently been manually edited for the final assembly,
Autoeditor reduced the number of erroneous base calls by 80%, with an error
rate of one mistake per 8828 corrections
After initial assembly, the complete sequence is obtained by generating sequence

for the gaps between contigs. Using software such as Autocloser (TIGR) or Auto-
finish (Gordon et al. 2001), clones are identified where resequencing will extend a
short or failed read into a gap, and custom primers are designed to walk off clones
into gaps. Larger clones spanning gaps are often sequenced using a transposon-
based technology (e. g., GPS, New England Biolabs, Beverly, MA). Difficult-to-se-
quence regions may be approached with specialized kits with altered nucleotide
composition and/or reagents like DMSO, betaine, or their proprietary equivalents,
which can aid in sequencing through secondary structure. Microlibraries where a
2–3-kb clone is broken up into 100–500-bp fragments may also facilitate the acqui-
sition of sequence for intransigent regions.

14.11
Conclusions

As illustrated in Table 14.1, the landscape of large-scale sequencing is changing
and will undoubtedly continue to change. As high-quality reference genomes are
established, low-coverage sequencing of related genomes will become increasingly
informative. Incorporation of selection techniques such as methyl filtration and
Cot enrichment will allow more cost-effective sequencing of larger genomes.
BAC-based sequencing will continue to be useful for focusing on specific regions
of the genome.
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The truly large-scale centers achieve their goals of high throughput and low cost
through a combination of robotic sample preparation, automated capillary sequen-
cing, reductions in reaction volumes, and economies of scale in purchasing, etc.,
all tightly coupled with a robust laboratory management information system. Se-
quencing costs have decreased dramatically in the last five years due not only to
the above reasons but also to significantly longer read lengths. However, further
reductions will be relatively small until there is a paradigm shift in the technology
(e. g., either a reduction in scale from microliter to nanoliter reaction volumes or
some distinctly novel technology). From an operational point of view, large-scale
centers prefer very large projects. It is logistically much easier to manage one pro-
ject that requires a million reads from a few libraries than to deal with 100 projects
that require 10,000 reads each. Given the diversity of plant species being proposed
for some level of sequencing, it is likely that the scale of many projects in plant
genomics will be in this intermediate range of size and can also be carried out
at smaller but comparably efficient centers.
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Glossary

This glossary lists a number of relevant terms for the reader who may not be famil-
iar with the topics of the present volume

A

Accession number: A unique identification code for each sequence deposited in the
databanks (e. g., GenBank). This number can be used to search, e. g., GenBank re-
cords for a specific sequence.
Anonymous single nucleotide polymorphism (anonymous SNP): Any one of the
most frequently occurring single nucleotide polymorphisms that have no known
effect on the function of a gene.

B

BAC clone: Any bacterial artificial chromosome vector that carries a genomic DNA
insert, typically 100–150 kb and maximally 300 kb in length. Thousands of BAC
clones make up a BAC library, which covers the target genome several-fold
(5–10q), such that each genomic sequence is represented at least once.
BAC DNA microarray (BAC microarray): The ordered alignment of different bac-
terial artificial chromosome (BAC) clones, immobilized on supports of minute di-
mensions (e. g., nylon membranes, silicon, glass, or quartz chips). Each colony har-
bors DNA fragments of 100–150 kb. Such microarrays are used to isolate genomic
DNA that contains a gene or genes of interest, detected by hybridization of radio-
labeled or fluorescent gene probes to the microarray.
BAC end pair: The sequence reads from both ends of a bacterial artificial chromo-
some clone.
BAC end sequencing: The estimation of the sequence of one or both ends of a bac-
terial artificial chromosome clone. BAC end sequencing can actually be used as a
first step to study the sequence of whole genomes, starting from a few completely



sequenced BAC clones (“seeds” or “nucleation clones”) that are extended into over-
lapping BAC clones selected from a set of end-sequenced BACs.
BAC fingerprinting: A variant of the restriction fragment length polymorphism
technique, which allows discrimination between different clones of a bacterial ar-
tificial chromosome (BAC) library by digestion of the clones with a set of restric-
tion endonucleases.
BAC library: A collection of genomic DNA fragments, typically 100–150 kb and
maximally 300 kb in length, that are cloned into a bacterial artificial chromosome
vector (e. g., pBelo BAC11).
BAC map (genome fingerprint map): The ordered alignment of bacterial artificial
chromosome clones such that a physical map of the genome is constructed.
Bacterial artificial chromosome (BAC): A bacterial cloning vector, based on a single
copy F-factor of E. coli, that allows cloning of DNA fragments of up to 300 kb
(average size: 150 kb). The cloned DNA is structurally stable in the host (does
not rearrange) because the low copy number of the F plasmid does not favor
recombination of inserts.
Balanced polymorphism: Any stable genetic polymorphism that is maintained in a
population by natural selection.
Base pair map: A physical map of a genome, or parts of it, for which the sequence
is known base by base.

C

Candidate single nucleotide polymorphism (candidate SNP): Any single nucleotide
polymorphism in an exon of a gene that can be expected to have an impact on the
function of the encoded protein.
Causative single nucleotide polymorphism (causative SNP): Any single nucleotide
polymorphism that is in linkage disequilibrium to a disease phenotype and there-
fore a responsible candidate for the disease.
Centromere mapping: The localization of the centromere on individual chromo-
somes by, e. g., fluorescent in situ hybridization.
Chromosome microdissection: The removal of relatively large sections (e. g., half a
chromosome arm) from an isolated chromosome using atomic force microscopy or
laser microdissection. The microdissected pieces still harbor at least 106 base pairs
and are used for the establishment of subgenomic libraries in bacterial artificial
chromosomes or map-based cloning approaches.
Clone-based map: Any physical map of a genome that is based on the alignment
and sequencing of overlapping bacterial artificial chromosome clones.
Clone coverage: The extent to which a genome is represented in clones of, e. g.,
a BAC library or plasmid library. Clone coverage is a measure of the amount of
physical DNA coverage of the target genome.
Clone overlap single nucleotide polymorphism (clone overlap SNP): Any single
nucleotide polymorphism detected by sequencing overlaps of two (or more) bacter-
ial artificial chromosomes and comparison of the resulting sequences.
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Coding single nucleotide polymorphism (coding SNP, copy SNP, cSNP): A mis-
leading term for a single nucleotide polymorphism that is located within an
exon of a gene.
Codominant marker: Any molecular marker that detects both alleles of a particular
genomic locus. For example, restriction fragment length polymorphism (RFLP) or
sequence-tagged microsatellite site markers belong to this category.
Common haplotype: Any haplotype that is characteristic for a majority of indivi-
duals in a distinct population.
Common single nucleotide polymorphism (common SNP): Any single nucleotide
polymorphism whose minor allele occurs in more than 10% of the genomes of a
population.
Comparative candidate positional cloning: The molecular cloning of candidate
genes responsible for a specific phenotype and the detection of single nucleotide
polymorphism(s) (SNPs) within these genes in different individuals. First, the link-
age of an organism’s phenotype to a specific chromosomal position via genetic
mapping is established. Then candidate genes in the selected chromosomal region
are inferred from homologous region(s) of the map of another related organism
using comparative mapping with type I DNA markers (i. e., genes) as landmarks.
Finally, type III DNA markers (SNPs) in or around the candidate loci are developed
and tested for association with the specific phenotype.
Comparative mapping: The establishment of genetic linkage maps in species of
unknown genome composition by using probes from a related species. Since
there exists appreciable similarity in the arrangement of genes, groups of genes
(microsynteny, or whole chromosomal regions (macrosynteny), RFLP probes
from, e. g., rice can be used to map the corresponding sequences on the wheat gen-
ome, especially since they are sufficiently homologous to cross-hybridize.
Contig: (a) A set of clones (e. g., bacterial artificial chromosome clones) in a phy-
sical map that completely and contiguously cover a genomic segment of interest
(“minimal tiling path”). (b) The final product of shotgun sequencing.
Contig map: A library of overlapping clones (contigs) representing a complete
stretch of DNA (e. g., a BAC clone, a chromosome). A contig map is the result
of contig mapping.

