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PLANT BIOTECHNOLOGY 

Plant Genome - Genetically, a plant genome is the most complex one found in living 
systems. It comprises three interacting genome. Aside from the nuclear genome, complete 

genetic systems are located in the plastids and the mitochondria. These organelles are 
semiautonomous bodies; they have their own organizational and functional properties but do 
not synthesize all their own proteins. The nuclear genome plays an important role in 

organelle biogenesis. 
 

Techniques in molecular cloning and deoxyribonucleic acid (DNA) sequencing have 

provided the tools for studying the structure of genes at the nucleotide level. Hence our 

knowledge of the structure, organization and expression of a plant genome has come largely 
through, the use of recombinant DNA techniques. This technology allows isolation and 
characterization of specific pieces of DNA by cloning the DNA sequences into bacterial cells 

in which they can be replicated and large quantities obtained for analysis. 

In addition to supplying much basic information concerning gene structure and expression, 
recombinant DNA technology enables specific manipulation of genetic material and the 

transference of such material between different organisms. These types of genetic 

manipulations may ultimately give us the opportunity to engineer agricultural crops and 

industrially important plants in order to, tailor them more closely to fulfill the needs of 

human beings. 

Nuclear Genome - A genome is the complete set of chromosomes found in each nucleus of 

a given species which contains the entire genetic material. The nuclear genome is the largest 

in the plant cell, both in terms of picograms of DNA and in number of genes encoded 
(complexity). Eukaryotic nuclear genomes can be distinguished from organelle and 

prokaryotic genomes by size and complexity. A typical higher plant genome, for example, 

contains about 5 x 109 base pairs of DNA per haploid set of chromosomes. This is about 
30,000 times as much DNA as in a single chloroplast genome and some 10,000 times as 

much as in a moderately sized plant mitochondrial genome. It is also 1000 times more than 

that of bacterial DNA present in Escherichia coli. 

The typical plant genome with 5 x 109 base pairs of DNA would be about three metres long 

if the entire DNA were to be laid out in a straight line. Chromosomes are composed of two 

types of large organic molecules (macromolecules) called proteins and nucleic acids. 

Nucleic acids are of two types: deoxyribonucleic acids. (DNA) and ribonucleic acids 
(RNA).For many years scientists disputed which of these three macromolecules (proteins, 

RNA and DNA) carries genetic information. 
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During the 1940s and early 1950s several elegant experiments were carried out which clearly 

established that genetic information resides in the nucleic acids and not in the proteins. More 
specifically, these experiments showed that genetic information resides in DNA. (In a few 

simple viruses, however, RNA carries the genetic information; these particular viruses 
contain no DNA.) Nuclear DNA is packaged into chromosomes along with histones and 
nonhistone proteins, all of which play important roles in gene expression. 

These various components are held together to form chromatin by both hydrophobic and 

electrostatic forces. While the DNA encodes the genetic information, the proteins are 
involved in controlling packaging of DNA and in regulating its availability for transcription. 

Although the structure of eukaryotic chromatin has been fairly well characterized, the roles 

of various individual proteins in chromatin structure and gene regulation have yet to be 

elucidated. 

Size of Nuclear Genome of Various Plant Species –  

Species pg DNA per Haploid Genome 

Arabidopsis thaliana 0.50 

Vigna radiata 0.53 

Nicotiana tabaccum 2.00 

Phaseolus coccineus 3.50 

Triticum aestivum 5.10 

Secale cereale 8.40 

Vicia faba 26.00 

Allium cepa 33.50 

Viscum album 107.00 

 

 
Repeated Sequences of Regulating Gene Expression -  

 

In a strict sense, some of the control sequences just described is really repeated sequences. 

Short elements, such as the TATA or CAAT boxes, appear in many promoters and hence are 
repeated, but because they are so short are not recognized in hybridization experiments. 

Enhancers may sometimes contain several repeats of a somewhat longer sequence (such as 
the 72-nucleotide repeats of the SV40 enhancer), By themselves, however, these do not reach 

sufficiently high copy numbers to be detected in classical reassociation experiments and no 

extensive sequence homology exists among enhancers as a class, although some short 

homologies have been found. Therefore, none of the gene regulatory elements discussed thus 

far can be considered "classical" repeated sequences. 
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Evidence for the involvement of "classical" repeated sequences in gene regulation is far 

more circumstantial and is based on the occurrence of repeat sequence transcripts in the 
RNA population. Although most mRNAs are transcripts of single copy genes, repeat 

transcripts can often be found when Cloned repeat sequence probes are used to increase 
sensitivity. This is especially true in nuclear RNAs, wherein the RNA contains transcripts of 

many interspersed repeat sequences. 

When different stages of develop ment are compared, it is usually found that the repeat 

sequences which are most abundant in RNA differ from stage to stage. Of course, simply 
because repetitive sequences are transcribed, or because their transcription changes during 

development, does not prove that they are involved in gene regulation. It seems likely that 

most transcribed repeats are simply sequence elements that have found their way into 

transcription units by evolutionary accidents or rearrangement or transposition. 

On the other hand, if must be admitted that a small class of functionally important repeat 

sequences might exist against a large background of evolutionary noise. Several lines of 

evidence from animal systems suggest that this may be true. 

 
The transcriptional elements are parts of a gene or its flanking sequences and affect only the 

gene to which they are directly linked. In genetic terms they function cis, regulating genes on 

the same chromosome. Clearly, there must be other elements involved in gene regulation 

and, as a matter of fact, there is now good experimental evidence that in some cases certain 

protein factors must be bound to specific sites in a gene or its flanking sequences in order to 

initiate transcription. 

An example is the transcription factor which binds to the heat shock promoter in Drosophila. 

Genes encoding this factor would be examples of trans-acting control elements. As their 

name implies, such elements are capable of affecting genes other than those located on the 
same chromosome. Transacting regulatory genes are well known from genetic studies but 

our understanding of the molecular nature of such elements, and the factors which 

presumably mediate their effects, is still quite limited. Certainly, their importance can hardly 

be denied. 

Gene families:- 

This is a list of gene families or gene complexes, that is sets of genes which occur across a 

number of different species which often serve similar biological functions. These gene 

families typically encode functionally related proteins, and sometimes the term gene families 
is a shorthand for the sets of proteins that the genes encode. They may or may not be 

physically adjacent on the same chromosome.  Example of these:-  

CalcinPEst *calcineurin-like phosphoesterase 

http://en.wikipedia.org/wiki/Gene_family
http://en.wikipedia.org/wiki/Gene_complex
http://en.wikipedia.org/wiki/Species
http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Chromosome
http://www.tc.umn.edu/~cann0010/genefamilyevolution/00_GF_pages/CalcinPEst.html
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Calmod Calmodulin 

CytP450 *cytochrome P450 

Enod16 Enod16 

Protein family:-A protein family is a group of evolutionarily related proteins, and is often 

nearly synonymous with gene family. The term protein family should not be confused 
with family as it is used in taxonomy. 

Proteins in a family descend from a common ancestor (see homology) and typically have 
similar three-dimensional structures, functions, and significant sequence similarity. While it 
is difficult to evaluate the significance of functional or structural similarity, there is a fairly 
well developed framework for evaluating the significance of similarity between a group of 
sequences using sequence alignment methods. Proteins that do not share a common ancestor 
are very unlikely to show statistically significant sequence similarity, making sequence 
alignment a powerful tool for identifying the members of protein families. 

Code Proteins of Gene Family - A number of plant and animal protein coding genes are 

also found in. multigene families. However, these families are much smaller than the rRNA 

gene families and it is much more common for protein-coding genes to be individual units, 

even when they are located fairly closely together. A good example of clustered individual 

units is provided by the genes for the small subunit of RuBP carboxylase (rbcS genes). These 
genes have been extensively studied in several plant species, including petunia, pea, and 

duckweed (Lemna gibba). 

 

In all three cases there were multiple copies, Lemna had about thirteen copies, pea six, and 
petunia eight. Although the genes in anyone plant are highly homologous within their 
protein-coding regions, they differ from one another in transcribed but untranslated regions 

located at the 5' - or 3' ends of their coding sequences. By making gene specific probes from 
the 5'- or 3' -regions or by sequenc ing cDNA clones and comparing their sequences to those 
of the genes, it is possible to show that most of the genes are actually transcribed.Therefore, 

the multiplicity of gene copies does not merely reflect the presence of inactive copies or 

"pseudogenes" (partial or defective copies), although the presence of some pseudogenes 

cannot be ruled out Genetic variation in the small subunit protein were earlier shown to be 
consistent with the presence of a single Mendelian locus.  

This could mean that(a) the multiple rbcS genes are located so close together that 
recombination among them is very improbable, or that (b) the variation actually reflects the 
activity of a modifier gene, rather than the structural gene, or that (c) only one gene is 

responsible for the bulk of the protein, the others being inactive in the cells that were 
analyzed. Recent experiments, in which different genes could be distinguished directly at the 
DNA level, have shown that structural genes do actually occur quite close together in the pea 

genome. A very similar picture has emerged for the, soybean leghemoglobin genes. 

http://www.tc.umn.edu/~cann0010/genefamilyevolution/00_GF_pages/Calmod.html
http://www.tc.umn.edu/~cann0010/genefamilyevolution/00_GF_pages/CytP450.html
http://www.tc.umn.edu/~cann0010/genefamilyevolution/00_GF_pages/Enod16.html
http://en.wikipedia.org/wiki/Evolution
http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Gene_family
http://en.wikipedia.org/wiki/Family_(biology)
http://en.wikipedia.org/wiki/Homology_(biology)
http://en.wikipedia.org/wiki/Protein_structure
http://en.wikipedia.org/wiki/Sequence_alignment
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Multigene families can typically be divided into subfamilies on the basis of degree of 

homology between different groups of family members. Perhaps the best studied example of 
this phenomenon is the zein multigene family. Zein proteins can be divided into two major 

classes on the basis of their molecular weights. The DNA sequence of these two classes 
shows considerable homology, indicating that both classes probably evolved from the same 

ancestral gene and can be regarded as belonging to one large gene family.  
This large family can be divided into the two groups just men tioned and one of the groups 

further subdivided. From an analysis of Southern blots it appears there may be at least 40-50 

genes in an inbred line of maize. Although not all these genes may be functional, the 
isolation of cDNA clones containing at least ten different sequences indicates that 
considerable heterogeneity exists even among genes that are expressed  

In other words, not all members of a multigene family that are expressed are necessarily 
expressed equally or regulated similarly. In pea plants several different rbcS genes have been 
transcribed to yield mRNAs but the fraction of the total rbcS mRNA contributed by a 

particular gene varied in experiments from one organ to another indicating that the 

expression is different in each organ. In general, it would seem that coupling different 

members of a gene family to different regulatory elements might allow the "same" gene to be 

expressed differently in different organs or cell types or at different stages of development  

Plant Gene Structure - Plant ribosomal RNA genes and a number of other structural genes 

from a variety of species have now been analyzed in considerable detail. In common with 

many animal genes, some plant gene sequences have been found to have their coding 

sequencers interrupted by introns or intervening sequences. 

 

These introns are transcribed but not represented in mature mRNA and hence are not 

translated. No introns have been found in rRNA genes but they have been demonstrated in a 
number of other plant structural genes. 

Introns and Exons: An intron is a noncoding section of a gene that is removed from RNA 

before translation in cells of higher organisms. An exon is the coding section of a gene. The 

coding sequences are interrupted by intervening noncoding sequences. Introns are detected 

as DNA sequences that lie within a gene yet do not appear in mature mRNA. 

 

The best way to detect and characterize introns is by comparing the complete nucleotide 
sequences of DNA to the mRNA using genomic and cDNA clones. Cloned genomic DNA is 
annealed with RNA and the products examined under an electron microscope. 

Since the intron sequences are not contained in the RNA, they will form single stranded 
loops in the heteroduplex molecule. If these loops are sufficiently large (more than 50 

nucleotides in length), they can be seen and their approximate positions in the gene mapped 

from an electron micrograph. 
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The evolutionary and functional significance of an intron sequence has been much discussed. 

One of the most appealing hypotheses, originally put forward by W. Gilbert of Harvard 
University in 1981, is that the presence of introns is related to an evolutionary process by 

which new genes arise from recombination events that juxtapose previously existing genes or 
portions of genes. 

Given the ability to splice transcripts from two or more DNA segments into a single mRNA, 
"compound" genes may form.The number of introns is highly variable in both plant and 

animal genes. There are a number of plant genes with no introns at all, such as the zein 
storage protein genes of maize, two other soybean protein genes, one rare class leaf gene and 

most cab genes (nuclear genes encoding the chlorophyll a/b-binding protein of the 

photosystem). 

 
Other plant genes have two or three introns. Nucleotide sequence data for the French bean 
(Phaseolus) genes, soybean leghemoglobin genes, a soybean actin gene, soybean glycinin 

gene, a rare class leaf gene and genes for the small subunit of RuBP carboxylase, has shown 

that all these plant genes have two to three introns. 

A few plant genes have larger numbers and or longer intron sequences. There are nine 

introns in the maize Adh genes and five introns in the phytochrome gene. Where intervening 

sequences are present, all plant genes are identical in the first and last two bases of the 

introns GT and AG respectively. 

 

Conservation of the two dinucleotides at the intron/exon junctions in all eukaryotic genes 

suggests that similar RNA splicing mechanisms are involved. Comparisons of plant storage 
proteins with animal storage proteins have shown that plants have simpler intergenic 

structures than do animals. 

Ribosomal RNA Gene Families - Probably the best known multigene families are those 

encoding ribosomal RNA. The "major" ribosomal RNA genes are organized in long tandem 

arrays containing both gene and spacer sequences. In most animal cells there are some 100-

200 rRNA genes and in plants the numbers may be much higher. It is not uncommon to find 

5,000 rRNA genes per 'genome in plant species with DNA contents typical of crop plants, 

and much higher numbers have been reported. The genes exist in large tandem arrays at one 

or a few loci in the genome. 
 
The repeating unit in these arrays consists of one large transcription unit containing genes for 

the 18S, 5.8S and 25S rRNAs as well as for $pacer sequences that are removed during 

processing of the large primary transcript. Also included in the basic repeat are spacer 
sequences which are not part of the pri mary transcript and often called non transcribed 

spacer or intergenic spacer sequences. 
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The major rRNA genes are transcribed by RNA polymerase I, a specialized form of RNA 

polymerase, which transcribes only these genes. Active rRNA genes are found in the 
nucleolus where their transcripts are processed and assembled with ribosomal proteins. 