D

De novo sequencing: The sequencing of a complete genome base by base for which
neither sequence data nor any fragment libraries (e. g., bacterial artificial chromo-
some libraries) are yet available.
Di-allelic map (bi-allelic map): A genetic map that is based on molecular markers
(e. g., single nucleotide polymorphisms) of which both parental alleles are known.
Domain walking: An in silico approach to detecting DNA sequences encoding
flanking regions adjacent to a specific domain. The sequence of the latter repre-
sents the starting point for a search of adjacent sequences in the databases.
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Dominant marker: Any molecular marker that does not discriminate between the
alleles of a genetic locus.
Double-hit single nucleotide polymorphism (double-hit SNP): Any single
nucleotide polymorphism for which each allele is present in two (or more) samples
from a distinct population.

E

Electronic single nucleotide polymorphism (eSNP): Any single nucleotide poly-
morphism (SNP) derived from expressed sequence tag (EST) databases by data
mining. The EST sequences from many different individuals of human or animal
or plant species are aligned and the sequence is screened for SNPs. These SNPs
are therefore discovered solely in silico.
Exonic single nucleotide polymorphism (exon SNP; expressed single nucleotide
polymorphism): Any single nucleotide polymorphism that is present in an exon
of a gene. Synonymous to expressed single nucleotide polymorphism.
Expression marker: Any expressed sequence, e. g., a cDNA, a tag derived from
serial analysis of gene expression (SAGE), or an expressed sequence tag (EST),
that has been identified by high-throughput expression profiling (e. g., massively
parallel signature sequencing, any of the microarray platforms, or serial analysis
of gene expression) and serves as a diagnostic (or even prognostic) marker for a
disease.

F

Fiber fluorescent in situ hybridization (fiber-FISH): A variant of the conventional
fluorescent in situ hybridization (FISH) technique for the detection and quantifica-
tion of target sequences in which different probes labeled with different fluoro-
chromes are hybridized to chromosome fibers. These fibers are generated by mo-
lecular combing (see front cover image).
Fingerprinted contig (FPC): A software package that allows assembly of clones into
contigs by using either the end-labeled double-digest method or the complete-
digest method. To determine whether two clones overlap, the number of shared
bands is counted. Two bands are considered “shared” if they own the same
value (within a range of tolerance). The probability that n shared bands are coinci-
dental is computed. If the resulting score lies below a user-defined cutoff, the
clones are considered to overlap. If two clones have a coincidence score below
the threshold but do not overlap, they represent false positives (Fþ), and if two
clones have a coincidence score above the threshold but do overlap, they represent
false negatives (F–). The cutoff has to be set to minimize the number of Fþ and
F– overlaps.
Fingerprinting (DNA profiling, genetic fingerprinting): The whole repertoire of
techniques necessary to create a fingerprint (DNA fingerprint, genetic fingerprint).
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For example, a genetic fingerprint represents the highly specific hybridization pat-
tern generated by restriction fragment length polymorphisms (RFLPs) of genomic
DNA. Such polymorphisms are the consequence of mutations within a restriction
site, leading to either the appearance or loss of restrictable recognition sequences.
Fluorescent in situ hybridization (FISH): A technique for the identification of
specific sequences of intact chromosomes by hybridization with complementary
nucleic acid probes that are covalently bound to fluorochromes. Usually, the biolo-
gical material (preferably metaphase chromosomes) is squashed on a microscope
slide, and the DNA is denatured and then hybridized to the fluorochrome-labeled,
single-stranded probe. Fluorescence can then be directly visualized by fluorescence
microscopy.
Functional map: (a) A physical map of a genome in which the locations of genes
with known (i. e., experimentally proven) functions are depicted. (b) Any graphical
depiction of molecules that interact with each other and whose individual func-
tions are experimentally proven. For example, interacting proteins with known
functions represent part of a functional map.
Functional polymorphism: Any polymorphism in a gene or a promoter (or
non-coding regulatory sequence) that either changes the underlying codon, and
hence the amino acid composition of the encoded protein, or alters the sequence
of a transcription factor–binding site in a promoter such that binding and subse-
quent activation of the adjacent gene is prevented.

G

Gene-based single nucleotide polymorphism (gene-based SNP): Any single nucleo-
tide polymorphism that is located in an exon, an intron, or a promoter of a gene.
Gene mapping: The estimation of the linear arrangement of genes and the deter-
mination of the relative location of specific genes on specific chromosomes or plas-
mids and their relative distance from one another. Gene maps may be based on
classical genetic recombination analysis or on direct DNA data obtained by DNA
sequencing.
Gene surfing: The identification of genic DNA sequences in an anonymous DNA
by comparing it against sequences in genome and/or protein databases that
already have assigned (and in some cases, proven) functions (e. g., coding
sequences). Also, computational programs such as Genescan or GeneWise can
predict the occurrence of genes in raw sequence data.
Genetic diversity: The sequence variation in the genomic DNA of two organisms or
of two populations of organisms.
Genetic map (linkage map, recombination map): A graph depicting the linear
arrangement (i. e., the relative positions) of molecular markers and/or morphologi-
cal markers along so-called linkage groups, based on their frequency of crossovers
or recombinations. The average number of crossover events at two compared loci
during meiosis, the genetic distance, is given in centimorgans.
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Genetic mapping: A technique for the determination of the linear order of mo-
lecular markers or genes (generally, loci) along a stretch of DNA (e. g., a BAC
clone, a chromosome). The result of genetic mapping is the construction of a
genetic map of a genome.
Genome: The entire genetic material of a virus, a cellular organelle (e. g., a mito-
chondrion, a chloroplast, or a nucleus), or a cell.
Genome equivalent: A statistical measure for the extent of representation of a gen-
ome in a genomic library. For example, the presence of five to six genome equiva-
lents in a library warrants that 99% of all sequences of the corresponding genome
are represented at least once.
Genome map: Any graphical depiction of the linear order of all sequence elements
(e. g., genes, promoters, or repetitive DNA) in a genome, as composed by, e. g.,
genome mapping.
Genomic library: A collection of recombinant DNA molecules derived from geno-
mic (i. e., nuclear) DNA of a single organism, ideally containing all sequences of
the genome.
Genomics: A term that describes the whole repertoire of technologies to study the
organization of genomes and the functions of their constituents (e. g., genes).