Genes for 5S ribosomal RNAs are also organized in tandem arrays although they are located 

elsewhere in the genome away from the major rRNA gene arrays. They are transcribed by 
RNA polymerase III rather than polymerase I. As in the case of the major rRNA genes, the 
arrays consist of alternating gene and spacer sequences. In wheat two main variants exist in 

which the repeating units are 410 and 500 bp long. Similar heterogeneity is seen in flax, in 
which the major length classes are 340 and 360 bp. Within these repeats the gene itself 

occupies only 118 bp. 

 

Most spacer sequences are highly variable, even between the different length classes in a 
single genome, but there is a region of about 70 bp 5' to the start of transcription that is 
conserved. 

Studies of 58 genes in Xenopus, however, have shown that this region is not required for an 

accurate transcriptional initiation. Interestingly, the promoter sequences required for proper 
initiation by polymerase III in extracts of Xenopus oocytes seem to be located well within 

the coding sequence of the gene. 

 

The number of copies of both the major rRNA genes and the 58 rRNA genes can vary 

widely among closely related species of plants, and even among different races or varieties 

within a species. For example, different lines of flax have been reported to contain between 

about 50,000 and 120,000 58 RNA genes. The number of major ribosomal RNA genes 

varied between about 1,400 and 2,700 in the same lines, although there was no correlation 

between the numbers of 58 genes and major rRNA genes. 

Extensive variation in the number of major rRNA genes also occurs independently at each of 

the several loci that contain rRNA genes in hexaploid wheat. Such extensive variation 
between vigorously growing, closely related genotypes makes it very difficult to argue that 

the larger gene numbers are required for normal plant growth and development. Instead, it 

would appear that plants simply tolerate a great deal more variation than animals do. Even in 

plants with lower gene numbers there may be a substantial "excess" over the number of 
genes actually expressed in any given cell. 

In addition to variation in rRNA gene number, many plants have substantial polymorphism 
in the length of their tandem repeat units. Both types of variation are thought to result from 
unequal crossover events. Why both copy number and length variation can result from 
unequal crossover in ribosomal RNA gene arrays can be understood by considering the 

structure of a typical repeat in such an array. 
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In each repeat there is the large transcription unit containing genes for the 188, 588, and 258 

RNAs and the spacer sequences between them. There is also the "nontranscribed 
spacer".Within the nontranscribed spacer there are a number of short (about 130-180 bp) 

"subrepeat" sequences. These subrepeats provide another set of tandemly repeated sequences 
at which unequal crossovers might occur. 

 
Unequal crossover in this region would generate spacer length variants with different 

numbers of subrepeat sequences. This model predicts that most of the rRNA gene length 

variants seen in nature should differ from each other by lengths corresponding to integral 
multiples of the subrepeats sequence, and this is exactly what is observed. 
 

The evolution of ribosomal RNA gene families is also characterized by a rapid accumulation 
of point mutations and other sequence changes in the nontranscribed spacer region. Clearly, 
the sequence of this region is not conserved in the same way as that in the coding region, 

which shows strong homology over very large evolutionary distances. In spite of the rapid 

evolution of spacer sequences, however, a degree of sequence homogeneity is somehow 

maintained within the arrays of a particular genome. 

 

This paradox provided the first recognized example of "concerted evolution", in which 

repeated sequences of multicopy genes sometimes show a ten dency to evolve together rather 

than diverge by accumulating different mutations. Concerted evolution is thought to reflect 

the operation of homogenizing processes such as gene conversion and unequal crossing over. 

Gene conversion is the direct conversion of one sequence to another while the sequences are 
paired during mitosis or meiosis. Unequal crossovers within large tandem arrays, such as 

those containing the ribosomal RNA genes, can lead to the spread of random sequence 

variants through the population of genes by a process that is analogous to genetic drift in a 
population of organisms. 

 

Although it is often thought (and in many cases is undoubtedly true) that sequences that 

diverge very rapidly in evolution must be phenotypically neutral or unimportant, the 
nontranscribed spacer sequences in the major ribosomal RNA genes contain transcriptional 

promoters and enhancers which are essential to gene function. In contrast to control 

sequences of protein-coding genes, which can sometimes be recognized by their evolutionary 

conservatism, promoter and enhancer functions in ribosomal RNA genes show a very high 
degree of species specificity. This can be demonstrated by the failure of heterologous genes 

to be transcribed in extracts that faithfully transcribe homologous ribosomal RNA genes. In 

such a situation, genes from species A work in A extracts but not 8 extracts while genes from 

species 8 work in 8 extracts but not those from species A. Thus a kind of molecular co-
evolution must occur with genes that encode transacting transcription factors evolving in 



11 

 

parallel with the DNA sequences these factors recognize. 

 
Chromosomal regions containing arrays of rRNA genes are potential sites of nucleolus 

formation and are thus referred to as "nucleolar organizers". Although there may be more 
than one nucleolar organizer region, the number is rarely more than two or three per genome. 
It can be shown by in situ hybridization that most of the DNA that hybridizes to ribosomal 

gene probes is located in these regions; however, not all the rRNA genes are contained 

within the nucleolus itself. Many of the genes exist in an apparently inactive form just 

outside the nucleolus. 
 

Using genetic stocks of maize containing chromosomal translocations involving DNA near 

the nucleolus, R. Philips and his associates at the University of Minnesota were able to show 

that DNA from this region could organize a nucleolus when it was transferred to another part 

of the genome, even though it had not done so at the original location. Thus the inactive 

genes are capable of functioning when given the chance and their inactivity must reflect the 

operation or a system for regulating the number of genes that can be active in anyone 

nucleus. 

 

A similar conclusion can be drawn from experiments in wheat. Since bread wheat is a 

hexaploid species it is possible to make various aneuploid derivatives in which the number of 

nucleolar organizers, and the total number of rRNA genes, varies considerably. R. Flavell 

and his colleagues at the Plant Breeding Institute in Cambridge, England have shown that the 

total nucleolar volume, which is an index of rRNA gene activity, remains relatively constant 

as the number of genes is varied over a wide range. This dosage compensation effect is 
evidence that the activity of rRNA genes is regulated by some mechanism independent of 

their copy number. 
 

Additional experiments with aneuploid wheat lines and wheat lines that contain 

chromosomes from related species have shown that different nucleoli exhibit a "dominance 
hierarchy". For example, the nucleolus on chromosome 18 is always larger than that on 

chromosome 68 in the euploid cultivar "Chinese Spring". Since the nucleolar organizer on 68 

has about twice as many rRNA genes as that on 1 B, it is not possible to explain dominance 

simply on the basis of gene number. Instead, it seems more likely that something about the 
genes on 1B makes them more able to compete for some limiting factor or factors required 
for activity. In this connection it in striking that the dominant genes generally contain larger 

numbers of the spacer sub repeats mentioned previously in connection with size 
polymorphism. 
Expression of Nuclear Genes - The synthesis of a functional product within a cell, using the 

information contained in the coding sequence of a gene, relies on the coordination of a whole 

series of events. If the gene codes for a polypeptide (rather than a ribosomal or transfer RNA 
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molecule), it must be transcribed into messenger RNA, which is then translated to give that 

polypeptide processing of both the mRNA and polypeptide molecules may occur. 
 

There is potential for regulation of gene expression at all these steps and elucidation of the 
mechanisms and regulatory steps involved has been the subject of intensive investigation. 
The study of animal systems in this respect has always been more advanced than that of 

plants and much of the information learned from animals can be applied to and assist in the 

investigation of plant gene expression. 

The eukaryotic system for gene expression is similar to the prokaryotic system in many ways 

but there are certain other complications. These result from (among other things) the packing 

of DNA in chromatin, splitting of gene segments by introns, and localization of the DNA in 

the nucleus, away from the site of protein synthesis. These signify that extra steps have to 
occur in their proper sequence before a genetic trait can be observed and measured, Each 

new step is important because it represents a possible control point at which the expression 

of a gene may be turned on or off.  

It seems likely that DNA in the highly structured forms of chromatin and, possibly, also in 
the extended string-of-beads form, is not capable of serving as a template for transcription. 

Packing of DNA and histones in a dense mass would prevent the approach of RNA 

polymerase and the coils around the histone aggregates might interfere with the separation of 

the DNA strands. This suggests that a first step in gene expression is to prepare the template 
sequences for transcription, a step that we will call activation. A visible example of 

activation may be found in the puffs of insect polytene chromosomes. 

In contrast to the major part of the chromosomes, these puffs are transcriptionally active. 

They have an appearance and staining behaviour that suggests a different physical structure 
from the inactive regions. More evidence for activation comes from studies of nuclease 

sensitivity of chromatin.  

Small regions preferentially digested by DNase , an enzyme that hydrolyzes 

deoxyribosephosphate bonds in double stranded DNA. It seems likely that these regions are 

more open and thus more exposed to the enzyme. Some of these regions have been 

associated with active gene expression. In chicken red blood cells, globin genes (actively 

expressed) are six times more sensitive to DNase I than are ovalbumin genes (which are not 

expressed). 
We can hypothesize that genes must be activated to be transcribed and can show certain 

changes in their physical structure. But we do not really know whether activation precedes or 

follows the beginning of transcription. Also, we have no certain knowledge of the steps 
required to effect activation.The first obvious possibility is a change in the aggregation of 

histones; this may be controlled by acetylation or phosphorylation of the histone subunits. 
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The second possibility is that changes in the types of histones present may provide tissue 

specificity. For example, in sea urchins different subtypes of histone subunits appear at 
different developmental stages. A third possibility involves changes in nonhistone proteins 

that bind to DNA and alter its ability to associate with histones. 
Activation of nuclear genes is influenced by enhancers. While it is not clear what they do, it 
is possible that they help put the adjacent genes into a physical state appropriate for 

transcription. Enhancers have been associated with two other physical characteristics of 

DNA: the Z-helical form and methylation. There are other changes in the genes that may 

precede transcription in differentiating systems. One involves rearrangements.  
These are seen most clearly in cells that produce immunoglobulins (antibodies). Another 

process related to activation is amplification. 

 

In this process the genes are replicated many times and thus multiple templates are available 

fbr transcription. As is found in gene rearrangement, this is not a common process but 

several examples are known. One example involves the genes, for ribosomal RNA in the 

macronucleus of Tetrahymena, which are multiple copies of the genes in the micronucleus. 

Another example is the adapta tion of animal cells to the antibiotic methotrexate: 

Amplification of the gene for dihydrofolate reductase (the enzyme inhibited by 
methotrexate) provides more template and thus more mRNA and enzyme. With additional 

enzyme the cells develop some resistance to a given amount of the antibiotic. In yet another 

example, amplification of an esterase gene, which leads to high levels of a detoxifying 

enzyme, makes mosquitos resistant to organophosphorus insecticides. 

Control Sequences of Different Plants – By comparing DNA, sequence data for several 
different plant genes it is possible to identify a number of conserved regions which, by 

analogy with animal systems, seem likely to be important for accurate transcription and 

processing of RNA. Beginning at the 3' (downstream) end and working backward, one first 

encounters the poly (A) addition signals. 

Poly (A) is added posttranscriptionally to most eukaryotic mRNAs. In most animal systems 

it has been shown that a short sequence near the 3'-end of ' the mRNA contains the 
information necessary for proper 3'-end processing and poly(A) addition. This sequence is 

AATAAA. It is located at about 10-33 bases upstream from the poly (A) tail. 
In vitro mutagenesis experiments have shown it to be required for polyadenylation although 

other sequences further downstream may also be important. Two sequences with homology 
to the AATAAA sequence near 3'-ends have been observed in plants. Multiple 

polyadenylation sites occur more often in plant genes than in animal genes and there is more 

variation in the sequences of these elements in plant genes. 

 
The AATAAA sequence (also called consensus sequence) is not found in the 
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unpolyadenylated histone genes, nor is it present in any yeast genes, which are nevertheless 

polyadenylated. In vivo studies of SV40 late genes suggest that the AATAAA at the 3'-end is 
required for polyadenylation of the viral messages and also determines the position of the 

poly (A) tail. 

Is the structure of the 3'-end of plant genes similar to animal or yeast genes? The animal 

consensus sequence AATAAA has been found in all the plant genes of the zein multigene 

family examined so far, with the exception of the 849 subfamily of zein. This subfamily, 

which includes Z7, 849, and pZ22.3, has the sequence AATAAT instead of the normal 
AATAAA. 

Even though most plant genes have AATAAA, its location with respect of the poly(A) tail 

differs from that in animal genes. In all the leg hemoglobin genes, most of the zein genes and 

the alcohol dehydrogenase genes of maize the AATAAA is closer to the stop codon of the 

protein coding sequences than to their poly (A) tail. 
 

The leghemoglobin genes have GATAAA and the alcohol dehydrogenase genes AATGAG. 

In contrast, AATAAG in the legumin gene is near the stop codon and AATAAA near the, 
poly (A) tail. Multiple adenylation signals occur more often in plant genes than in animal 

genes, in which only a few multiple polyadenylation sites have been observed. 

Furthermore, poly(A) signals in plants show considerably more variation in sequence.Actual 

termination of transcription occurs well downstream of the polyadenylation site in eukaryotic 
genes (with the possible exception of yeast genes) transcribed by RNA polymerase II. 

The sequences involved in termination have not yet been well defined even in animal 
systems, although preliminary evidence from deletion insertion analysis indicates that well 

defined terminator regions do exist. One reason why less is known about termination 
reactions in eukaryotes than in prokaryotes is that most eukaryotic mRNAs are cleared and 

polyadenylated at the 3'-end. 

Hence the resultant 3'-RNA fragment is metabolically unstable and difficult to study. Be that 

as it may, the existence of an elaborate 3'-processing system may make the actual 

termination process less crucial since even transcripts whose 3'-ends are not well defined can 

be cleared and polyadenylated to produce mRNA molecules with the correct terminal 

sequences. 

Within the coding region plant genes do not seem to differ much from animal genes. 
Translation stop and intron splicing signals are similar and the initiator codon (ATG in DNA, 

AUG in RNA) occurs within a consensus sequence very similar to its counterpart in animal 
genes. Most of the transcriptional control sequences are located in the region 5' to .the start 

of transcription. 
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The position of the translation start codon is not a good guide to the position at which 

transcription starts, however, since transcribed but untranslated sequences of variable length 
are commonly found between these two positions. 

Chloroplast Genome Organization Chloroplast is the chlorophyll containing organelle that 
carries out photosynthesis and starch grain formation in plants. Like mitochondria, 

chloroplasts contain DNA and ribosomes, both with prokaryotic affinities. The DNA of 
chloroplast (cpDNA) is a circle that ranges in size from 120-190 kb. 

 

The chloroplast DNA, like mitochondrial DNA, controls the production of tRNAs, ribosomal 
RNAs and some of the proteins found within the organelle. 

In more than 25 chloroplast DNAs from different plant, species that have been sequenced, 

there seems to be about 87-183 genes in the chloroplast genome. The chloroplast genome 
codes for all the rRNA and tRNA species needed for protein synthesis. 