H

Haplotype block (hapblock): Any one of the relatively large genomic regions with
which defined sequences (e. g., specific genes, but also single nucleotide poly-
morphisms) are associated.
Haplotype: The linear arrangement of alleles along a region in DNA (e. g., a BAC
clone, a restriction fragment, or a chromosome). In laboratory slang, a haplotype
can also be an individual with a specific arrangement of alleles in a given piece
of its DNA (e. g., a gene; also called “block” or “haplotype block”). Such haplotypes
can, e. g., be defined on the basis of specific single nucleotide polymorphisms on a
chromosomal segment (in diploids: on the corresponding segments of homo-
logous chromosomes) that requires repeated sequencing of the target region. If
the target sequence from different individuals is then compared, the haplotypic
organization becomes apparent. Haplotype analysis is used for the establishment
of genetic risk profiles and the prediction of the clinical reaction of an individual
towards pharmaceutical compounds (e. g., drugs).
Haplotype block: A specific arrangement of adjacent alleles in a given region of
genomic DNA (usually in the range of 10,000–100,000 bp) that is inherited as a
“block,” probably because its recombination frequency is lower than in other
parts of the genome. In practice, a haplotype block is characterized by a series
of single nucleotide polymorphisms in linkage disequilibrium.
Haplotype map: A variant of a genome map in which the haplotype blocks of the
genome of an organism are depicted.
Haplotype mapping: The process of establishing a haplotype map.
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Haplotype signature: Any characteristic configuration of specific alleles in an
organism. Haplotype signatures can be established for a collection of organisms
(e. g., human patients suffering from the same disease) and a disease allele can
be identified.
Haplotype single nucleotide polymorphism (htSNP; haplotype tag SNP): Any
single nucleotide polymorphism contained within a haplotype block. Not to be
confused with high-throughput SNP (htSNP).
Haplotyping: The determination of the haplotype of an individual.
HAPPYmapping (haploid equivalents of DNA and polymerase chain reaction): An
in vitro technique for the determination of the order and spacing of DNA markers
directly on genomic DNA and the establishment of physical maps of any density,
without need for parental lines, polymorphic markers, and segregating popula-
tions. In short, high-molecular-weight genomic DNA (>2 Mb) of a target organism
is first isolated and randomly sheared or g-irradiated, the resulting random frag-
ments are size-fractionated (450–550 kb) by pulsed-field gel electrophoresis, and
the sized fractions are diluted and aliquoted into 96-well microtiter plates such
that each aliquot contains less than one haploid genome equivalent (“mapping
panel”). Panels may differ in the sizes of the contained genomic fragments,
which in turn determine both the resolution of the resulting map and the maxi-
mum distance over which linkage between consecutive markers can be detected.
For example, a so-called short-range panel with fragments less than about 100 kb
will detect linkage between markers up to 50 kb apart (“high-resolution”), whereas
a panel with fragments of about 150 kb and more allows monitoring of linkage
over distances up to about 100 kb (“low-resolution”). This mapping panel, whatever
its type, is then amplified by conventional polymerase chain reaction techniques
using random 15mer primers. The resulting amplicons are then amplified by
PCR with a forward internal primer and a corresponding reverse primer for
each selected DNA marker (e. g., sequence-tagged sites or genic markers). Since
many markers are to be localized, this second amplification works with a multitude
of primer combinations (“whole-genome PCR”). If two (or more) markers are phy-
sically linked in the genome, they will be localized on one single fragment, i. e.,
will remain linked after random DNA breakage in one aliquot. The products are
then analyzed by agarose gel electrophoresis. From the resulting data, associations
of markers can be calculated (LOD scores), from which a linear physical map of the
target genome can be constructed by, e. g., using Dgmap or similar software. Happy
mapping then replaces the in vivo processes of crossing-over and segregation by
in vitro breakage of DNA and dilution into aliquots containing less than a haploid
genome equivalent.
Haplotype-tagged single nucleotide polymorphism: Any single nucleotide poly-
morphism that is identified (or “tagged”) from larger SNP databases, located in
a specific genomic region, and used to define haplotypes and haplotype structure
in that region.
High-density bacterial artificial chromosome grid (high-density BAC grid): A
laboratory term for any nitrocellulose or nylon membrane onto which different
bacterial artificial chromosome clones are spotted at high density. Such mem-
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branes may contain a complete genome (depending on its size) and are used to fish
out sequences (e. g., genes) via hybridization with radioactively labeled probes.
High-density map (high-resolution map, high-density genetic map, high-resolution
genetic map, high-resolution physical map): Any genetic or physical map of a gen-
ome that contains a large number of mapped markers (e. g., molecular markers)
such that markers are spaced at recombination frequencies of 1–5 cM or about
100–500 kb physical distances. The term is relatively vague, since some labora-
tories consider a map a high-density map if marker density is 0.5 cM or less
(genetic map) and 5–10 kb or less (physical map).
High-density mapping (high-resolution genetic mapping, high-resolution physical
mapping): The process of establishing a high-density map.
High information content BAC fingerprinting (HICF): A technique for the detec-
tion of minimum overlaps between neighboring BAC clones that is based on the
1–5 base terminal sequences of the clones. The clones are first restricted with
the type IIS restriction endonuclease Hga I in combination with the type II restric-
tion enzyme Rsa I. The 5-base overhangs generated by Hga I are sequenced using
modified fluorescent dideoxy terminator sequencing reagents. Using an in-lane
size standard labeled with a fifth dye, fragments are characterized by both size
and sequence of the terminal bases. HICF increases the power to detect clone over-
laps and helps to accurately assemble contigs, to close gaps, to verify existing con-
tigs, and to establish minimal tiling paths with fewer clones.
Homologous recombination (legitimate recombination): The exchange of se-
quences between two DNA molecules (e. g., two homologous chromosomes) that
involves loci with complete or far-reaching base sequence homology.
Homology map: Any genetic or physical map that compares gene sequences in
homologous segments of two (or more) genomes (or organisms).
Homosequential linkage map: A linkage map of a genome A that shares a similar or
even identical marker order with a linkage map (or parts of it) from genome B.
Hybridization: In gene technology, the formation of duplex molecules from com-
plementary single-strands (DNA-DNA, DNA-RNA, RNA-RNA). Hybridization is
used to detect sequence homologies between two different nucleic acid molecules.
Usually a single-stranded DNA is labeled either radioactively or non-radioactively
and is used as a probe that may anneal to homologous sequences in other sin-
gle-stranded nucleic acid molecules. The resulting hybrid molecules can be de-
tected by autoradiography or various other techniques, depending on the kind of
label used.

I

In silico map: A physical map generated by in silico mapping.
In silico mapping: A variant of comparative mapping that capitalizes on the use of
genome sequence databases for the establishment of physical maps of an unse-
quenced genome (or part of it). For example, the rice (Oryza sativa) genome is com-
pletely sequenced and the sequence is deposited in the databases. These databanks
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can be screened for an interesting gene, the gene located on a bacterial artificial
chromosome clone, and this clone (or its ortholog, i. e., a homologous clone
from another species) can be used to establish a physical map of the region around
the same gene in the Hordeum vulgare (rye) genome. In silico mapping exploits the
macrosynteny and/or microsynteny between related (and also less related) gen-
omes.
In silico single nucleotide polymorphism (in silico SNP, isSNP): Any single
nucleotide polymorphism that is identified in silico by mining overlapping se-
quences in expressed sequence tags or genomic databases. Since isSNPs represent
“virtual” polymorphisms, they have to be validated by resequencing the region in
which they occur.
In situ hybridization (ISH): A technique for the identification of specific DNA
sequences on intact chromosomes (or RNA sequences in a cell) by hybridization
of radioactively labeled or fluorescent complementary nucleic acid probes (fre-
quently, synthetic oligonucleotides) to denatured metaphase or interphase chromo-
somes. The hybridizing loci are then detected by either autoradiography or laser
excitation of the fluorochrome and emission light capture in, e. g., charge-coupled
device cameras.
Integrated map: The combination of a genetic and a physical map, i. e., an integra-
tion of genetic linkage data and the physical distance between markers or genes.
The term is also used to describe a map in which the linkage data from two differ-
ent segregating populations of the same species are combined or in which maps
established with different molecular marker techniques are merged.
Interphase nucleus mapping: A variant of the conventional fluorescent in situ
hybridization technique for the visualization of specific genes in interphase nuclei
(in which the chromosomes are invisible). The gene is detected by a fluorochrome-
labeled gene probe that hybridizes to the target gene. The location of the hybri-
dized probe (i. e., the locus of the gene) can then be visualized by laser-induced
excitation of the fluorochrome.
Inter-retrotransposon amplified polymorphism (IRAP): Any difference in DNA
sequence between two genomes detected by PCR-mediated amplification between
two neighboring retrotransposons using a left and right outward-facing primer
complementary to the conserved regions within the long terminal repeats. Any ob-
served polymorphism is the consequence of mutations primarily in the region be-
tween the two retrotransposons as well as in one or both long terminal repeats.
Since retrotransposons are ubiquitous elements of eukaryotic genomes, the
IRAP technique produces multiple bands, some of which are polymorphic.
Intronic single nucleotide polymorphism (intronic SNP, intron SNP): Any single
nucleotide polymorphism that occurs in introns of eukaryotic genes. Intron
SNPs are more frequent than SNPs in coding regions.
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L

Linkage: The close physical association of two or more genes on the same chromo-
some such that they are inherited together.
Linkage analysis: The estimation of the frequency of crossovers or recombinations
between DNA sequences (recombination frequency). It is used to establish the po-
sition of a particular sequence (e. g., a gene) on a genetic map.
Linkage drag: The association between a desirable (positive) and an undesirable
(negative) trait or gene.
Linkage group (LG): Any group of genes or DNA markers that are contiguous on a
linear chromosome map (i. e., are located on the same chromosome) and show a
high degree of linkage. Usually, a linkage group is equivalent to all DNA markers
or genes on the same chromosome. Therefore, the number of linkage groups is
identical to the number of chromosomes in a haploid set.
Linkage group homology: The presence of identical markers on linkage groups
from two different crosses, so that a homology can be inferred.
Linked marker: Any molecular marker(s) located near a target gene on the same
chromosome such that the recombination frequency between them approaches
zero. Linked markers are exploited for the isolation of the linked gene(s) via posi-
tional cloning.
Locus (plural: loci): The position of a gene (generally DNA sequence) on a chromo-
some or a genetic map.