The ribosome includes two small rRNAs in addition to the major species. The tRNA set may 

include all of the necessary genes. The organelle genes are transcribed and translated by the 

apparatus of the organelle. 
 

About half of the chloroplast genes codes for proteins involved in protein synthesis. The 

endosymbiotic origin of the chloroplast is emphasized by the relationship between these 

genes and their counterparts in bacteria. 

The organization of the rRNA genes in particular is closely related to that of a 

cyanobacterium, which pins down more precisely the last common ancestor between 

chloroplast and bacteria. 

Introns in chloroplast fall into two general classes. Those in tRNA genes are usually located 
in the anticodon loops, like the introns found in yeast nuclear tRNA genes. Those in protein 

coding genes resemble the introns of mitochondrial genes. 

This places the endosymbiotic event at a time in evolution before the separation of 
prokaryotes with uninterrupted genes. The role of the chloroplast is to undertake 

photosynthesis. Many of the chloroplast genes code for proteins that are located or function 

in thylakoid membranes. 
 

But quite strangely, even some protein complex found on thylakoid membrane are coded by 

nuclear genes. Thus on the thylakoid membranes you find proteins coded both by chloroplast 
genome and nuclear genome. Other chloroplast complexes are coded entirely by one 
genome. 

Chloroplast Genome – 



16 

 

The chloroplasts of green plants are cytoplasmic organelles that house the various pigments 

and enzymes of the light harvesting photosynthetic apparatus. Even before the turn of the 
century it was clear that green pigmentation was one of the easiest traits to observe in plant 

breeding experiments. Although some pigmentation traits obeyed Mendel's laws, other 
colour traits were only transmitted through the female parent that provided the cytoplasm of 

the zygote. 

These observations of cytoplasmic or maternal inheritance eventually led to the hypothesis 

that chloroplasts must carry genes. We know that chloroplasts contain a unique circular DNA 
genome that is completely different from the nuclear genome. The presence of a genetic 

system within chloroplasts had already been inferred from studies on non Mendelian 

inheritance in 1909, but the presence of organellar DNA and ribosomes was demonstrated 

only in 1962. 
 
Since then it has been shown that chloroplasts and other plastids contain all the machinery 

necessary for gene expression. The chloroplast genetic components form a large proportion 

of those in the leaf, comprising up to 15% of the total DNA and up to 60% of the total 

ribosomes. The chloroplast genome has been extensively characterized from a variety of 

species and cooperation between the chloroplast and nuclear genome in chloroplast 

biogenesis is currently under investigation. 

Electron micrographs indicate that the chloroplast DNA is some 10 to 20 times smaller than 

the E. coli chromosomes. For example, the chloroplast genome of maize (corn) contains 

140,000 base pairs of DNA. Such genomes are much too small to encode the approximately 

1,000 different proteins found in chloroplasts. Instead, biosynthesis of the chloroplast 

involves an intimate collaboration between the nuclear and chloroplast genomes. 

 
In fact, every known multimeric protein component of chloroplasts is a mixture of the 

products of both nuclear and chloroplast genes. Most chloroplast proteins are encoded by 

nuclear DNA, translated in the cytoplasm, and imported into the chloroplast by a specific 

transport mechanism that enables polypeptides to cross the outer membrane of the organelle. 

However, some 100 chloroplast specific proteins are synthesized within the chloroplast 

itself. These proteins are encoded by chloroplast DNA, transcribed by the chloroplast 

specific RNA polymerase, and translated by the chloroplast specific protein-synthesizing 
machinery. Since RNA cannot cross the outer membrane of the chloroplast, chloroplast 
ribosomal RNAs and tRNAs must be encoded in chloroplast DNA. Chloroplasts are not 

static organelles but can adapt to different physiological conditions, such as high or low 

levels of light. For example, when grown entirely in the dark, chloroplasts lack chlorophyll 
but retain carotenoid pigments. Thus many chloroplast genes are light regulated in certain 

cases by light sensitive promoters.  
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Structure and Organisation of Chloroplast Genome 
The chloroplast genomes of vascular plants and most algae are quite similar. In general 
structure and organization, especially by comparison to the wholesale variation seen in the 

nuclear and mitochondrial genomes. With one Possible exception, all known chloroplast 
genomes are circular DNA molecules. Size variation is greatest among green algae in which 

most chloroplast genomes range between about 85 and 300 kb.  

The genome of Acetabularia chloroplasts is exceptional in being very large (approximately 

2,000 kb) and perhaps composed of linear rather than circular DNA molecules. However, in 
angiosperms chloroplast genomes in all but two of over 200 species examined are circular 

and range in size between 120 and 160 kb. The low end of this range is a single group of 

legumes which lack one copy of the large (15-25 kb) repeated sequence characteristic of 

most other chloroplast genomes.  
 
Thus the great majority of angiosperm chloroplast genomes actually fall into the relatively 

narrow range of 135 and 160 kb. Chloroplast DNA (ctDNA) consists of a circular molecule 

of 83-128 x 106 molecular weight with a size of 1.21-1.93 x 105 bp, which contains about 

85% single copy sequences. DNA is present in about 30-200 copies per chloroplast. 

 

A number of genes have been located on the circle and one of the important features is the 

presence of two copies of the ribosomal DNA sequences. These sequences are often but not 

always-present on a large inverted repeat. Other genes mapped include those for the large 

subunit of RuBP. Case, tRNAs, subunits of ATP synthase, and cytochrome. 

 
Most of this size variation can be accounted for by the presence or absence of a portion of 

the plastid genome which has been duplicated and is present in an inverted orientation in the 

plastid DNA molecule. The location of this inverted repeat is relatively fixed with respect to 
other genes and it separates a small single-copy region from a large single copy DNA region. 

In most higher plants the inverted repeat is 22 to 26 kbp, within which the rRNA 

transcription unit is located. In geranium the repeated DNA is larger and genes such as psbB, 

petB, pelD, petA and rbcL are included in the inverted repeat. Finally, some plastid 

genomes, such as those in pea and mung bean, lack inverted repeat. 

 
Plastid gene content in higher plants is very constant and many polycistronic transcription 
units are conserved. Several gene pairs such as psaA -psaB, psbD-psbC, atpB-atpE, are 

contranscribed in all the higher plant plas tid genomes examined to date. The 

contranscription of genes may ensure that the synthesis of subunits is stoichiometric and or 
could promote protein- protein interactions required for assembly of functional complexes. 

 

For example, psaA and psaB encode polypeptides which are tightly associated in the reaction 
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centre of PSI. Other genes, such as rbcL and some gene encoding tRNAs, are not part of 

polycistronic transcription units. While the plastid gene content of higher plants is very 
constant, variation in gene order is evident, which results primarily from DNA inversion. 

DNA. 
 
Inversions have reshuffled plastid genomes such that distances between genes, and relative 

orientation of transcription units, vary considerably in genomes of higher plants. For 

example, rps16 is proximal to trnk in barley, whereas in pea rbcL occupies this position. The 

greatest variation in gene order is found in peas (at least 12 rearrangements), perhaps due to 
lack of an inverted repeat in this plasmid genome which might stabilize the genome. 

 

Chloroplast and Mitochondrial Genome Organization - 
Till now, we have dealt with genes present in the nuclei of eukaryotes. Certainly, nuclear 

DNA is the most important and very nearly the universal genetic material. But there are 

evidences for the presence of genes outside the nucleus. 

Till now, we have discovered that both the chloroplast and mitochondria have DNA of their 

own.  

 
These DNA inherit independently of nuclear genes. In effect, the organelle genome 

comprises a length of DNA that has been localized in a defined part of the cell and is subject 

to its own form of expression and regulation.  

An organelle genome can code for some or all of the RNAs, but codes for only some proteins 

are needed to perpetuate the organelle. The other proteins are coded in the nucleus, expressed 

via the cytoplasmic protein synthetic apparatus. Genes not residing within the nucleus are 

generally described as extranuclear genes. 

Comparison of Size of Some Chloroplast DNA 

DNA Size in Base Pairs Size of Circle (µm) 

Plasmid 1-200*103 --- 

E.coli (chromosome) 3.8*106 --- 

Euglena ctDNA 1.4*105 40-44 

Tobacco ctDNA 1.6*105 --- 

Maize ctDNA 1.36*105 43 

Broad bean ctDNA 1.21*105 39 

Arabidopsis total nuclear genome 2*108 --- 

 

Origin of Cytoplasmic Organelles:- 
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Extranuclear inheritance associated with cytoplasmic organelles meets the preceding 

requirements and deserves an explanation, although organelles represent only a very small 
proportion of genetic material, perhaps a few hundred genes, based on the amount of 

functional DNA that is involved. 
 

The fascinating possibility suggested by several earlier investigators and recently elaborated 
by Margolis is that mitochondria chloroplasts were once free living bacteria. Over long 

periods of time, they established a hereditary symbiosis with their eukaryotic host cells and 

ultimately evolved into organelles with animal and plant cells. 
The first cells formed lacked mitochondria and chloroplast. Probably within a short time 
after the first eukaryotes appeared one of them engulfed a bacterium. However, instead of 

treating the bacterial cell as food and digesting it, the larger cell tolerated its guest.  

 

The two cells divided more or less together, producing many large progeny cells containing 
smaller guests. In time, the smaller cells began to specialize in energy production, but they 

lost many genes, so they could no longer live independent of their host.  

DNA Copy Number and Localization –  

Multiple copies of the plastid genome are found in each cell and in each plastid as well. The 

amount of DNA per plastid varies with the stage of leaf and chloroplast development. 

Proplastids with as few as 22 copies of DNA have been reported, whereas chloroplasts in 

general contain 200 to 300 DNA molecules. The polyploid nature of the plastid genome is 

even more striking when one considers leaf cells. 

In pea, barley and spinach each natural leaf cell contains 9,000 to 13,000 copies of plastid 
DNA dispersed in 40 to 120 plastids. The very high effective ploidy of the chloroplast 

genome means that a significant fraction of the total DNA in a cell as much as 30% if the 

nuclear genome is small may be of chloroplast origin. This means that rbcL, a single copy 
plastid gene which encodes the large subunit of Rubisco, is present in about 10,000 copies in 

a mesophyll cell. 

RNA Other Processing Activities  

Although plastid RNAs are neither capped nor polyadenylated, RNA maturation pathways 

can be very complex. In addition to intron removal, primary transcripts are often cleaved to 

remove a portion of the untranslated RNA proximal to open reading frames. The function of 
the 5' end RNA processing is not known but it may alter stability or transcript translatability. 
Polycistronic transcripts are also processed at internal sites. Here again the role RNA 

processing plays gene expression is unclear but one result is differential accumulation of 

RNA from some parts of long transcription units. 

Genetic Transformation of Choloroplasts-  
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Chloroplasts and mitochondria perform indispensable functions of photosynthesis and 

respiration. Modification of chloroplast genes and/or introduction into them of some selected 
transgenes could improve photosynthesis, and even enhance crop yields. 

 

In addition, transgenes confering resistance to herbicides, insects, etc. and those encoding 

pharmaceutical proteins, etc. could' be expressed in chloroplasts as this offers unique 
advantages. 

Vectors for Chloroplast Transformation –  

Some special plastid transformation vectors, e.g. pZSI48, have been devised. This vector has 
been designed as a shuttle vector to replicate both in E. coli and chloroplasts. The vector 

pZS148 was introduced into tobacco leaves by particle gun delivery, and three transformants 

were recovered. 

 

These plants showed maternal inheritance for resistance to the antibiotics streptomycin and 

spectionomycin. It was estimated that gene integration in cpDNA was only 1 % of that in 

nuclear DNA. Stable chloroplast transformation depends on the integration of the transgene 
into the chloroplast exclusively by homologous recombination. 

Chloroplast Transformation Methods -  

Some of the methods used for gene transfer into nuclei also bring about chloroplast 

transformation; these methods are 

(i) particle gun, 

(ii) PEG treatment, and  

(iii) microinjection. 

 

Particle gun is the most widely used and effective method of transforming chloroplasts. This 
method yields a high efficiency rate, and can be used to transform a variety of explants. 

PEG- mediated DNA uptake is less efficient than the biolistic approach. 

 

In the Galistan expansion femtosyringe approach, DNA is microinjected directly into 

chloroplasts using a very small syringe.The heat induced expansion of a liquid metal, 

galistan, within a glass syringe forces the plasmid DNA through a capillary tip (diameter -0.1 

nm). 
Advantages of Chloroplast Transformation -  
 

1. There is no risk of the transgene being transmitted through pollen to plants. 

 
2. Transgenes integrated into the chloroplast genome show very high levels of expression (up 

to 40% of the soluble protein in the cell may be the recombinant protein). 
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3. The transgene expression is not affected by gene silencing. 

4. Chloroplasts are better able to express bacterial genes than are nuclei. 5. The very high 
level of transgene expression ensures a high level of mortality of the pest organism. 

Limitations of Chloroplast Transformation -  
 
1. Transformation frequencies are much lower than those for nuclear genes.  
2. Prolonged selection procedures under high selection pressure are required for the recovery 
of transformants. 
3. The methods of transgene transfer into chloroplasts are limited, and they are either 
expensive or require regeneration from protoplasts. 
4. These transformation systems are far more successful with tobacco than with other plant 
species. 
5. Products of transgenes ordinarily accumulate in green parts only. 

Protein Genes :-Whether or not most chloroplast protein genes are transcribed as parts of 
operons remains to be determined. It is known that rbcS and psbA produce very abundant 
monocistronic transcripts but these genes may be exceptions to the general rule. Transcript 
mapping studies indicate that the situation in other regions of the genome may be much more 
complex. 
 
When Northern blots of electrophoretically separated RNA are probed by hybridization with 
small cloned fragments of chloroplast DNA, numerous RNA bands with homology to the 
probe are often seen. Some of the RNA molecules visual-sized in this way are quite large 
(for example, 4-8 kb), much larger than any one gene, and often many times the length of the 
probe. 
In some cases, it has been shown that most of the RNAs in a series of bands come from the 
same strand of DNA. Since in angiosperms most chloroplast protein coding genes do not 
contain introns, this multiplicity of RNAs must reflect the use of multiple initiation or 
termination sites and or the processing of a long primary transcript. 
 
In both cases the initial transcripts are polycistronic and I the production of mature, 
translatable mRNA must involve processing steps. Many of the intermediate size RNA bands 
may be processing intermediates of various types. 
 
These observations of polycistronic transcripts are surprising since chloroplast protein genes 
(in contrast to rRNA genes) generally are not organized into the prokaryotic operon pattern 
in which functionally related genes are closely linked. Some remnants of a prokaryotic 
operon structure can be discerned in chloroplast genomes, however. One case involves genes 
for the thylakoid membrane ATPase complex. 