M

Macrosynteny: The conserved order of large genomic blocks (in the megabase
range) in the genomes of related (but also unrelated) species, as detected by,
e. g., chromosomal in situ suppression hybridization or fluorescent in situ hybridi-
zation.
Map: A graphical description of genetically or physically defined positions on a cir-
cular (e. g., plasmid) or linear DNA molecule (e. g., chromosome) and their relative
locations and distances. A map may show the distribution of specific restriction
sites (restriction map), genes (gene map), markers (marker map), chromosome
markers (chromosome map), or the distance between two loci (e. g., a marker
and a gene) in base pairs (physical map) or centimorgans (genetic map). The
term is now also used for the illustration of peptide-peptide, peptide-protein, and
protein-protein interaction networks in a cell or an organelle and for the intracel-
lular distribution of low-molecular-weight cellular compounds (metabolites).
Mapping: A general term for the plotting of specific positions (e. g., genes) along a
strand of DNA.
Marker-assisted breeding (MAB): The use of molecular markers for the develop-
ment of new plant varieties, e. g., by marker-assisted selection.
Marker-assisted introgression: A technique to facilitate introgression of desirable
genes into target organisms. First, molecular markers are identified, that are
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closely linked to the gene encoding the trait of interest. There the fate of the linked
markers in the progeny of sexual crosses are monitored. The presence of the mar-
kers in a progenial organism is then taken as indicator for the presence of the
linked gene. Marker-assisted introgression therefore avoids lengthy evaluation pro-
cesses (e. g., the continuous monitoring of the phenotype of plants in the field over
several years).
Marker-assisted selection (MAS, marker-based selection, marker-mediated selec-
tion): The selection of individual organisms (e. g., plants or animals) carrying a
desirable gene with the assistance of molecular marker(s) linked to the gene.
Such markers are identified by linkage analysis.
Megabase (Mb): One million nucleotides or nucleotide pairs, equivalent to 1000 kb.
Megabase cloning: A technique for the cloning of extremely large fragments of
DNA (in the range from one to several megabases) into suitable vectors.
Megabase mapping: The construction of a linear genetic or physical map using
markers that are within one million bases (megabases) from each other.
Microsatellite (short tandem repeat, STR; simple sequence repeat, SSR; repetitive
simple sequence, RSS; simple repetitive sequence, SRS): Any one of a series
of short (2–10 bp) middle-repetitive, tandemly arranged, and highly variable
(hypervariable) DNA sequences dispersed throughout fungal, plant, and animal
genomes. For example, (A)n, (AT)n, (ATT)n, and (AATTA)n are such microsatellites.
Hypervariability of certain microsatellites leads to human diseases (e. g., microsa-
tellite expansion diseases such as Huntington chorea) but can also be exploited for
the generation of so-called sequence-tagged microsatellite markers.
Microsatellite polymorphism (short tandem repeat polymorphism, STRP): Any
difference in the number of microsatellite repeats at corresponding genomic loci
in two (or more) different genomes.
Minimal tiling path: Any map or table showing the placement and order of a set of
clones (e. g., bacterial artificial chromosome clones) that completely and contigu-
ously cover a specific segment of DNA.
Missense single nucleotide polymorphism (missense SNP): Any single nucleotide
polymorphism that occurs in the coding region of a gene and changes the amino
acid sequence of the encoded protein. Such missense SNPs, if responsible for a
functional change in, e. g., a protein domain, may cause diseases.
Molecular marker (DNA marker): Any specific DNA segment whose base sequence
is different (polymorphic) in different organisms and is therefore diagnostic for
each of them. Molecular markers can be visualized by either hybridization (e. g.,
in DNA fingerprinting or restriction fragment length polymorphism) or polymer-
ase chain reaction techniques. Ideal molecular markers are highly polymorphic
between two organisms, inherited codominantly, distributed evenly throughout
the genome, and visualized easily.
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N

Next generation screening (NGS): A variant of the classical screening for single
nucleotide polymorphisms (or other mutations) that uses high-density glass micro-
arrays onto which thousands of PCR-amplified single loci or gene fragments of
patients are immobilized. Each spot on such microarrays corresponds to a single
locus of a particular patient and contains the specific allele of this patient. These
NGS microarrays are hybridized with synthetic, fluorescently labeled, allele-specific
oligonucleotides complementary to the disease alleles, and the hybridization event
is detected by laser excitation of the corresponding fluorochrome. Three signal in-
tensities identify healthy (weak signals), carrier (intermediate signals), and disease
(strong signals) genotypes. The use of multiple fluorochromes (e. g., cyanin 5 and
cyanin 3) allows the screening of samples from up to 10,000 different patients on a
single NGS array and the screening for 12–20 disease loci, whereas the classical
microarray format permits screening of only one patient per chip. NGS therefore
determines the genotypes of multiple patients in a single test and is used for blood
typing, HLA analysis, forensic medicine, and research into hereditary hearing loss
and infectious diseases.
Non-coding single nucleotide polymorphism (ncSNP): A misleading term for any
single nucleotide polymorphism that occurs in a non-coding region of the genome
(e. g., an intron). NcSNPs are the most frequent types of SNPs in eukaryotic organ-
isms.
Non-synonymous single nucleotide polymorphism (nsSNP): Any single nucleotide
polymorphism that occurs in a coding region of a eukaryotic gene and changes the
encoded amino acid. NsSNPs may cause the synthesis of a nonfunctional protein
and therefore may be involved in diseases.

P

Physical map: The linear arrangement of genes or other sequences on a chromo-
some (or part of it) as determined by techniques other than genetic recombination.
Map distances are expressed as numbers of nucleotides (or nucleotide pairs)
between identifiable genomic sites (e. g., markers, genes).
Physical mapping: The technologies to produce a physical map.
Population-specific single nucleotide polymorphism (population-specific SNP):
Any single nucleotide polymorphism that is present in one population and absent
in another. For example, the colonization of Polynesia or the Americas led to the
development of single base pair exchanges that did not occur in ancestral groups
of hominids in Asia. These SNPs can therefore be considered to be specific to
Polynesian or American Indian populations, respectively.
Primer extension: A technique to detect the so-called single nucleotide polymorph-
isms (SNPs) in target DNA. In short, the target (e. g., a gene) is first amplified with
specific primers in a conventional polymerase chain reaction and subsequently
denatured. Then, a single-stranded primer is annealed to the single-stranded target
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DNA such that the primer ends exactly at the SNP site. After annealing, the duplex
exposes a 3l OH-group for an extension catalyzed by DNA polymerase in the pre-
sence of all four dideoxynucleoside triphosphates (ddNTPs) rather than deoxyribo-
nucleoside triphosphates (dNTPs), each labeled with a specific fluorochrome. The
matching ddNTP will then be incorporated and stops extension. The incorporated
ddNTP is then identified by the specific fluorescence emission of its fluorochrome.
A comparison with the wild-type sequence at the SNP site allows for identification
of the type of SNP.
Promoter single nucleotide polymorphism (promoter SNP, pSNP): Any single
nucleotide polymorphism that occurs in the promoter sequence of a gene. If a
pSNP prevents the binding of a transcription factor to its recognition sequence
in the promoter, the promoter becomes partly dysfunctional.
Pulsed-field gel electrophoresis (PFGE): A technique for the electrophoretic separa-
tion of DNA molecules from the size of ordinary restriction fragments (<10 kb) to
intact chromosomes of up to 20 million base pairs (20 Mb). The DNA is alternately
subjected to two electrical fields at different angles for specific time intervals called
pulse time (t). Under appropriate conditions, reorientation of DNA segments with
different size and topology is different, which leads to the separation of the differ-
ent segments.

R

Random amplified polymorphic DNA (RAPD): Any DNA segment that is PCR am-
plified using short oligodeoxynucleotide primers of arbitrary nucleotide sequence
and that is polymorphic between two genomes. The amplified products are sepa-
rated by agarose gel electrophoresis, and the polymorphism is detected as a
band on the ethidium bromide-stained agarose gels. The term RAPD is also delib-
erately used for the technique to detect the random amplified polymorphic DNA.
Rare single nucleotide polymorphism (rare SNP): Any single nucleotide poly-
morphism (SNP) that occurs at a frequency of less than 1% in a population.
Recombination (genetic recombination): The combination of genes in a progeny
molecule, cell, or organism in a pattern different from that of the parent mole-
cules, cells, or organisms. Recombination is based on the exchange of DNA
sequences between two chromosomes or on the novel association of genes in a
recombinant arising from independent assortment of unlinked genes, from cross-
over between linked genes, or from intra-cistronic crossover.
Reference single nucleotide polymorphism (refSNP, rsSNP, rsID, SNP ID): Any
single nucleotide polymorphism at a specific site of a genome (or part of a genome,
e. g., a BAC clone) that serves as reference point for the definition of other SNPs in
its neighborhood. The rsID number (“tag”) is assigned to each refSNP at the time
of its submission to the databanks.
Regulatory single nucleotide polymorphism (regulatory SNP, rSNP): A relatively
rare single nucleotide polymorphism that affects the expression of a gene (or sev-
eral genes). Usually this SNP is located in the promoter of the gene.
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Resequencing by hybridization (RBH): A variant of the sequencing by hybridiza-
tion technique that allows the detection of a single nucleotide polymorphism
(or another type of mutation) in a target region of a genome. In short, a SNP is
first detected in a genome-wide SNP mapping project, its linkage disequilibrium
with a target region (e. g., conferring a disease phenotype) is determined, and
the region is amplified in a conventional polymerase chain reaction with bracket-
ing primers. The amplification product or an oligonucleotide with the complemen-
tary sequence is then spotted onto a microarray together with thousands of other
targets and hybridized to test samples of genomic DNA (also cDNA) from patients.
Hybridizing probes are then resequenced and the SNP is verified.
Restriction: The exclusion of foreign DNA from bacterial cells by restriction endo-
nuclease-catalyzed recognition and degradation.
Restriction endonuclease (restriction enzyme): Any bacterial enzyme that recog-
nizes specific target nucleotide sequences (“recognition site”) in double-stranded
DNA and catalyzes the breakage of internal bonds between specific nucleotides
within these targets or within a specific distance from there. Restriction generates
double-stranded breaks with either cohesive or blunt ends. Restriction endonu-
cleases are part of bacterial restriction-modification systems that exclude foreign
DNA. The cell’s own DNA is protected by methylation of cytosyl residues in the
recognition sites.
Restriction fragment length polymorphism (RFLP): The variation in the length of
DNA fragments produced by a specific restriction endonuclease from genomic
DNAs of two (or more) individuals of a species. RFLPs are generated by genomic
rearrangements or mutations that either create or delete recognition sites for the
specific endonuclease. Since RFLP technology is labor-intensive and involves radio-
activity, it is superseded by PCR-based techniques.

S

Saturation mapping: The enrichment of specific regions of an already-established
genetic map with molecular markers such that marker density is extremely high. A
saturated map is a prerequisite for map-based cloning of a gene of interest. Satura-
tion mapping produces a high-resolution map and usually incorporates markers
generated with different marker systems.
Sequence-tagged microsatellite site (STMS): A locus-specific, codominant molecu-
lar marker, used for, e. g., DNA fingerprinting or genetic and physical mapping,
that is generated by sequencing microsatellite-flanking sequences, designing spe-
cific PCR primers towards these flanks, and using them to amplify genomic
DNA. In most, though not all, cases, only one amplification product can be de-
tected, which represents an STMS.
Single base extension (SBE): A technique for the detection of single nucleotide
polymorphisms that uses primers ending directly adjacent to the SNP mismatch
and is used to incorporate the complementary, fluorescently labeled ddNTP in a
conventional polymerase chain reaction with Thermus aquaticus DNA polymerase.
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After incorporation of the ddNTP, the reaction is terminated and the incorporated
nucleotide can be detected by laser-induced fluorescence. In one single reaction,
several SNPs can be discovered if primers with different 5l tails and different fluor-
ochromes are used (e. g., ddATP: green fluorescence; ddCTP: blue; ddGTP: yellow;
ddTTP: orange).
Single-hit single nucleotide polymorphism (single-hit SNP): Any single nucleotide
polymorphism for which each allele is present in only one sample from a distinct
population.
Single nucleotide polymorphism (SNP): Any polymorphism between two genomes
that is based on a single nucleotide exchange, a small deletion, or an insertion.
SNPs represent the most frequent mutations in genomes, and their relatively
good genome coverage and genome-wide distribution in both coding and non-cod-
ing regions recommend SNPs as highly informative markers for mapping proce-
dures.
Single nucleotide polymorphism database (dbSNP): A database for single nucleo-
tide polymorphisms (i. e., single-base exchanges), short deletions, and insertion
polymorphisms. Website: http://www.ncbi.nlm.nih.gov/SNP. HGVbase maintains
an extensive list of other SNP databases at http://hgvbase.cgb.ki.se/databases.htm
Single nucleotide polymorphism density (SNP density): The frequency of single
nucleotide polymorphisms per unit length of genomic DNA (usually SNPs per
kilobase). SNP density is different for different regions of genomes. For example,
regional heterogeneity of SNP density is characteristic for different chromosomes
of Anopheles gambiae, possibly caused by the introgression of divergent Mopti and
Savanna cytotypes (chromosomal forms). SNPs are therefore distributed along the
chromosomes in a bimodal way: one mode contains about one SNP per 10 kb, the
other about one SNP per 200 bp. SNP density is high in intergenic and intronic
regions, as compared with genic SNPs.
SNP cluster: The accumulation of single nucleotide polymorphisms in relatively
small genomic regions. Such clusters can extend over 1 kb (or more), are relatively
rare but very old, and originate from ancestral chromosome fragments inherited in
the extant species.
SNP frequency: The frequency with which single nucleotide polymorphisms occur
along a defined stretch of DNA or a chromosome (usually expressed as SNP per
kilobase). SNP frequency varies between genomic regions in the same individual
and between related individuals. For example, in some regions of the maize gen-
ome, SNP frequency is about 1/65 bp, in other regions 1/85 bp. Generally, SNP
frequency is much higher than the frequency of insertions or deletions (1/250 bp).
SNP map: The linear arrangement of single nucleotide polymorphisms along a
specific region in two homologous genomes.
SNP-rich segment: Any one of a series of genomic regions in which single nucleo-
tide polymerphisms (SNPs) occur at a considerably higher frequency than in the
rest of the genome. For example, in the mouse genome, such SNP-rich segments
contain about 40 SNPs per 10 kb, whereas other regions contain much fewer SNPs
(e. g., the intermitting sequences harbor about 0.5 SNPs per 10 kb).
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SNP scanning: The in silico search for single nucleotide polymorphisms in a
sequenced stretch of DNA (e. g., a BAC clone, a genomic segment, or, in extreme
cases, whole genomes).
SNP scoring: The search for single nucleotide polymorphisms in two (or more)
DNA sequences (in extreme cases, genomes) and their characterization and use
for genome analysis (e. g., establishment of a single nucleotide polymorphism
map).
Strong overlap: The number of bases matched between the two clones (e. g., bac-
terial artificial chromosome clones) determined by using the strictest matching
criteria.
Synonymous single nucleotide polymorphism (synonymous SNP, synSNP): Any
single nucleotide polymorphism that occurs in an exon but does not change the
amino acid composition of the encoded protein.
Synteny-based positional cloning: Any positional cloning of a gene (or genes) in
the genome of organism A for which mapping information from the genome of
organism B is used. For example, if molecular markers bracket the gene of interest
in the genetic map, can be located on a physical map (e. g., constructed with bac-
terial artificial chromosomes), and allow isolation of the target gene of organism B,
then the same molecular markers can be exploited to tag the orthologous gene in
organism A such that it can be isolated by the same techniques. This approach is
based on synteny.
Synteny mapping: The localization of DNA sequences (e. g., whole chromosome
arms, large genomic DNA regions, genes) in a target genome that are syntenic
to regions in a reference genome.