 
In E. coli ATP genes are part of a well defined operon. Some remnants of such a structure 
may be imagined in the plastid genome where atpB and atpE are very close together. In fact, 
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they actually overlap in many chloroplast genomes, with the sequence ATGA containing 
both the first codon of the atpE coding sequence (ATG) and the translation stop codon of 
atpB (TGH). The genes atpA and atpH are also found fairly close together (within 2 kb) but 
are located far away from atp8 and atpE. 
 
Genes for the other components of the ATPase complex are not found in the chloroplast 
DNA; they are located in the nucleus. Examples of functionally related genes scattered in 
different locations in the plastid genome include those for chloroplast ribosomal proteins, 
proteins of the cytochrome b6/f complex, and proteins of the photosynthetic reaction centre. 

 
Additional components of some of these same complexes, notably a large number of 
ribosomal proteins, are encoded within the nucleus. Relatively few protein genes in 
angiosperm chloroplasts have introns. Only six introns were detected in an electron 
microscopic analysis by B. Koller and H. Delius of Vicia faba chloroplast DNA-RNA 
hybrids. 
 
They were detected under conditions in which at least fifty introns (accounting for over 20%) 
in the Euglena chloroplast genome could be shown. Such a large difference between Euglena 
and higher plants is not necessarily surprising since their chloroplast genomes are thought to 
have arisen from separate endosymbiotic .events. What is surprising is that in both Euglena 
and higher plants in which intron containing chloroplast genes have been sequenced, the 
genes appear to have similar intron boundary sequences.  

 
This observation indicates that the mechanism for intron excision and splicing for chloroplast 
protein genes may be similar to that for nuclear mRNAs in that conserved intron boundary 
sequences seem to direct the splicing process. This mechanism differs from intron processing 
in tRNA genes; ergo, two different splicing mechanisms probably exist in the chloroplast. 

Chloroplast Promoter Sequences:- 
Searches for conserved promoter like sequences upstream from chloroplast genes have 

revealed elements with considerable homology to bacterial promoter sequences. The E. coli 

"consensus" promoter sequence contains two conserved regions, one normally found about 

35 nucleotides and the other about 10 nucleotides upstream from the start of transcription 

and referred to as the "35" and "-10" elements respectively;  

5'... TTGACA/T... (16-18 nucleotides).. .TATG/AAT... 3'. The chloroplast consensus 

sequence described by L. Bogorad and his colleagues at Harvard University is as follows: 5' . 
. . A/g TTG/cA/cNa/t. . . (15-20 nucleotides) . . . T A/tA/tG/aA T. . . 3'. I (In the preceding 

line, lower case letters represent less frequent alternative bases.) 
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In several cases wherein the start of the RNA transcript has been identified by SI nuclease 

protection experiments, it occurs within eight nucleotides of the proximal promoter elements. 
The conservation of these sequence elements and their homology with bacterial promoters 

support, but does not prove, the notion that they function as chloroplast gene promoters. 

Proof requires the direct demonstration that removing or changing these sequences actually 
affects promoter activity. One way of obtaining such proof is to test altered genes in an in, 
vitro transcription system. 

 
The studies undertaken made progressive deletions of sequences 5' to the gene, moving 

gradually closer to the start of transcription. Each deletion mutant was characterized by DNA 

sequencing and then tested for its ability to support accurate transcription. Deletions of 

sequences further upstream than position -85 had little effect on the production of transcripts, 
but there was a rapid drop in transcription caused by deletions between -80 and -75. 

This region contains the sequence TTGCTTA, the first three nucleotides of which are 

homologous to the E. coli -35 consensus sequence. There is also a TATAAT sequence 

between -54 and -59 which is fully homologous to the E. coli -10 consensus sequence. Since 
transcription was already inhibited by the removal of the sequences further upstream, little 

effect was seen when the TATAAT sequence was deleted. 

Nuclear Genes Encoding Plastid Proteins:-The majority of plastid localized proteins are 

encoded by nuclear genes. These genes are transcribed by RNA polymerase II and the 

resultant transcripts are spliced, capped and polyadenylated in the nucleus. The mRNAs then 

are translated by 80S ribosomes in the cytoplasm to produce proteins which can be 

transported into plastids posttranslationally. 

 

Following uptake into the chloroplast, the proteins are assembled with cofactors and other 
proteins to form functional complexes, Control sequences at the 5' -end of the gene which 

are involved in initiating transcription are very similar to the "Pribnow': box and the '-35' 

region characteristic of bacterial genes. 

The mRNA produced from chloroplast genes is not usually polyadenylated, although short 

sequences up to 20 residues have been reported and, of course, no transport is required as the 

mRNA is produced in the same compartment as the ribosome on which it will be translated. 

There is no evidence that chloroplast mRNA is transported but of the chloroplasts and 
translated on cytoplasmic ribosomes. 
 

The tRNA chloroplast population differs distinctly from that in the cytoplasm, as do the 

aminoacylating enzymes. Ribulose bisphosphate carboxylase is the major protein component 
of chloroplasts and its synthesis is a good example of cooperation between the genomes. The 

enzyme consists of eight identical large catalytic subunits encoded by the chloroplast 

genome and eight identical small regulator subunits encoded in the nucleus. 
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After synthesis, the large subunit (which has limited solubility) is probably bound by a 

stabilizing protein to maintain solubility prior to assembly into active enzyme. The small 
subunit is synthesized in the cytoplasm, on free ribosomes, with an N-terminal leader peptide 

of about 20 amino acids.  
 
The complete peptide is then taken up into the chloroplast in an ATP dependent manner, 

accompanied by removal of the leader peptide by a stromal peptidase. This mechanism is not 

analogous to that involving signal peptide cleavage. The synthesis of this important enzyme 

clearly depends on the coordinate expression of genes in different genomes. 

Mapped Chloroplast Genes with Chloroplast DNA:- 

Ribosomal RNAs:  

Ribosomal RNA operons are designated rrnA, B,C and so forth, depending on the number of 

gene sets in the particular genome. In most chloroplasts there is one operon in each segment 
of the inverted repeat. These are normally identical in sequence. By convention, rrnA is on 

the right side of the chloroplast DNA restriction map with the large single copy region at the 

top, The rbcl gene is on the left side. Each operon normally includes genes for 16S rRNA, 
23S rRNA, 5S rRNA, and 4.55 rRNA. 

Transfer RNAs:  

tRNA genes are designated "trn' to indicate transfer RNA, followed by the single letter 
amino acid code indicating the amino acid accepted by the tRNA encoded by the gene. 

Where there is more than one gene for a particular amino acid, the isoaccepting species can 

be indicated either with sequential numbers or by giving the anticodon. About 40 tRNA 

genes are known to exist in the chloroplast genome. Examples: 

 
trnF-gene for tRNA(Phe)  

trnC-gene for tRNA(Cys)  

trn L1 (or trnL-UAA)--gene for tRNA(Leu)1  

trn L2 (or trnL-CAA)--gene for tRNA(Leu)2  

 

Ribosomal Proteins 

rps 4-ribosomal protein homologous to E. coli ribosomal protein S4. 

rps 19---ribosomal protein homologous to E. coli ribosomal protein S 19 

rpl 2-ribosomal protein homologous to E. coli ribosomal protein L2.  
 

Photosystem I Proteins 
psaA 1-P700 chlorophyll a apoprotein 
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psaA2-P700 chlorophyll a apoprotein  

 

Photosystem II Proteins 
psbA-"32 kilodalton' quinone-binding polypeptide. Also known as "photogene 32" and "Qb 

protein"; it contains the binding site for atrazine type herbicides. 

psB-51 kilodalton chlorophyll a-binding polypeptide or p680 apoprotein. 

pbC-44 kilodalton chlorophyll a-binding polypeptide.  

pbD-"D2" protein. 
psbE-cytochrome b559.  

 

Photosynthetic Electron Proteins 
pet-cytochrome f 

petS-cytochrome b6 
petD-subunit 4 of the cytochrome b6/f complex  

 

MitochondrialGenome -  

 

The plant mitochondrial genome has long been an enigma to molecular biologists. Even the 

smallest is more than 200 kilobases in size, more than 10 times the size of animal 

mitochondrial genomes (15-18 kb) and several times the size of mitochondrial genomes in 

fungi (18-78 kb) or protists (15-47 kb). In contrast to the DNA of chloroplasts which is 

relatively conserved, the DNA of mitochondria exhibits a wide variation in size and form. 

Higher plant mtDNA can be circular or linear and varies from 200 kbp (in brassicas) up to 

greater than 2500 kbp (in muskmelon). 

 

The genome of plant mitochondria is thus very large and may also be divided between one or 

more DNA molecules. 

The largest plant mitochondrial genome studied so far is half the size of the entire E. coli 

genome (4,500 kb). The large size of these genomes presents several problems. 

 

On the one hand, simply determining the physical structure of such large genomes is a major 
challenge, especially since recombination events are known to produce several different 
molecular configurations. 

 
On the other hand, the large size per se and the dramatic variation of such genomes demands 
an explanation. 
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We know of few genes in plant mitochondrial genomes which are not also present in the 

mitochondria of yeast or animal cells. 
 

And the few additional genes we do know about do not begin to account for the additional 
DNA in even the smallest of plant mitochondrial genomes. Both animal and plant 
mitochondria encode their own ribosomal and transfer RNAs. 

The number of proteins encoded in plant mitochondrial DNA is probably not much higher 

than the number encoded  in mammalian mitochondria. 

 
Experiments have shown that most of the protein synthesis in isolated maize mitochondria 

can be accounted for by some 18-20 polypeptides. 

 

Although there is always a possibility that more proteins might be synthesized in 

mitochondria in vivo than in vitro, it seems likely that most of the mitochondrial genome is 

non coding DNA. 

 

Size and Structure of Mitochondrial Genome - 

 
Changes in the size of the mitochondrial genome seem to occur quite rapidly in plant 

evolution since closely related species sometimes have quite different mitochondrial genome 

sizes. 

 

The best example of this phenomenon comes from studies in the laboratory of Arnold 

Bendich at the University of Washington. 

 
Combining measurements of mitochondrial DNA renaturation kinetics with an analysis of 

restriction profiles for the same DNAs, Bendich and his colleagues B. Ward and R. 

 
Anderson estimated the minimal size (complexity) of mitochondrial DNA for several species 

in the family Cucurbitaceae. 

 

Their estimates, along with similar estimates for several other plant mitochondrial genomes. 

Within the Cucurbitaceae the size of the mitochondrial genome can vary by at least 10-fold. 

 
This variation cannot be explained by postulating rapid changes in the amount of repetitive 
DNA since little repeated DNA (less than 10%) was found in any of the genomes. 
 

Hence, the mitochondrial genome is like the chloroplast genome in being composed 
principally of single copy DNA. But it is like the nuclear genome in its highly variable size 
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and its content of "excess" DNA which has no known function. 

In several cases, including Brassica, maize, and wheat, restriction maps have been 
constructed for mitochondrial genomes. Although the smaller genomes (for example, 

Brassica) can be mapped by procedures such as those used for chloroplast DNA, the larger 
genomes require different techniques. 
 

The most successful approach has been to clone large fragments of mitochondrial DNA and 

then use a combination of hybridization and restriction mapping to identify overlapping 

clones and establish linkage groups. This procedure is called chromosome walking. 
 

With such a procedure it has been possible to show that most, possibly all, mitochondrial 

DNA can be described as one large circular linkage group. 

In contrast to chloroplast DNA, in which circular molecules can be seen in an electron 

microscope, the physical form of the mitochondrial genome is still not well understood. 

Many investigators have reported the presence of circular DNAs in plant mitochondria, but 

these are small in relation to the total genome size. Some are mitochondrial plasmids which 

are not considered to be part of the main genome; others clearly contain genomic sequences. 

 

In some cases most of the DNA sequences in the mitochondrion can be found in the 

collection of circles, although individual circles are often much smaller , than the size of the 

genome. Cultured tobacco cells provide a good case in  point. These cells are an excellent 

source of the relatively small mitochondrial DNA circles which can be purified on density 

gradients and analyzed with restriction enzymes. 

Although none of the circles comes close to the size of the genome as a whole, the restriction 
profile of the DNA in the circular fraction is identical to that of total mitochondrial DNA 

from either cultured cells or intact plants. 
 

At least in cultured tobacco cells, therefore, it seems that the entire mitochondrial genome 

can exist as a population of subgenomic circles. 
 

Mitochondrial DNA consisting predominantly of small circles may be peculiar to cultured 

plant cell since it is often difficult to isolate any circular DNA at all (with the exception of 

plasmids) from the mitochondria of mature plants. 
 
In these cases the physical form of the DNA remains unknown. Although it is logical to 

suppose that larger circles are present in vivo, technical difficulties make it quite difficult to 
test this hypothesis. 
The complex and variable pattern of mitochondrial DNA organizations was difficult to 

rationalize until complete restriction maps became available. 
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The relatively small Brassica mitochondrial genome was mapped by J. Palmer and C. 

Chields at the Carnegie Institution, Department of, Plant Biology, using relatively simple 
mapping techniques developed originally for chloroplast DNA.  

 
Meanwhile, D. Lonsdale and his colleagues at the Plant Breeding Institute in Cambridge, 
England, had been using chromosome walking techniques to map the much larger maize 

mitochondrial genome. The two groups reported their findings almost simultaneously. 

 

It was discovered in both cases that the genome contained a set of repeat sequences which 
could be found associated with different permutations of flanking sequences, defining a set 

of substoichiometric restriction fragments.  

 

This data is highly consistent with a model in which site specific recombination occurs at the 

repeated sequence, generating a series of subgenomic circular molecules that are in 

conformational equilibrium with each other and with a master circle. 

 

Recombination in mitochondrial DNA has also been shown to occur in somatic hybrid cells 

produced by protoplast fusion techniques. Simply maintaining cells in tissue culture can lead 

to variations in the restriction pattern of their mitochondrial DNA. 

 

It is difficult from our present level of knowledge to determine whether these changes reflect 

(recombination events or simply differential replication of different preexisting variant 

molecules. However, certain somatic hybrid cells have been shown to contain mitochondrial 

DNA restriction fragments which are not present in either parental genome.  
 

And clones have been obtained which contain marker DNA segments from different parents. 
As yet it is not known whether intergenomic recombination events occur by the same 

mechanism as the intragenomic recombinations that produce the diverse array of molecules 

in a single genome, but it seems reasonable to suppose that they do. 

Size of Some Higher Plant Mitochondrial Genome - 

Cucubits   

Watermelon 320 

Zucchini 900 

Cucumber 1,600 

Muskmelon 2,600 

Other Dicots   

Oenothera 20 
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Brassica 215 

Pea 430 

Mung Bean 400 

Pokeweed 330 

Spinach 300 

Atriplex rosea 290 

Atriplex halimus 260 

Monocots   

Maize 570 

Wheat 430 

 

Mitochondrial Plasmids - 

 

In addition to a variety of circular mitochondrial chromosomes, mitochondria from a number 

of plants contain episomal or plasmid like molecules. 