T

Tag single nucleotide polymorphism (tag SNP): Any one of two (or more) strongly
associated (i. e., commonly inherited) single nucleotide polymorphism loci that are
characteristic for a specific haplotype. For example, in a specific genomic region,
usually many SNPs are present at a frequency specific for this region (e. g., on aver-
age about one SNP per 300 bases in the human genome; however, there is much
variation in SNP frequency across the genome). Determination of all SNPs in the
selected region usually produces a SNP distribution profile, which requires exten-
sive sequencing in many different genotypes. The selection of only a few distinct
SNPs from this region (the so-called tag SNPs) for genotyping predicts the remain-
der of the common SNPs in this region, and only the tag SNPs need to be known
to identify each of the common haplotypes in a population.
Telomere mapping: The localization of telomeres on the ends of chromosomes by,
e. g., fluorescent in situ hybridization and the identification of other sequence
elements within the telomeric (and also sub-telomeric) region.
Tetra-allelic single nucleotide polymorphism (tetra-allelic SNP): Any single nucleo-
tide polymorphism of which four different alleles are present in a population.
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Tiling path: The ordered arrangement of BAC clones using sequence overlaps of
neighboring clones such that they completely cover the corresponding region of
the chromosome.
Transcriptome mapping: The procedure to establish a genetic map with cDNA
fragments that differ in size in the respective parents and segregate in the progeny.
Usually the resulting map reveals maternal or paternal inheritance of the frag-
ments. Since the cDNA fragments are displayed on Northern-type gels, interesting
fragments can be directly isolated and sequenced, and the sequence can be anno-
tated such that the underlying gene can be identified.
Tri-allelic single nucleotide polymorphism (tri-allelic SNP): Any single nucleotide
polymorphism of which three different alleles exist in a population.
Type I DNA marker: Any molecular marker derived from gene sequences. Such
genic markers are usually highly conserved, and therefore exhibit little sequence
polymorphism, and are less suitable for the analysis of pedigrees and population
diversity.
Type III DNA marker: Any one of a series of bi-allelic single nucleotide polymorph-
ism markers from sequences within or between coding regions that are highly
informative for pedigree, family, or population screens within species, but usually
are not informative for comparative ortholog identification between orders.
Type II DNA marker: Any molecular marker derived from hypervariable micro-
satellite sequences. Such markers are highly informative in forensic analysis, pedi-
gree, and population studies. Type II markers are almost evenly dispersed through-
out eukaryotic genomes, and each locus exists as many alleles in a population.
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– analysis 36–47
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– frequency quantification 88
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binary vector 187
bioinformatic tools 227
bioluminometric assays 85
biomolecule desorption 96



brassicaceae 7
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– design 121–129
– future 127
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BSA 12, 114
build quality 300–301
bulk segregant analysis see BSA

C
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Cardamine amara 308
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categorial traits 60–61
causative gene network 236
causative SNP 354
C-banding see constitutive-banding
CBCS 307, 313, 321, 325–328
– limitations 326
CB map 286
CDNA-AFLP analysis, conventional 40
CDP 221
cell cycle synchrionization 157
cell proliferation 249
CHEF gel mapping 139
chiasma formation 5
chimeric fingerprints 293
Chlamydomonas 238
chloramphenicol resistance 179
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chromatin, organization 145
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– analysis 158
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– changes 160
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– flow sorting 151
– haplotypes 125–125
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– mapping 13
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– polytene 136
– sequencing 340
– sorting 160
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– systems 174
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– strategies, differential 341–343
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constitutive-banding 137
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– DNA 326
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conventional
– AFLP analysis 36
– cDNA-AFLP analysis 40
– RFLP analysis 26
– SSR analysis 30–34
complementary regions 326
corn 84
cosmids 140–141
costs, sequencing 345–352
cot
– analysis 327
– based cloning see CBCS
– curve 313–314
– value 325
coverage
– clone 354
– genome 342
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C-value paradox 308
cytogenetic mapping 162
cytometry, flow 151

D
database, SNP 77
data processing
– HICF 291
– sequencing 345–352
datasets, combining 58
degenerate oligonucleotide primed pcr see

DOP-PCR
deletion mapping 134–136
denaturing gel detection system 30
denaturing sequencing 270
de novo polymorphism 316–317
dephosphorylation, vector DNA 194
design breeding 121–129
desorption, biomolecules 96
detection formats, alternates 82
detection techniques 49
– polymorphism 75–108
development, gene control 237
development model, public genetic mapping

software 69
diagnostic SNP 77
di-allelic map 355
differential cloning strategies 341–343
differentiation, plants 235
digestion
– partial 196
– vector DNA 193
direct isotope incorporation 31
distance estimation, multilocus 57
distorted segregation 17
DNA
– cloning vectors 191
– digestion 274
– fingerprinting 36, 257–284
– formats 81
– fragments 12–13
– fragments, size 198
– isolation 222–223, 264
– megasbase-size 190
– physically aligned 15
– polymorphism 307
– pooling 220–222
– preparation, nuclear 188
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– applications 202–203
– chromosome-specific 156, 165
– construction 188, 195

– genomic 173–214
– quality 183
DNA markers 369
– applications 111
– preparation 269
– targeted 223–227
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– integration 216–217, 220–223
domain walking 355
DOP-PCR 307, 318–320, 328–335
doubled haploid lines 11
double digestion, MEGA-AFLP 43
double-end-labeled fragments 304
double hit SNP 356
double-strand-break repair model 5
drag, linkage 117
Drosophila melanogaster 136–139, 275, 338
Dupont method 290

E
efficient assay design 103
electrophoresis 267
– AFLP analysis 39
– MEGA-AFLP 44
– SRAP 49
electroporation 183
– technology 209
electrospray ionisation see ESI
end-labeling 271
endonuclease, structure-specific 80
end sequencing 343–352
enzymes
– cleavase 80
– type IIS 289–291
Escherichia coli 175, 178–180, 182, 243, 318
ESI 96
eSNP 356
EST 307, 311
EST sequencing 311, 338
– limitations 322–325
exchange, single nucleotide 75
exhaustive-search methods 64
exotic libraries 10–11
expressed sequence tag see EST

F
F2 populations 7–8
F-AFLP 39–40
fertility plasmids 178
f-factor 178
fiber-FISH 144
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filtration, methylation 311–312
fine-map loci 123
fingerprinting
fingerprinting, comparison 277
fingerprinting, DNA 36
fingerprinting, DNA 257–284
fingerprints 356
– analysis 203–204
– loading 297–298
– pattern 155
FISH 15, 142, 357
– fiber 144
– physical mapping 163, 204
flow cytometers 151, 153
– chromosome analysis 159
flow cytometry, plant list 154
flow karyotyping 155–156, 161
flow sorted chromosomes 155–156
flow sorting 151
fluorescence-labeling method, post-PCR 33
fluorescence-based AFLP see f-AFLP
fluorescence in situ hybridization see FISH
fluorescence resonance energy transfer see