 

These are generally small circular, or small linear double stranded DNAs. 
 

They are usually detected as strong discrete bands in electrophoretic separations of untreated 

(intact) mitochondrial DNA. 

 

In well studied cases, it has been shown that the episomal DNAs do not fit into the restriction 

map of the main genome. 

 
Plasmid like DNAs have been characterized in a number of plants, including sugar beet, 

sorghum, and some species of Brassica. Normal maize mitochondria carry a linear episome 

2.3 kb in length and a circular DNA of about 1.9 kb. 

 

This is in addition to the various subgenomic circles generated by recombination in the main 

genome. 

 

The significance (if any) of the plasmid-like DNAs to the plant is not known, and the 

plasmid like DNAs can be lost without obvious effects on appearance or viability. 
 
The best studied examples of mitochondrial episomes are found in certain male sterile lines 

of maize. 
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They have been studied, at least in part, in the hope that they might be involved in producing 

the male sterility trait. 
 

Cytoplasmic male sterility (CMS) appears to be associated with alterations in the 

mitochondrial DNA. 
 

Several types of CMS maize cytoplasm can be distinguished by their responses to nuclear 

restorer genes, which restore fertility to some types but not to others, and by their 

mitochondrial polypeptides and the restriction profiles of their mitochondrial DNA. A major 
CMS cytoplasm is the s type, which is characterized by two prominent inverted repeats 208 

bp long. 

 

These repeats are covalently linked to protein. By analogy to adenovirus and certain 

bacteriophage systems, it is thought that the terminal protein complexes may be involved in 

initiating DNA replication. 

 

The episomal DNAs 8-1 and S-2 are not detectable as free episomes in the mitochondria-

from CMS-S plants that have reverted to fertility, but sequences homologous to S-1 and S-2 
can be found in high molecular weight mitochondrial DNA, in normal, CMS-S, and fertile 

revertant cytoplasms. 

 

Their arrangement with respect to adjacent genomic sequences differs between CMS-S and 

revertants, however, and it is thought that this rearrangement may somehow be involved in 
the process of reversion to fertility. C, Schardl, in collaboration with D. 

 

Lonsdale at the Plant Breeding Institute in Cambridge, England, and with D. Pring and K. 

Rose at the University of Florida, analyzed cosmid clones containing sequences homologous 
to S-1 and S-2 from CMS and revertant plants. 

 

Data from restriction analysis of many such cosmids was consistent with a model in which 

recombination between the terminal inverted repeats of the S-1 and S-2 episomes and 
homologous sequences in the mitochondrial chromosomes would generate linear 

mitochondrial DNA molecules containing S-1 or S-2 at their end. 

The relationship of this linearization of the otherwise circular mitochondrial genome to the 
CMS phenotype is still not clear, although the fact that the same arrangements are seen in the 
DNA of both CMS plants in which the CMS phenotype has been corrected by nuclear genes 
indicates that linearization per se is not sufficient to cause male sterility 
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Chloroplast Sequences in Mitochondrial DNA - 

 
The observation that chloroplast DNA sequences are contained in the mitochondrial genome 

provided another surprise for plant molecular biologists. 
 

The initial observations came from Cambridge, England, where D. 
 

Stern and D. Lonsdale of the Plant Breeding Institute reported that mitochondrial DNA from 

maize contained a 12 kb sequence from the maize chloroplast genome. 
 
When labelled chloroplast DNA was reacted with restriction digests of mitochondrial DNA, 

this sequence hybridized preferentially. 

 

Investigations further showed that the preferentially hybridizing sequence could be cloned on 
a cosmid (a plasmid packaged in a lambda virus coat) that contained mitoshy;chondrial DNA 

on either side of the chloroplast segment It was found that the 12 kb sequence contained a 

portion of the chloroplast inverted repeat with genes for several tRNAs and the 16S 
ribosomal RNA. By restriction mapping, the mitochondrial version of the 12 kb sequence 

appeared virually identical to its presumed progenitor sequence in the chloroplast, the only 

differences occurring at the conjunction sites of the ends of the inserted segment and the 

mitochondrial DNA sequences. Two other segments of chloroplast DNA have been 
characterized in the maize mitochondrial genome. 

 

The first of these segments includes the 3 end of the chloroplast 23S ribosomal RNA gene, 
the genes for 4.5S and 5S ribosomal RNAs, and two tRNA genes. The other segment 

contains the rbcL gene and its flanking sequences on both the 3/- and 5/ -ends. The gene is 

functional in the E. coli transcription/translation system and its protein product can be 
precipitated with antibodies to RuBP carboxylase. 
However, the mitochondrial gene produces truncated polypeptide of 21,000 daltons instead 

of the 54,000 dalton protein synthesized by the chloroplast gene. Whether this gene or any 

other chloroplast gene actually functions in the mitochondrion is not known. However, the 

genetic code is slightly different in mitochondria and there are also likely to be important 
differences in transcriptional and translational control signals between the two organelles. 

 

In view of these differences it seems unlikely that chloroplast genes could be functional in 
the mitochondrial environment. The presence in mitochondrial DNA of sequences that 
hybridize to chloroplast DNA has since been shown to be a widespread phenomenon, which 

is not restricted to maize. In collaboration with J. Palmer, who had been studying 

evolutionary relationships among the chloroplast DNAs of a wide variety of plants. 
D. Stern showed homologies between cloned segments of chloroplast DNA and 
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mitochondrial DNA fragments from several species, including pea, mung bean, spinach, and 

four different species of cucurbits. Adding up the segments of chloroplast DNA that seemed 
to be represented in the mitochondrial DNA of one or more of these plants gave the 

impression that almost the entire chloroplast genome might be subject to random transfer. 
 
In addition, different degrees of homology were seen, suggesting that transfer events have 

occurred at different times during evolution. Although some of the homologies observed in 

these survey experiments might be the result of cross hybridization between chloroplast and 

mitochondrial genes of similar function, this is not always the case, and it appears that there 
are too many cross reacting fragments to be easily accounted for by this hypothesis. 

The overall picture is most consistent with a series of events in which random sequences 

from the chloroplast genome appear at random positions in the mitochondrial genome. 

 

These events would be frequent in an evolutionary sense. There is no direct evidence 

concerning the mechanism by which DNA transfer occurs between organelles. 

 

However, it is easier to reconcile the present indirect evidence with an essentially random 

process than with directed transfer by some kind of vector. 

 

The fusion of organelles of the uptake by one organelle of DNA released by lysis of another 

organelle might occur often enough to explain the foregoing observations. 

This view is also consistent with the demonstration that chloroplast DNA fragments can be 

found in the nuclear DNA of higher plants. 

 
Sequences transferred between organelles in this way have been called promiscuous DNA, a 

term designed to highlight the random nature of the process. 
 

Transfers from a mitochondrion to chloroplast have not yet been demonstrated and may not 

occur with significant frequency. The chloroplast genome simply may not tolerate random 

insertions of foreign DNA. As noted previously, although rearrangements have occurred in a 

few chloroplast genomes, chloroplast DNA generally shows a high degree of conservation in 

both size and sequence arrangement 

 

Those insertion and deletion events which do occur seem mostly to involve rather small 

segments of DNA, which would not be easy to detect by hybridization techniques. In contrast, 

the large and highly variable mitochondrial and nuclear genomes probably contain many 

regions in which relatively large pieces of foreign DNA can be inserted with minimal effect. 

Gene Content, Structure and Expression of Mitochondrial Genome - 
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Mitochondria of higher plants contain substantially the same set of genes as those of other 
organisms.These include at least one ribosomal protein gene and the ribosomal and transfer 
RNAs required for the mitochondrial translation system. 
 
Mitochondria of higher plants also contain a number of proteins involved in the electron 
transport and ATPase complexes of the inner mitochondrial membrane. 
 
Genes identified in plant, yeast and animal mitochondria are listed . The list is reasonably 
complete for yeast and animal mitochondria, for which extensive information is available 
(including the complete DNA sequence of several animal mitochondrial genomes). 
 
In plants, with their very large mitochondrial genomes, it remains possible that additional 
genes will be discovered.However, it seems unlikely that the number of additional genes will 
be large. When the products of mitochondrial protein synthesis in vitro are separated by one 
or two dimensional PAGE, about 30 polypeptide spots can be seen. Some of the spots may 
be artifacts of the in vitro reaction, so 30 spots is probably a maximum estimate.Thus, even 
though the number of genes listed is small, it is likely to represent a reasonably large fraction 
of all plant mitochondrial genes. A map showing the positions of several known 
mitochondrial genes on the 570 kb master circle of the maize chloroplast genome. Several 
differences from the chloroplast genome are immediately apparent, both in number and in 
location of known genes. 

 
For example, the genes for mitochondrial ribosomal RNA are arranged in a pattern similar to 
that in yeast, with the 26S rRNA gene separated by a large distance from the genes for the 
18S and 58 rRNAs.  

These genes are quite close together (separated only by a tRNA gene) in animal 
mitochondria, and they are part of a single operon in chloroplasts and E. coli. 
 
Plant mitochondrial genes also differ from corresponding genes in fungi. An example IS 
found in the presence or absence of intron. The genes for cytochrome c oxidase subunit I 
(COI) and apocytochrome b (COB) in fungi contain multiple introns. 
 
These have been extensively studied by laboratories interested in the mechanism of RNA 
splicing since sequences within these introns appear to encode their own splicing enzymes 
(or maturases). 
In maize neither COI nor COB contains an intron. On the other hand, the maize cytochrome 
c oxidase subunit II gene (Coli) contains an intron which is missing from the Coli genes of 
fungi and animals. Wheat mitochondrial Coli contains a similar intron, .whereas the Coli 
gene from Oenothera does not. In maize this intron seems to be spliced out to make a stable, 
possibly circular RNA. 
 
Little is known about the splicing mechanism except that on the basis of the DNA sequence 
one may predict that splicing is dependent on RNA secondary structure rather than on 
specific splicing signals, as in the case of nuclear or chloroplast mRNAs. The amount of 
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mtDNA in a plant is less than 1 % of the total cellular DNA; however, it plays a vital role in 
the development and reproduction of the plant. 
The genetic system within the mitochondria of all organisms is unusual in                              
that it is neither wholly prokaryotic nor eukaryotic in nature. 
 
Some similarities to bacterial protein synthesis have been observed, such as sensitivity to 
antibiotics,  

sequence homology of rRNAs and the use of                                                                           
N-formyl-methionine to initiate the polypeptide chain. 
 
However, the diversity of mitochondrial tRNAs and their structure differ from those found in 
prokaryotes, the eukaryotic cytoplasm or chloroplasts. 
 
Mitochondrial ribosomes range from 55S (in animals) up to 77-78S (in plants) in contrast to 
70S chloroplast ribosomes and 80S cytoplasmic ribosomes. 
 
The major difference between the mitochondrial genetic system and all other                      
systems is that mitochondria use a slightly altered genetic code. 
The genetic code used by mitochondria often differs from the so-called universal code used 
by nuclear and chloroplast genes.  

For example, yeast and animal mitochondria use the triplet TGC (or UGA) instead of the 
formal TGG to code for tryptophan. Mitochondria in higher plants also appear to use CGG to 
code for tryptophan. TGA, which encodes tryptophan in the mitochondria of other species, 
appears to be used as a stop codon in plant mitochondrial genes. 
 
In plant mitochondrial genes, there seems to be a strong bias toward the use of codons 
ending in T, in yeast for those ending in A or T, and in animals those ending in A or C. 
These differences, especially those involving novel termination codons, would make it 
difficult to express nuclear or chloroplast genes in the mitochondrial environment. 
 
As in the case of chloroplast genes, mitochondrial genes often produce a complex set of 
transcripts. Processing occurs at the ends of the tRNAs, which are inserted like punctuation 
marks at the ends of structural genes. Polyadenylation occurs in neither yeast nor plant 
mitochondria and transcripts (although often much larger than an individual gene) do not 
include the entire genome. 
 
As yet relatively little is known about transcription or its control in higher plant 
mitochondria. Internal fragments of all three of the genes mentioned above (COI, Coil and 
COB) hybridize to a complex pattern of large fragments on Northern blots, suggesting 
multiple initiation, termination, and or processing sites. 
 
Intron splicing adds to the complexity, especially when, as in the case of the Coli gene, the 
excised intron sequence is sufficiently stable to be detected in hybridization experiments.It is 
premature to attempt to analyze these complex patterns in much detail, but we can expect to 
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see major advances in this area as more genes are identified, mapped, sequenced, and used to 
analyze the synthesis and processing of mRNA.  
 
What function does this genome carry out in the cell? Like the chloroplast, the mitochondrial 
genome codes for a small but important number of mitochondrial polypeptides. There is no 
evidence that it codes for extramitochondrial components. The mtDNA appears to have a 
similar function in cells of all species. 

Genes Identified in Plant, Yeast OR Animal Mitochondria - 

  Plant Yeast Animal 

Ribosomal Genes       

Large subunit + + + 

Small subunit + + + 

5S rRNA + - - 

Transfer RNAs 30 25 22 

Ribosome associated protein +(1) + - 

Cytochrome c oxidase complex       

Subunit I (COI) + + + 

Subunit II (COII) + + + 

Subunit III(COIII) ? + + 

Cytochrome c reductase       

Apocytochrome b (COB) + + + 

ATPase complex       

Subunit F1 alpha + - - 

Subunit 6 ? + + 

Subunit 8 ? + + 

Subunit 9 + + - 

NADH Dehydrogenase complex       

ND - 1 +(2) +(?) + 

Unassinged Reading Frames ? ? 2 

 

 

Cytoplasmic Male Sterility - CMS –  

The most extensively studied phenomenon involving the mitochondrial genome is 

cytoplasmic male sterility (CMS). 
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CMS has been exploited by breeders in the production of hybrid lines of crop plants, 

particularly maize, and there is now a large body of evidence implicating the mitochondrial 
genome in this phenomenon. 

 
The evidence comes firstly from restriction endonuclease analysis which shows differences 
between the mtDNA from normal and CMS cytoplasms. 

 

Secondly, changes have been demonstrated in the products of protein synthesis in isolated 

mitochondria, and these have been correlated with the cytoplasm type, and with the presence 
or absence of nuclear genes which restore fertility (restorer genes). For example, in Texas 

type maize (CMS-T) the mitochondria synthesize an extra 13,000 MW polypeptide but a 

21,000 MW polypeptide characteristic of normal cytoplasm is missing. When T-type 

cytoplasm is restored by its nuclear restorer gene, the 13,000 MW polypeptide is no longer 

synthesized, but the 21,000 MW polypeptide does not reappear.  