FRET
fluorescent
– banding 138
– chemistry 337
– in situ hybridization 142–144
– nucleotides 271
fluorophore-modified primer 32
FPC 285–288, 296, 356
fractionation 314
fragments
– DNA 12–13
– fractionation 267, 270
– HICF 303
– physical maps 285–306
– sizing 292–293
frame 48
frequency quantification 88
FRET 81
Fritillaria assyriaca 308
functional map 357

G
gap closure, sequencing 347–352
garden pea, genetic linkage 164
gel-based method 265–268
gel detection systems 30
gel electrophoresis 267
gel length 287, 298
gel mapping 139
gene discovery 238–240

gene network 246
– causative 236
gene-rich sequences 218–219
genes
– mapping 15
– plants 233–256
– pyramiding 117
genescan analysis 291
gene space 144–145
– sequencing 322–325
gene structure, bacteria 134
gene surfing 357
genetic algorithms 65
genetic distance analysis 113
genetic linkage mapping 54
genetic maps 3–21, 23–49, 215–232, 357
– exploiting 109–129
– software 53–74
genetic variations 23
genome 358
– association studies 99
– browsers 227
– coverage 184
– mapping 75–108
– physical mapping 275
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– representation 185
– sequencing 207, 341–343
genomic DNA libraries 173–214, 188
– applications 202–203
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– quality 183
– storage 202–203
genomic in situ hybridization see GISH
genoprofiler 295–296
genotype reporting 103
genotyping 6, 75–108
– data 95
– platforms 91
– SNP 78, 86, 101
germ plasm, exploitation 120–121
GISH 142
Glycine max 240
golden gate assay 92
grapes 112
grouping, locus 55
growth regulators 246
gymnosperms 308

H
Haemophilus influenca 338
haploblock 78
haploid lines 11
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Haplopappus gracilis 153
haplotypes 90, 359
– analysis 124
– block 358
– map 78
– predictive value 124
HAPPY mapping 359
HiCEP 40–42
HICF data
– packaging 295–296
– processing 291
HICF mapping 296
– simulations 302
HICF techniques 288–291
high-coverage expression profiling see HiCEP
high-density BAC 359
high multiplex SNP platform 91
high througput SNP analysis 96
HME 97
HMW DNA 196
homogeneous MassEXTEND assay 97
Hordeum bulbosum 11
human genome 338
Human PAC 266
hy-banding 138
hybridazation targets 94
hybrid capture 319, 329
hybridization 219, 360
– colonies 226–227
– overgo 218–219
– screening 217
– techniques 216–217
hybrid mapping, radiation 140
hybrids 11
hydrochloric acid 138
hypermethylation 323–324
hypomethylation 323

I
IDB 61
identity-by-descent see IDB
IL 10–11, 121
IL library 122
Illumina genotyping platform 91
IMAP 229
inbred lines 8–9
inception 258–263
indel polymorphisms 316
inheritance, laws 4
insert-empty clones 261
insertional mutagenesis 238–240
insert sizes 183
in silico maps 360

in silico design 102
in situ hybridization see ISH
intact nuclei, preparation 189
integrated AFLP mapping 224
integrated physical-genetic mapping 227
– reverse 223–227
interphase nucleus mapping 361
inter-retrotransposon amplified polymor-

phism see IRAP
inter-simple sequence repeats see ISSR
interval mapping 63
– QTL 64
– simple 61
introgression lines see IL
intronic SNP 361
Invader applications 85
Invader assays 82
Invader technologies 80
IRAP 47–48, 361
ISH 138, 142–144, 361
ISSR 34–36
iterative hybridization, physical mapping 205

K
karyotypes 151
karyotyping, flow 155–156
kinase, polynucleide 31
knob mapping 134

L
labeling, oligo 218
landing, chromosomes 206
landmarks, genetical 174
large-insert clones
– automated fingerprinting 262
– pooled 222–223
large-insert DNA clones 176–183
– subcloning 226
large-insert genomic libraries 174
– DNA 202–203
large insert libraries, pooling 221
large-scale DNA sequencing 337–352
laws of inheritance 4
layer diagonal pools see LDP
layer pools see LP
LD 14, 67
LD mapping 123
LDP 221
least square methods 61
legitimate recombination 360
legume nodulation genes 245
libraries
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– construction 196
– production, sequencing 343
– quality 183
ligation
– DNA fragments 200
– MEGA-AFLP 43
limit of detection see LOD
linearized vector DNA 194
lines
– doubled haploid 11
– introgression 10–11
– recombinant 8–9
linkage 362
– analysis 6
– close 241
– disequilibrium see LD
– disequilibrium analysis see LD mapping
– drag 117
– future 67
linkage mapping 54
linkage mapping, software 58–60
linked marker 12
locus
– grouping 55
– haplotyping 121
– linkage 54
– pair 58
– specific markers 46
– specific oligo see LSO
LOD 100
long-distance signals 251
Lotus japonicus 234, 239, 244, 250
low coverage sequencing 342
LP 220
LSO 93
Lycopersicum 15
– peruvianum 11
– pennellii 11
– pimpinellifolium 10
LYSM domain gene 248

M
MAB 362
MABC 116
macrosynteny 362
maize 6, 87, 125, 134, 323
– knob mapping 134
MALDI-TOF MS 96
map based cloning 234, 240–245
MAPMAKER 57
mapping 362
– chromosome-specific tools 13
– genetic 3–21, 23–49, 53–74

– high-resolution 127
– interval 64
– mutants 12–13
– optical 204
– physical 133–149, 151, 173–214
– locus 121
– future 67
– problems 15
– classical 134–138
– molecular 139–149
maps
– construction 56
– correlations 143
– physical 215–232
marker assay 46
marker assisted backcrossing see MABC
marker assisted breeding 116–121
marker assisted selection 109–129
markers
– association 60–61
– DNA-based 25
– locus specific 46
– molecular 109–129
– simplex 58
marker systems 23–49
– molecular 23–24
Markov chain Monte Carlo see MCMC
Markov chain Monte-Carlo methods 65
MAS 363
massarray platform 97
massextend 97
matrix assisted laser desorption see MALDI-

TOF MS
MCMC 53
MCMC methods 65
MC QTL mapping 66–67
Medicago
– sativa 247
– trunculata 234, 239, 244, 248
MEGA-AFLP 42–44
megabase cloning 363
megabase DNA, pre-purification 196
megabase-size nuclear DNA preparation 188
meiotic recombinants 135
Mendel 4
merit criteria, software 69
metaphase acculmulation 157
methylation filtration see MF
methylation-specific restriction enzymes see

MSRE
MF 307, 311–312, 323–325
microdissection 354
microsatellites 29, 316
– capture 308
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– isolation 328–335
– markers 167
miniature inverted-repeat transposable

elements see MITE
mismatch, PCR-RFLP 27
missense single nucleotide

polymorphism 363
MITE 44, 320
MITE-AFLP 44
mitotic chromosomes 152–153
mitotic synchrony 153
mixed cross design 57–58
ML mapping 61
model building, QTL 64
molecular mapping, techniques 139
molecular markers 23–49, 109–129
– detection techniques 49
– isolation 155
– systems 23–24
– target isolation 166–168
molecular weight markers 279
monogenetic traits 113–121
MSRE 312
MT QTL mapping 66
MultiFPC 301
multigene models 53
multilocus distance estimation 57
multilocus genetic mapping 53
multiple cross 66–67
multiple-QTL 64
multiple traits see MT
multiplex-endonuclease genotyping

approach see MEGA
multiplexing, PCR 222
multiplexing SNP genotyping 101
mutagenesis, insertional 238–240
mutants, mapping 12–13, 15
mutation detection 84

N
natural populations 14
N-banding 137
nearly isogenic lines see NIL
NGS 364
NIL 10
96-well format 265
nodulation
– biology 245–247
– factor 234
– genes 245
– genes, autoregulation 249–256
– legumes 236
non-nodulation genes 247–249

nonparametric methods 61–62
non-synonymous SNP see nsSNP
novel varieties, creation 116–121
nsSNP 77, 364
nuclear DNA preparation 188
nullisomics 135
numerical chromosome changes 160
nylon cross-linking 328
nylon filters 216