 

A third line of evidence comes from ultra structural studies of developing anthers; in maize 

S-type cytoplasm the first sign of abnormality is mitochondrial degeneration in the tapetal 

cells. Cytoplasmic male sterility is also correlated with the Plasmid like DNA molecules 

found in mitochondria. S-type maize cytoplasm carries two linear molecules of 6.2 kbp (S1) 

and 5.2 kbp (S2). 

They have Inverted terminal repeats of 200 bp, show some sequence homology and can be 

integrated into the mitochondrial genome. Other maize CMS cytoplasms have different 

combinations of plasmid like elements. In Brassica species the presence of an 11.3 kbp 

plasmid is strongly correlated with CMS, but this plasmid is not homologous to any found in 
maize. Thus there is a general consensus of opinion that cytoplasmic male sterility resides in 

the mitochondrial genome. 
 

CMS in higher plants causes pollen abortion but does not affect female fertility. The trait is 

inherited in a uniparental fashion through the female parent (egg) and is observed in over 
140 different plant species. These features have made CMS useful in hybrid. Seed 

production and eliminated the need for mechanical or hand emasculation. Plant 

mitochondrial genomes are transmitted through the egg and not the pollen. 

 

Some CMS appear to be caused by novel mitochondrial genomes while others seem to be 
due to mutations of common mitochondrial genes.  

In both instances rearrangements have played a prominent role in the origin of these 
exceptional genes. The Texas male-sterile cytoplasm (CMS-T) of maize is                       
characterized by a failure of anther exertion and by pollen abort. 
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Also associated with CMS-T is susceptibility to the fungal disease Bipolaris maydis, race T 
(Southern maize leaf blight); other maize cytoplasms are resistant to race T. CMS-T is 
distinguished from other male sterile cytoplasms by two nuclear genes, Rf1 and Rf2, that 
uniquely suppress the CMS trait and restore normal pollen production. 

  

Two open reading frames, now designated T-urf13 and ORF25, are found in a 3,547 
nucleotide sequence of mtDNA from CMS-T maize. 

 
T-urf13 encodes a polypeptide of 12,961 daltons; ORP25 could encode a polypeptide of 

24,657 daltons but a translation product has not been confirmed. 

 

The 3,447 nucleotide sequence is noteworthy in that it is composed of sequences with 
significant nucleotide homology to the 5 -flanking region of the atp6 gene, the 3 -flanking 

region of the 26S rRNA gene (rrn26), a part of the coding region of rrn26, and a chloroplast 

tRNA arg gene. 

 

The chimeric sequence contains at least seven readily identifiable recombinational sites, 

suggesting that it may have originated by rearrangements involving both intramolecular and 

intermolecular recombinations. 

 

The coding re9ion of T-urf13 consists of 88 codons with homology to an untranscribed 3 -

flanking region of rrn26, nine codons of unknown origin, and 18 codons with homology to 

the coding region of rrn26. 

It is thought that T-urf13 and atp6 have similar promoters because the 5' -flanking region of 
T-urf13 is almost identical to the 5' -flanking region of apt6. Autonomous copies of the atp6 

and rrn26 genes are located elsewhere in the genome. It is striking that a functional gene 
could originate from these rearrangements because the coding region of T-urf13 is composed 

chiefly of mtDNA from the coding and flanking regions of rrn26 , a gene coding for a 

structural RNA rather than a polypeptide. 

 
Furthermore, the open reading frame of T.-urf13 is fortuitously situated immediately 

downstream of a 5' -flanking sequence which promotes activity. Given its unusual origin, it 

is not surprising that T-urf13 is only found in CMS-T maize.T-urf13 encodes a 13 kd 
polypeptide that is constitutively expressed in the mitochondria of all organs of CMS- T 
maize. 

 

The polypeptide was demonstrated by Western blotting and immunoprecipitation studies 
with antisera prepared against chemically synthesized oligopeptides were based on the 
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predicted amino acid sequence of T-urf13. As expected, the 13 kd polypeptide was not 

detected in other maize cytoplasms or in other plant species. T-urf13 is localized in the 
mitochondrial membranes, although its exact location is not known.  

 
It has been suggested that it may be associated with the ATPase complex because it 
coprecipitates with subunit 9 of the ATPase complex; however, it has also been observed in 

isolates of complex IV (cytochrome oxidase). The dominant nuclear alleles, Rf1 and Rf2, 

restore full pollen fertility to CMS-T maize; Rf1 specifically affects expression of the 

mitochondrial gene T-urf13, reducing the abundance of the 13 kd polypeptide by about 80% 
and altering the transcriptional products of T-urf13. 

 

The recessive allele (rf1) does not affect expression of T-urf13 by a transcript processing 

event; however, additional studies are needed to clarify the mechanism. It is not known 

whether Rf1 originated before T-urf13 or came later. Rt1 could have other activities besides 

its effects on T-urf13, although none is known. In any event, it is interesting that Rf1 

uniquely suppresses expression of the rare gene T-urt13. In contrast, there is no evidence that 

Rf2 affects expression of T-urf13 and it is not clear how it contributes to pollen restoration. 

 

The genetic basis of CMS is of great interest, as the use of these lines can lead to a high 

degree of cytoplasmic uniformity in a crop. Such uniformity is undesirable as it can render a 

crop vulnerable to damage by pathogens or extreme environmental conditions. This problem 

is well illustrated by the massive losses suffered in the American maize crop in 1970 due to a 

race of southern corn leaf blight which preferentially infected plants with CMS-T type 

cytoplasm.  
 

Over 85% of the hybrid maize carried this cytoplasm. The identification of "promiscuous" 
DNA came from a study of plant mtDNA in conjunction with a study of other genomes. Ellis 

(1982) used this term to describe DNA sequences that are found in more than one genome of 

the plant. Maize mtDNA carries q 12 kbp sequences which is homologous to that part of the 
inverted repeat of the chloroplast genome which encodes the 16S rRNA and two tRNAs. 

 

This sequence is not transcribed in mitochondria but appears to be important as it is altered 

in certain male sterile lines. Homology between sequence of the nuclear genome and some 
plasmid like elements of the mitochondrial genome has also been detected in maize. It was 
suggested that these plasmid like elements might provide a mechanism for the transfer of 

genetic information between genomes. 
 
The mitochondrial genome is perhaps the least well understood plant genome in terms of 

function, structure and relationship to development of the plant. Interest has recently spurted, 

however, as the importance of the genome to normal development is now realized and 
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techniques for its analysis have become available. 

Transgenic Plants in Maize – In maize, a reporter gene for neomycin phosphotransferase 
(NPT II) associated with 35S promotor region of the cauliflower mosaic virus (CMV) was 

used for production of transgenic plants.  
At the enzyme level, these plants exhibited NPT II activity, and at the DNA level the 
presence of NPT II gene was demonstrated by Southern blot analysis.In USA, the 

biotechnology company, Monsanto recently produced insect resistant transgenic maize 

plants, using the Kurstaki gene derived from B. thuringiensis.  

 
The gene was attached to CaMV 35 S promoter, which enhanced the production of toxin, 

1000 times. When each transgenic plant was inoculated with 100 larvae of European corn 

borer, complete control of insect was observed. Transgenic rice plants, resistant to a certain 

virus, were also produced using coat protein (CP) gene from the virus.  

Transposons:-Transposons are sequences of DNA that can move around to different 

positions within the genome of a single cell, a process called transposition. In the process, 

they can cause mutations and change the amount of DNA in the genome. Transposons were 

also once called jumping genes, and are examples of mobile genetic elements. They were 

discovered by Barbara McClintock early in her career[1], for which she was awarded a Nobel 
prize in 1983. 

There are a variety of mobile genetic elements, and they can be grouped based on their 
mechanism of transposition. Class I mobile genetic elements, or retrotransposons, copy 
themselves by first being transcribed to RNA, then reverse transcribed back to DNA 
by reverse transcriptase, and then being inserted at another position in the genome. Class II 
mobile genetic elements move directly from one position to another using a transposase to 
"cut and paste" them within the genome. 

Transposons make up a large fraction of genome sizes which is evident through the C-
values of eukaryotic species. The sheer volume of seemingly useless material initially 
puzzled researchers, so that it was termed "Junk DNA" until further research revealed the 
critical role that it played in the development of an organism. [2] They are very useful to 
researchers as a means to alter DNA inside a living organism. 

 

Transposable elements (TEs), also known as "jumping genes" or transposons, are sequences 
of DNA that move (or jump) from one location in thegenome to another. Maize 
geneticist Barbara McClintock discovered TEs in the 1940s, and for decades thereafter, most 
scientists dismissed transposons as useless or "junk" DNA. McClintock, however, was 
among the first researchers to suggest that these mysterious mobile elements of 
the genome might play some kind of regulatory role, determining which genes are turned on 
and when this activation takes place (McClintock, 1965). 
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At about the same time that McClintock performed her groundbreaking research, scientists 
Roy Britten and Eric Davidson further speculated that TEs not only play a role in 
regulating gene expression, but also in generating different cell types and different biological 
structures, based on where in thegenome they insert themselves (Britten & Davidson, 1969). 
Britten and Davidson hypothesized that this might partially explain why a 
multicellular organismhas many different types of cells, tissues, and organs, even though all 
of its cells share the same genome. Consider your own body as an example: You have 
dozens of different cell types, even though the majority of cells in your body have exactly 
the same DNA. If every single gene was expressed in every single one of your cells all the 
time, you would be one huge undifferentiated blob of matter! 
The early speculations of both McClintock and Britten and Davidson were largely dismissed 
by the scientific community. Only recently have biologists begun to entertain the possibility 
that this so-called "junk" DNA might not be junk after all. In fact, scientists now believe that 
TEs make up more than 40% of the human genome (Smit, 1999). It is also widely believed 
that TEs might carry out some biological function, most likely a regulatory one—just as 
McClintock and Britten and Davidson speculated. Like all scientific hypotheses, however, 
data from multiple experiments were required to convince the scientific community of this 
possibility. 
 

Transposons in maize:-The first transposons were discovered in the 1940s by Barbara 

McClintock who worked with maize (Zea mays, called "corn" in the 
U.S.). She found that they were responsible for a variety of types of gene 

mutations, usually 

 insertions 
 deletions and 
 translocations 

Some of the mutations (c, bz) used as examples of how gene loci are 
mapped on the chromosome were caused by transposons. 

In developing somatic tissues like corn kernels, a mutation (e.g., c) that alters color will be 
passed on to all the descendant cells. This produces the variegated pattern which is so prized 
in "Indian corn". (Photo courtesy of Whalls Farms.) 

It took about 40 years for other scientists to fully appreciate the significance of Barbara 
McClintock's discoveries. She was finally awarded a Nobel Prize in 1983. 

The first transposon was discovered in the plant maize (Zea mays, corn species), and is 
named dissociator (Ds). Likewise, the first transposon to be molecularly isolated was from a 
plant (Snapdragon). Appropriately, transposons have been an especially useful tool in plant 
molecular biology. Researchers use transposons as a means of mutagenesis. In this context, a 
transposon jumps into a gene and produces a mutation. The presence of the transposon 
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provides a straightforward means of identifying the mutant allele, relative to chemical 
mutagenesis methods. 

Sometimes the insertion of a transposon into a gene can disrupt that gene's function in a 
reversible manner, in a process called insertional mutagenesis; transposase-mediated 
excision of the transposon restores gene function. This produces plants in which neighboring 
cells have different genotypes. This feature allows researchers to distinguish between genes 
that must be present inside of a cell in order to function (cell-autonomous) and genes that 
produce observable effects in cells other than those where the gene is expressed. 

Transposons are also a widely used tool for mutagenesis of most experimentally tractable 
organisms. 

The Tc1/mariner-class transposons piggyBac and Sleeping Beauty are active in mammalian 
cells and are being investigated for use in human gene therapy. 

Use of Transposable Elements - Transposon Tagging –  

The transposable elements (TEs), in some cases, have been effectively utilized for isolation 
of genes, when the gene product is unknown. In this case a transposon works as a mutagen 
and therefore as a gene tag.  
 
Following steps which are involved in this procedure: 
 
(i) Clone a known gene with a scorable phenotypic effect. 
 
(ii) TE is transposed to this gene to get an unstable allele. 

(iii) This unstable allele is cloned and TE is isolated from this unstable                                                 
allele (this is 10 select a TE which can produce unstable allele). 
 
(iv)This TE is transposed to a gene of interest                                                                       
with known phenotypic effect, to produce unstable allele. 
 
(v) The DNA is extracted from this mutant. 
 
(vi) TE sequence is used as a probe to isolate and clone the                                                                   
mutant gene (carrying inserted TE), so that we can then isolate the gene of interest. 
 
In maize, TE like Ac/Ds, En/Spm and Mu 1 have been isolated using the genes Wx, C2 and 
Adh1. Similarly, TEs like Tam3 and Tam7 have been isolated from snapdragon 
(Antirrhinum majus). These TEs have been used for gene tagging experiments leading to 
isolation of genes. In maize, several genes like Bz1, P, A1, Cl and C2 have been isolated 
successfully using gene tagging method. For transposon tagging, often transposable elements 
endogenous to species like maize and snapdragon have been used However, rarely 

http://en.wikipedia.org/wiki/Insertional_mutagenesis
http://en.wikipedia.org/wiki/Genotype
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transposons available from one plant species can be moved into the genome of another plant 
species, whose gene is to be isolated. 
For instance Ac, element of maize has been transferred to tobacco, where it can integrate into 
any lacus permitting transposm tagging and gene isolation. 

Transgenic Plants – We discussed a variety of methods which can be used for transfer of 
foreign genes to plant cells, tissues or organs. This transformation has been achieved at the 
level of protoplasts or cells in many plant species although the ultimate objective should be 

the production of transgenic plants following regeneration of whole plants from transformed 
protoplasts/cells. 
Not in all cases, the success in transformation could be combined with success in 

regeneration. However now there are more than 50 plant species, where transgenic plants 

have been successfully produced. Initially, the production of transgenic plants was restricted 

to dicotyledons, but it has now been extended to several monocotyledons like wheat, maize, 
rice and oats. 

Progress in this exciting area of research for production of transgenic plants has been so 

spectacular that by the turn of the century, we hope to be growing crops which have been 

tailored to market specifications by the addition, subtraction or modification of genes. 

Transgenes will also be important in increasing the efficiency of crop production systems. 

For instance, transgenic plants resistant to herbicides, insects, viruses and a host of other 

stresses have already been produced. Transgenic plants have also been produced, which are 

suitable for food processing (e.g. bruise resistance and delayed ripening in tomato). 

 

Another exciting example is the production of male sterile (due to barnase gene) and fertility 

restorer (due to barstar gene) plants in Brassica napus, so that hybrid seed in future will be 

conveniently produced without manual emasculation and controlled pollination as practiced 

in maize. 

 

This has also eliminated the need for a search of cytoplasmic male sterility (cms) and fertility 
restoration system in crops, where hybrids are intended to be produced for higher yields. 

Another major goal for production of transgenic plants, is their, use as bioreactors or 

factories for production of speciality chemicals and pharmaceuticals. This area is described 

as molecular farming or molecular pharming. The transgenic plants have also been produced 

for identification of regulatory sequences for many genes, using gene constructs with 

overlapping deletions. 

 

List of Higher Plants Where Transgenic Plants Have Been Produced 

Herbaceous dicotyledons 

1. Nicotiana tabacum (tobacco) o 
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2. N. plumbaginifolia (wild tobacco) 

3. Petunia hybrida (petunia) 

4. Lycopersicon esculentum (tomato) 

5. Solanum tuberosum (potato) 

6. Solanum melongena (eggplant) 

7. Arabidopsis thaliana 

8. Lactuca sativa (lettuce) 

9. Apium graveolens (celery) 

10. Helianthus annuus (sunflower) 

11. Linum usitatissimum (flax) 

12. Brassica napus (oilseed rape; canola) 

13. Brassica oleracea (cauliflower) 

14. Brassica oleracea var (cabbage). 

15. Brassica rapa (syn. B. campestris) 

16. Gossypium hirsutum (cotton) 

17. Beta vulgaris (sugarbeet) 

18. Glycine max (soybean) 

19. Pisum sativum (pea) 

20. Medicago sativa (alfalfa) 

21. M. varia 

22. Lotus corniculatum (lotus) 

23. Vigna aconitifolia 

24. Cucumis sativus (cucumber) 

25. Cucumis mew (muskmelon) 

26. Cichorium intybus (chicory) 

27. Daucus carota (carrot) 

28. Armoracia sp. (horse radish) 

29. Glycorrhiza glabra (licorice) 

30. Digitalis' purpurea (foxglove) 

31. Ipomoea batatas (sweet potato) 

32. Ipomoea purpurea (morning glory) 

33. Fragaria sp. (strawberry) 

34. Actinidia sp. (Kiwi) 

35. Carica papaya (papaya) 

36. Vitis vinifera (grape) 

37. Vaccinium macrocarpon (cranberry) 
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38. Dianthus caryophyllus (carnation) 

39.Chrysallthemum sp. (chrysanthemum) 

40. Rosa sp. (rose) 

II. Woody dicotyledons 

41. Populus sp. (poplar) 

42. Malus sylvestris (apple) 

43. Pyrus communis (pear) 

44. Azadirachta indica (neem) 

45. Juglans regia (walnut) 

III Monocotyledons 

46. Asparagus sp. (asparagus) 

47.Daclylis glomerata (orchard grass) 

48. secale cercale (rye) 

49. Oryza sativa (rice) 

50. Triticum aestivum (wheat) 

51. Zea mays (corn) 

52. Avena sativa (oats) 

53. Festuca arundinacea (tall fescue) 

IV Gymmosperms (a conifer) 

54. Picea glauca (white spruce) 
 
 

Application of Transgenic Plants -  

1. They have proved to be extremely valuable tools in studies on plant molecular biology, 

regulation of gene action, identification of regulatory/promotary sequences, etc. 
2. Specific genes have been transferred into plants to improve their agronomic and other 

features. 

3. Genes for resistance to various biotic stresses have been engineered to generate transgenic 

plants resistant to insects, viruses, etc. 
4. Several gene transfers have been aimed at improving the produce quality. 

5. Transgenic plants are being used to produce novel biochemicals like hirudin, etc. which 

are not produced by normal plants. 

6. Transgenic plants can be used vaccines for immunization against pathogens; this is fast 
emerging as an important objective. 
 

Transgenic Plants Suitable for Food Processing –  
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A number of examples are available, where transgenic plants suitable for food processing 

have been developed. 
 

(i) Bruise resistant tomatoes were developed which express antisense RNA against 
polygalacturonase (PG), which attacks pectin in the cell walls of ripening fruit and thus 

softens the skin. 
(ii) Tomatoes exhibiting delayed ripening were developed, either by using antisense RNA 

against enzymes involved in ethylene production (e.g. ACC synthase), or by using gene for 

ACC deaminase , which degrades aminocyclopropane-l carboxylic acid (ACC), an 
immediate precursor to ethylene. 
 

This will increase the shelf life of tomato. These tomatoes can also stay on the plant longer, 

giving more time for accumulation of sugars and acids for improving flavour. Therefore, 

they are described as 'Flavr Savr, 
(iii) Tomatoes with elevated sucrose and reduced starch could also be produced using 

sucrose phosphate synthase gene. 

 
(iv) Starch content in potatoes could be increased by 20 - 40% by using a bacterial ADP 

glucose pyrophosphorylase gene (ADP GPPase)  

Transgenic Plants in Dicotyledons – 

 Despite the totipotency of plant cells, thus obviating the need of transforming specifically 

the germ line cells as required in animals, the production of large number of transformed 

plants was, till recently (in 1980's), restricted mainly to tobacco, petunia or tomato of the 

family Solanaceae. 

 
There are, however, recent reports of transgenic plants from other dicotyledonous families 

like Cruciferae, Leguminosae, etc. and from monocotyledonous families like Liliaceae and 

Gramineae. Some of these examples, where transgenes of economic value have been utilized 

are included, and will be described in this section. 

 

Transgenic Plants in Monocotyledons –  

Production of transgenic plants in monocotyledons was initially not possible due to the 

following two limitations: 
(i) monocotyledons are ordinarily not infected by Agrobacterium, which was so widely used 
in dicotyledonous plants for carrying Ti plasmids for transformation, and  
 

(ii) the regeneration of plants from protoplasts or single cells, which are commonly used for 

transformation, was not possible. 
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Both these limitations have been overcome, since alternative methods for DNA uptake have 
now been developed and regeneration protocols for crops like rice and maize have been 

successful during the last few years. 
The techniques of DNA transfer (transformation) at the cellular level and the protocols for 
regeneration in rice and maize . In this section we will briefly describe some details of the 

production of transgenic plants in rice, maize and wheat. 

Miniature Inverted-repeat Transposable Elements (MITEs) 

The recent completion of the genome sequence of rice and C. elegans has revealed that their 

genomes contain thousands of copies of a recurring motif consisting of 

 almost identical sequences of about 400 base pairs flanked by 
 characteristic inverted repeats of about 15 base pairs such as  

5' GGCCAGTCACAATGG..~400 nt..CCATTGTGACTGGCC 3' 
3' CCGGTCAGTGTTACC..~400 nt..GGTAACACTGACCGG 5' 

MITEs are too small to encode any protein. Just how they are copied and moved to new 

locations is still uncertain. Probably larger transposons that 

 do encode the necessary enzyme and 
 recognize the same inverted repeats 

are responsible. 

There are over 100,000 MITEs in the rice genome (representing some 6% of the total 
genome). Some of the mutations found in certain strains of rice are caused by insertion of a 
MITE in the gene. 

MITEs have also been found in the genome of humans, Xenopus, and apples. 

The SINE Superfamily of Transposons 

 

Much of the evidence for the function of TEs comes from the growing realization that many 
transposons are highly conserved among distantly related taxonomic groups, suggesting that 
they must be of some biological value to the genome (Pennisi, 2007). To say that 
a DNA sequence is conserved means that the same TEs, or a family of related TEs, exist in 
genomes of distantly related species, such as fish and frogs. 
For instance, in one study, Japanese researchers identified a new "superfamily" of TEs (a 
group of TEs that share some similarities because of their shared ancestry), which they 
dubbed V-SINEs. The scientists then used PCR to show that the V-SINEs were widespread 
among vertebrates, including lampreys, cartilaginous fish, bony fish, and amphibians 

http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/G/GenomeSizes.html#c._elegans
http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/C/Caen.elegans.html
http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/L/LacOperon.html#RecognitionHelix
http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/M/Mutations.html#insertions
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(Ogiwara et al., 2002). Of these vertebrates, lampreys are the oldest, having emerged in the 
Cambrian era (544 to 510 million years ago). As the scientists explained in their paper: 
"The distribution of V-SINEs suggests that they might have been generated in a common 

ancestor of vertebrates and might then have survived in most vertebrates... [and] that they 

might have been generated in the genome of a common ancestor of vertebrates about 540 

million years ago or even more and might then have survived in most vertebrates until the 

present day." 
These findings suggest that V-SINEs are approximately 540 million years old. 

V-SINEs acquired their name from the SINEs, or short interspersed nuclear elements. SINEs 
are a type of non-long terminal repeat retrotransposon (non-LTR TE). Like all non-LTR TEs, 
SINEs (including V-SINEs) are retrotransposons; this means that their movement around 
the genome is dependent on the presence of an RNA intermediary. In this system, the TEs 
produce RNA transcripts, which are then converted back into DNA by 
an enzyme calledreverse transcriptase. The new DNA copies then insert themselves into 
other spots in the genome. 
While the researchers who discovered V-SINEs speculate on their function—specifically, 
whether they have something to do with protein production during times of stress, based on 
the fact that other researchers have observed greater SINE transcription under stressful 
conditions—they emphasize that the true functions of V-SINEs remain a scientific mystery 
(Ogiwara et al., 2002). The fact that the V-SINEs are so highly conserved suggests that, even 
though their true function is still unknown, these TEs must have some specific role. If not, 
then why do so many different species share the same, or similar, V-SINEs? Over 500 
million years is a long time for "junk" to survive if it has no purpose. 

 

 

 

 

 
Conserved SINE Sequences 
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Figure 1: The SINE transposable element upstream of the ISL1 gene serves to enhance 

gene expression. 

A reporter assay shows that the SINE transposon, when activated, is expressed in the same 
regions (a) as the ISL1 gene (b). Gene expression is shown in blue. On the bottom are close-
up images of the expression similarities along the geminal eminance. The arrow points out 
the staining in the dorsal apical ectodermal ridge. 

Copyright 2006 Nature Publishing Group. Bejerano, G. et al., A distal enhancer and an 

ultra conserved exon are derived from a novel retrotransposon, Nature 441, 87-90 

Other groups of researchers have similarly reported conserved TE sequences among different 
taxa. For example, Gill Bejerano and his colleagues (2006) discovered another highly 
conserved SINE family when studying the ancient Indonesian coelacanth Latimeria 

menadoensis. They estimate this SINE family has been around for at least 410 million years, 
or since the time when L. menadoensis first appeared. Bejerano et al. found this conserved 
TE family, which they named LF-SINE (for lobe-finned fish or living fossil) not only in 
modern coelacanths (a type of lobe-finned fish), but also in frogs, chickens, opossums, dogs, 
rats, mice, chimps, and humans. Again, these results raise the question of why, if TEs are 
indeed "junk," they remained relatively unchanged and still mobile in so many different taxa 
over several hundred million years of evolution. 
Perhaps even more intriguingly, Bejerano and his colleagues collected data suggesting that 
the LF-SINE family TEs likely play a regulatory role, just as McClintock, Britten, and 
Davidson suspected decades ago. First, Bejerano et al. identified a 200-base-pair LF-SINE 
that resided some 500,000 bases away from the Isl1 gene, which is active only during motor 
neuron development. Then, using a procedure called a mouse enhancer assay, the researchers 
showed that this TE controlled expression of Isl1—specifically, only when the TE was 
turned on was Isl1 turned on. The mouse enhancer assay involved linking the TE sequence to 
a gene that would cause cells within a developing mouse embryo to turn blue when 
expressed, making the cells readily identifiable (Figure 1). The expression patterns 
associated with the color change (and therefore associated with activity of the TE) 
corresponded toIsl1 expression changes typical of a particular developmental stage, 
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suggesting that the TE functions as an enhancer, or a regulatory element that can activate 
a gene from a distance. 
Later researchers have found similar results—that TEs can influence genetranscription—in 
other species, such as fruit flies, morning glory flowers, and (vindicating McClintock's 
suspicions) maize (Slotkin & Martienssen, 2007). Moreover, in primates, scientists have 
identified a SINE known as Alu that seems to play an important role in gene regulation 
and evolution. These new discoveries are prompting scientists to think twice about 
dismissing such a large portion of the genome as nothing but "junk." 
 

Transposons and Mutations 

Transposons are mutagens. They can cause mutations in several ways: 

 If a transposon inserts itself into a functional gene, it will probably damage it. 
Insertion into exons, introns, and even into DNA flanking the genes (which may 
contain promoters and enhancers) can destroy or alter the gene's activity. 

 The insertion of a retrotransposon in the DNA flanking a gene for pigment synthesis is 
thought to have produced white grapes from a black-skinned ancestor. Later, the loss 
of that retrotransposon produced the red-skinned grape varieties cultivated today. 

 Faulty repair of the gap left at the old site (in cut and paste transposition) can lead to 
mutation there. 

 The presence of a string of identical repeated sequences presents a problem for precise 
pairing during meiosis. How is the third, say, of a string of five Alu sequences on 
the "invading strand" of one chromatid going to ensure that it pairs with the third 
sequence in the other strand? If it accidentally pairs with one of the other Alu 
sequences, the result will be an unequal crossover — one of the commonest causes 
of duplications. 

SINEs (mostly Alu sequences) and LINEs cause only a small percentage of human 

mutations. (There may even be a mechanism by which they avoid inserting themselves into 

functional genes.) However, they have been found to be the cause of the mutations 
responsible for some cases of human genetic diseases, including: 

 Hemophilia A (Factor VIII gene) and Hemophilia B [Factor IX gene] 
 X-linked severe combined immunodeficiency (SCID) [gene for part of the IL-2 

receptor] 
 porphyria 
 predisposition to colon polyps and cancer [APC gene] 
 Duchenne muscular dystrophy [dystrophin gene] 

 

Phytochrome is a photoreceptor, a pigment that plants use to detect light. It is sensitive to 
light in the red and far-red region of the visible spectrum. Many flowering plants use it to 
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regulate the time of flowering based on the length of day and night (photoperiodism) and to 
setcircadian rhythms. It also regulates other responses including the germination of seeds, 
elongation of seedlings, the size, shape and number ofleaves, the synthesis of chlorophyll, 
and the straightening of the epicotyl or hypocotyl hook of dicot seedlings. 

Biochemically, phytochrome is a protein with a bilin chromophore. 

Phytochrome has been found in most plants including all higher plants; very similar 
molecules have been found in several bacteria. A fragment of a bacterial phytochrome now 
has a solved three-dimensional protein structure. 

Other plant photoreceptors include cryptochromes and phototropins, which are sensitive to 
light in the blue and ultra-violet regions of the spectrum. 