O
oligo 93
– labeling 218
oligonucleotides 80
oligonucleotides, primers 28
oncogenes, recessive 135
open reading frames 48
optical mapping 204
optimization methods, computational 66–67
ordering, locus 55
outbreeding species 57
overgo hybridization 218–219
overlap
– clones 259, 354
– equations 303
– score 286

P
PAC 179–180, 258
– human 266
parental lines 8
parent segments 122
partial digestion 196–197
PBC 177, 181–182
PCR, physical mapping 163
PCR amplification 27
PCR multiplexing 222
PCR-RFLP 26
– mismatch 27
peak scoring 291–292
PFGE 139, 365
phage cloning systems 174–175
phenotypic assays, results 111
phenotypic selections 119
phenotypic traits 3
physically aligned DNA 15
physical maps 133–149, 151, 173–232, 364
– construction 281
– PCR 163
– plants 187
– techniques 206
– whole-genome 257–284
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Pisum sativum 234
planta genericus 310, 314
plants
– chromosomes 133–149
– developmental genes 233–256
– differentiation 235
– genetic linkage mapping 54
– genome projects 339
– genomes 307–335
– genomes, repetitive 329
– growth regulators 246
– mapping 59–67
– mapping, software tools 67
– materials, DNA preparation 188
– physical mapping 187
– self-fertilizing 7
– self-incompatible 6
plasmid based cloning vector see PBC
plasmid cloning systems 174
Plasmodium falciparum 340
point mutation 75
pollination 8
polyacrylamide gels 277
– fingerprinting 268–271
polygenic traits 114, 119
polymorphism 4, 24, 357
– discovery 316–317, 328–335
polynucleotide kinase 31
polytene chromosomes 136
pooling 220–223
– strategy, six-fold 221
populations
– F2 7–8
– mapping 3–21
– natural 14
positional cloning 233–256
potatoes 12, 89–90
pre amplification
– AFLP analysis 38
– MITE-AFLP 45
pre selective amplification, MEGA-AFLP 44
primers
– balanced 101
– design 48–49
– extension methods 319
– extensions 364
– oligo base extension 97
– oligonucleotides 28
– sequences 329
probabilities, genome representation 185
probe cycling 81
projects
– plant genomes 340
– whole genome 339

promoter SNP 365
pseudomarkers 64
public genetic mapping software 69
pulsed-field gel electrophoresis see PFGE
purification, vector DNA 191
purity analysis, seed 113
pyramiding resistance genes 117
pyrosequencing 85–86

Q
Q-banding 137
Q-clones 287, 300–301
QTL 14
QTL mapping 59–67
– future 67
– multiple traits 66
– reverse 115
quality
– DNA libraries 183
– screening 293–294
– trimming 345
quantitative traits 114
– locus see QTL
quinacrine mustard solution 137

R
radiation hybrid mapping 140
radioactive methods, denaturating gel

detection systems 30
random amplification polymorphic DNA 28
RAPD 5
rapid amplified polymorphic DNA see RAPD
rapid SNP validation 99
rare SNP 366
r-banding see reverse banding
RBH 366
RDP 221
reagents, DNA preparation 188
re-association, DNA 315
reciprocal IL libraries 122
recombination 5, 366,
– hotspots 242
– inbred lines see RIL
reduced representation shotgun see RRS
regression 61
REMAP 47–48
repeat screening 294–295
repeat sequences 308
– enrichment 320–322
repetitive plant genomes 329
repetitive sequences 321
representation strategies, reduced 307–335
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reproductive mode, plants 6
rescue MU technique 320
resistance genes 117
restriction
– digestion 271
– endonuclease 366
– enzymes 187, 265, 288
– fingerprinting 265–268
– sites 186
restriction fragments
– length polymorphism see RFLP
– physical maps 285–306
retrotransposon-microsatellite amplified

polymorphism see REMAP
retrotransposons 47
reverse banding 138
reverse integrated physical-genetic

mapping 223–227
reverse QTL mapping see RQM
RFLP 4, 25, 366
Rhizobium 234
rice 186, 234
RIL 8–9
RNA expression 238
RNA format 81
robotic workstations 265
robustness, Invader assays 85
row diagonal pool see RDP
RQM 115
RRS 307
– sequencing 317, 328–335
rye 137, 161

S
saturation mapping 366
SBE 366
scaffolding 346
SCAR 24–25
Schizosaccharomyces pombe 205
SCIM 63
scoring, markers 126
screening 293–294
– vectors 297–298
search methods 64
Secale cereale 137
seed purity analysis 113
segregant analysis 114
segregation 242
– distorted 17
selection
– indirect 113
– marker assisted 109–129
– phenotypic 119

selective amplification
– AFLP analysis 38
– f-AFLP 39
– MITE-AFLP 45
selective genome sequencing 341–343
self-fertilizing plants 7–11
self-incompatible plants 6
self-pollination 8
sequence
– amplified polymorphism see SRAP
– analysis 344
– assemblers 338
– assembly 346
– complexity 309
– editing 347–352
– gene-rich 218–219
– reactions 344
sequence-characterized amplified region see

SCAR
sequencer, SSR detection system 32
sequence tagged microsatellite profiling see

STMP
sequencing
– automatic 271–275
– cot-based 313
– denaturing 270
– gene space 322–325
– genomes 207
– process 343
– RRS 317
shotgun sequencing 208
signal amplification 81
signals, long-distance 251
significance testing 63
SIM 61
simple assay processing 103
simple interval mapping see SIM
simple sequence repeat see SSR
simplex marker 58
simulations, HICF mapping 302
single-base labeling 288
single chromosome sorting 161
single-marker association 60–61
single nucleotide polymorphism see SNP
single sequence repeat see SSR
single-stranded DNA binding protein 86
size selection, DNA fragments 198–199
slab gel 78
SLcot sequencing 326
SNaPshot 295
SNaPshot HICF 290
SNP 75, 316, 354–357, 361, 366–368
– analysis 80, 85, 91, 96
– genotyping 86
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– mining 79
– non-synonymous 77
software, linkage-mapping 58–60
Sorghum 16, 215, 321
– chromosomes 16
source DNA libraries 260–263
soybean 6, 76, 215, 217, 268
specifity, Invader technology 83
SRAP 48
SSR 29–36, 316
– capture 318–320
– detection systems 32
– mapping 225–227
STMP 36
STMS 366
stress responses, plants 324
strong overlap 368
structural chromosome changes 160
subcloning 226
substitution mapping 134–136
Sulston formula 303
symbiosis 237
synchronization, cell-cycles 157–158
synonymous SNP see synSNP
SynSNP 77

T
TAC 177, 182, 258
targeted DNA marker mapping 223–227
targeted SSR mapping 225–227
target isolation, molecular markers 166–168
target-specific region see TSR
T-DNA insertion 239
TE-AFLP 42–44
telomere mapping 368
template production, sequencing 344
terminator 78
tester parent 123
three endonuclease AFLP see TE-AFLP
tobacco 187
tolerance, FPC 298
tomato 6, 15
traits
– agronomically relevant 121, 124–125
– categorial 60–61
– monogenetic 113–121
– phenotypic 3
– polygenic 114, 119
transformation competent artificial chromo-

somes see TAC
translocation chromosomes 164

transposable elements 44
transposon displays 320
Tripsacum 134
TSR 80
type IIS enzymes 289–291

V
validation, rapid 99
variant design 57–58
variation, genetic 23
variation allelic 124
variety identification 113
vector DNA
– digestion 193
– isolation 191
– linearized 194
vectors
– bands 294
– BIBAC 180
– binary 187
– preparation 191–202
– screening 294–295, 297–298
virtual QTL 59

W
walking, chromosomes 206
washing 220
WGS 341
wheat 159, 161, 166, 290
– durum 162–163
– nuclei 190
whole genome
– projects 340
– sequencing 208
– shotgun sequencing see WGS
wild germ plasm 120

X
X-rays 140

Y
YAC 140–141, 174–175
yeast 205
yeast artificial chromosomes see YAC

Z
Zingeria biebersteiniana 324
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