 

 

Phytochme 

 Phytochrome is a homodimer: two identical protein 
molecules each conjugated to a light-absorbing molecule 
(compare rhodopsin) 

 Plants make 5 phytochromes: PhyA, PhyB, as well as C, D, 
and E. 

 There is some redundancy in function of the different 
phytochromes but there also seem to be functions that are 
unique to one or another. 

 Phytochromes exist in two 
interconvertible forms 

o PR because it absorbs 
red (R;660 nm) light 

o PFR because it absorbs far red (FR; 730 nm) light 

 These are the relationships: 

o Absorption of red light by PR converts it into PFR 
o Absorption of far red light by PFR converts it into PR. 
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o In the dark, PFR spontaneously converts back to PR. 

The behavior of phytochrome explains the experimental results 
with the cocklebur. 

 Sunlight is richer in red (660 nm) than far red (730 nm) 
light so at sundown, all the phytochrome is PFR. 

 During the night, the PFR converts back to PR. 
 The PR form is needed for the release of the flowering 

signal. 
 Therefore, the cocklebur needs 8.5 hours of darkness in 

which to 

o convert all the PFR present at sundown into PR 
o carry out the supplementary reactions leading to the 

release of the flowering signal ("florigen") 

 If this process is interrupted by a flash of 660-nm light, the 
PR is immediately reconverted to PFR and the night's work is 
undone (C) 

 A subsequent exposure to far red (730 nm) light converts 
the pigment back to PR and the steps leading to the release 
of florigen can be completed (D) 

 Exposure to intense far red light at the beginning of the 
night sets the clock ahead about 2 hours or so by 
eliminating the need for the spontaneous conversion of 
PFR to PR (E). 

Long-day Plants 

These plants are also misnamed. Spinach and some other members 
of the group will bloom successfully on a short-day schedule if the 
night periods are interrupted by a brief exposure to light. So these 
plants are really short-night plants. They can bloom only if the 
nights are not too long. 

How does phytochrome work? 

The story is beginning to unfold. In the etiolation response of 
Arabidopsis, which is mediated by phytochrome B, 

 When sunlight (660 nm) converts PR into PFR, the 
PFR moves from the cytoplasm into the nucleus. 

 There it binds to a protein called PIF3 ("phytochrome-
interacting factor 3"). 

 PIF3 is a helix-loop-helix protein as are many transcription 
factors. 
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 The complex of the two binds to and turns on promoters 
containing the sequence 

CACGTG 
GTGCAC 

 These promoters are found in genes that themselves encode 
other transcription factors. 

 These other transcription factors, in turn, initiate 
transcription of a variety of genes that are expressed when 
the plant is exposed to light. 

 Exposure to far red light converts the PFR back to PR which 

o dissociates from PIF3 and 
o returns to the cytoplasm. 

The studies of the role of phytochrome in etiolation indicate that 
PFR is the active form; PR inactive. 

However, flowering of long-night (short day) plants like the 
cocklebur requires PR. Could it be that PFR is the active form here 
as well, but acting to promote vegetative growth, while the 
"inactive" PR form releases a "default" pathway of floral 
induction? 

This idea is supported by the finding that interfering with the 
metabolism of some plants by 

 removing some of the leaves or 
 chilling the plant or 
 placing it in an anaerobic atmosphere 

overcomes the effect of an incorrect photoperiod and allows the 
plant to flower. 

 

Phytochrome allows plants to sense the color of light. 

 Sunlight has a R:FR ratio of 1.2 
 Light under a canopy of leaves has a R:FR ratio of 0.13 
 Light under 5 mm of soil has a R:FR ratio of 0.88 
 A higher proportion of FR light allows plants to detect when they are shaded. 
 Plants adapted for growth in full sun will display greater stem elongation when they 

are transferred to shade.  They also develop smaller leaves and less branching.  This 
change is due to greater proportion of Pr to Pfr. 
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 Seeds of certain plants require red light for germination; FR light inhibits 
germination.  Many small seeds with low amounts of storage reserves (such as lettuce) 
show such a red light requirement. 

 If these seeds they are buried below the level of light penetration in the soil, they do 
not germinate. 

 If they are shaded by a leaf canopy, causing a high proportion of FR, germination is 
inhibited, Pfr is required for germination. 

The Phytochrome Molecule 

The structure of the linear tetrapyrrole is shown below.  It is attached to the phytochrome 
protein through a sulfur linkage.  
  

  
 

 

 

Phytochrome Regulation of Gene Expression 

We have seen that phytochrome-mediated light responses at the cellular level can involve 
rapid effects on membrane properties. The stimulation and repression of transcription by 
light can also be very rapid, with lag times as short as 5 minutes. Such early-gene expression 
is likely to be regulated by the direct interaction of transcription factors by one or more 
phytochrome-initiated signal transduction pathways. 

Within the nucleus, these transcription factors stimulate the transcription of specific genes. 
Some of the gene products of the early genes are transcription factors themselves, which 
activate the expression of other genes. Expression of the early genes, also called primary 
response genes, is independent of protein synthesis; expression of the late genes, or 
secondary response genes, requires the synthesis of new proteins. 

As with cytokinin-regulated gene expression (see textbook Chapter 21), the photoregulation 
of gene expression has focused on the nuclear genes that encode messages for chloroplast 
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proteins: the small subunit (SSU) of ribulose-1,6-bisphosphate carboxylase/oxygenase 
(rubisco) and the major light-harvesting chlorophyll a/b–binding proteins associated with the 
light-harvesting complex of photosystem II (LHCIIb proteins). These proteins play important 
roles in chloroplast development and greening; hence their regulation by phytochrome has 
been studied in detail. The genes for both of these proteins—RBCSand LHCB (also 
called CAB in some studies)—are present in multiple copies in the genome. 

The abundance of these mRNAs has been shown to increase in response to light and 
phytochrome action. The abundance of other mRNAs, however, can be decreased by 
phytochrome action; this latter class includes mRNAs that encode oat phyA and the 
chlorophyll biosynthesis enzyme NADPH–protochlorophyllide oxidoreductase (see textbook 
Chapter 7). Although the abundance of most of these mRNAs is regulated by light given in 
the low-fluence range, some LHCB mRNAs also respond to light in the very-low-fluence 
range. 

We can demonstrate phytochrome-regulated induction of mRNA abundance (for 
example RBCS mRNAs) experimentally by giving etiolated plants a brief pulse of low-
fluence red or far-red light, returning them to darkness to allow the signal transduction 
pathway to operate, and then measuring the abundance of specific mRNAs in total RNA 
prepared from each set of plants. If its abundance is regulated by phytochrome, the mRNA is 
absent or present at low levels in etiolated plants, but is increased by red light. The red light–
induced increase in expression can be reversed by immediate treatment with far-red light, but 
far-red light alone has little effect on mRNA abundance. 

In the case of mRNAs (e.g., LHCB) that respond to very-low-fluence red light, expression 
increases in response to both red and far-red light, and additional experiments are needed to 
confirm the involvement of phytochrome. In the case of mRNAs whose expression is 
negatively regulated by phytochrome, for example oat PHYA mRNA, levels are high in 
darkness, reduced by a pulse of red light, and restored to dark levels by red/far-red light 
treatment. However, none of these experiments prove the action of phytochrome on 
transcription; instead they show the effect of phytochrome only on overall mRNA abundance 
in total RNA, which reflects both transcription and degradation processes. As mentioned 
earlier, the abundance of oat PHYA mRNA in total RNA is the result of both transcription 
and degradation events. 

The involvement of phytochrome in transcriptional regulation of mRNA abundance has been 
demonstrated by two approaches. In the first approach, etiolated plants are treated as was 
described for the mRNA studies, and then transcriptionally active nuclei are isolated and 
allowed to elongate transcripts initiated under the different in vivo light treatments in the 
presence of radioactive precursors (Web Figure 17.7.A). If the relative incorporation into an 
mRNA is similar to that described for the overall abundance in total RNA, then transcription 
of the mRNA is thought to be under phytochrome control. 
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Web Figure 17.7.A   Nuclear runoff assay. (A) In vitro transcription. Isolated 
nuclei are incubated in a small tube with unlabeled ATP, CTP, and GTP, plus 
labeled UTP. During a 30-minute incubation, transcripts already initiated 
before nuclear isolation incorporate labeled UTP. The end-labeled RNA 
transcripts are purified. (B) DNA–RNA hybridization. Plasmids containing 
cDNA inserts for the gene of interest are spotted onto a strip of nitrocellulose 
paper. The strip is incubated in a plastic bag containing buffer and a drop of 
the labeled RNA. The mRNA that is complementary to the cDNA hybridizes 
to the spot, and the remainder of unbound RNA is removed by washing. The 
spots can then be punched out and the radioactivity quantified by counting. 
Alternatively, the radioactivity in each spot can be estimated by exposure to X-
ray film. The size of the developed spot is roughly proportional to the 
radioactivity. (After Schäfer et al. 1986.) (Click image to enlarge.) 

The second approach involves fusing the promoter of the gene to be tested with the coding 
sequence of a reporter gene such as GUS. By placing the fused gene back into the plant it is 
possible to measure the abundance of the reporter mRNA or its encoded enzyme activity. 
Both of these approaches have been used extensively, and the latter has allowed the 
definition of the minimum amount of the upstream promoter region required to confer 
phytochrome-regulated transcription of the linked reporter sequence. 

Recently, Elaine Tobin and her colleagues at the University of California, Los Angeles, 
characterized a MYB-related transcription factor (see Chapter 14 on this web site) whose 
mRNA level increases rapidly whenArabidopsis is transferred from the dark to the light 
(Web Figure 17.7.B). This DNA-binding protein appears to bind to the promoter of 
an LHCB gene and regulate its transcription, which, as Web Figure 17.7.B shows, occurs 
later than the increase in the MYB-related protein (Wang et al. 1997). The gene that encodes 
the MYB-related protein is therefore probably a primary response gene, while 
the LHCB gene is probably a secondary response gene. 

http://4e.plantphys.net/image.php?id=213
http://4e.plantphys.net/image.php?id=214
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Web Figure 17.7B   Time course of the induction of transcripts for a Myb-
related transcription factor (Myb) and the light-harvesting chlorophyll a/b–
binding protein (Lhcb) in Arabidopsis after transfer of the seedlings from 
darkness to continuous white light. (After Wang et al. 1997.) (Click image to 

enlarge.) 

More recently, microarray analysis has been applied to the study of light signal transduction. 
In microarray analysis short oligonucleotides or cDNA sequences representing thousands of 
gene sequences are spotted on a glass slide.&nbsp; RNA samples isolated from control and 
experimental plants are labeled using two different fluorescent dyes.&nbsp; Both the control 
and the experimental sample are hybridized to the microarray and the slide is then scanned 
using two lasers that will excite one or the other dye.&nbsp; The light emitted from the dye 
is proportional to the amount of RNA that is bound to the gene-specific oligonucleotide or 
cDNA sequence and thus provides a relative measure of gene expression. To visualize the 
relative expression levels from both samples, images are often false colored so that one 
signal is represented with green and the other signal as a red, when the signals overlap they 
are yellow.&nbsp; The commercially available Affymetrix arrays utilizes small 25-mer 
oligos as probes on the glass slide that are hybridized to a single labeled sample. This 
technique has been used to examine changes in gene expression when plants are grown under 
red or far-red light to define phytochrome signaling pathways and have shown that multiple 
transcription factors are early targets of phytochrome control {Tepperman, 2004 #123; 
Tepperman, 2001 #121}  

Regulation of gene expression (or gene regulation) includes the processes 
that cells and viruses use to turn the information in genes into gene products. Although a 
functional gene product may be an RNA or a protein, the majority of known mechanisms 
regulate protein coding genes. Any step of the gene's expression may be modulated, from 
DNA-RNA transcription to the post-translational modification of a protein. 

Gene regulation is essential for viruses, prokaryotes and eukaryotes as it increases the 
versatility and adaptability of an organism by allowing the cell to express protein when 
needed. The first discovered example of a gene regulation system was the lac operon, 
discovered by Jacques Monod, in which protein involved in lactose metabolism are 
expressed by E.coli only in the presence of lactose and absence of glucose. 

http://en.wikipedia.org/wiki/Cell_(biology)
http://en.wikipedia.org/wiki/Viruses
http://en.wikipedia.org/wiki/Gene
http://en.wikipedia.org/wiki/Gene_product
http://en.wikipedia.org/wiki/RNA
http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Gene_expression
http://en.wikipedia.org/wiki/Transcription_(genetics)
http://en.wikipedia.org/wiki/Post-translational_modification
http://en.wikipedia.org/wiki/Viruses
http://en.wikipedia.org/wiki/Prokaryote
http://en.wikipedia.org/wiki/Eukaryote
http://en.wikipedia.org/wiki/Organism
http://en.wikipedia.org/wiki/Lac_operon
http://en.wikipedia.org/wiki/Jacques_Monod
http://en.wikipedia.org/wiki/E.coli
http://4e.plantphys.net/image.php?id=215
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Furthermore, gene regulation drives the processes of cellular 
differentiation and morphogenesis, leading to the creation of different cell types in 
multicellular organisms where the different types of cells may possess different gene 
expression profiles though they all possess the same genomesequence. 

Example of these :- 

 Enzyme induction is a process in which a molecule (e.g. a drug) induces (i.e. initiates or 
enhances) the expression of an enzyme. 

 The induction of heat shock proteins in the fruit fly Drosophila melanogaster. 

 The Lac operon is an interesting example of how gene expression can be regulated. 

 Viruses despite having only a few genes, possess mechanisms to regulate their gene 
expression, typically into an early and late phase, using collinear systems regulated by 
anti-terminators (lambda phage) or splicing modulators (HIV) 

Regulation of Gene Expression in Prokaryotes – 

 Bacteria such as E. coli are exposed to a wide variety of environmental conditions. Natural 

selection will preserve those organisms that have evolved ways of adapting to the wide range 

of environmental conditions encountered during their evolution.  

 

The adaptability of bacteria and other prokaryotes depends on their ability to turn on and off 

the expression of specific sets of genes in response to the specific demands of the 

environment. The expression of a particular gene is turned on when the products of these 

genes are needed for growth in a given environment.  

Their expression is turned off, when their products are no longer needed for growth in the 

existing environment. The synthesis of gene transcripts and translation products requires the 

expenditure of considerable energy.  

By "turning off' the expression of genes when their products are not needed, an organism can 

avoid wasting energy and can utilize the conserved energy to synthesize products that 
maximize the growth rate. 

For example, if a given metabolite is not present, enzymes for its breakdown are not 

necessary, and synthesizing these enzymes is wasteful If a cell produces enzymes for the 
degradation of a particular carbon source only when this carbon source is present in the 
environment, the enzyme system is known as an inducible system. 

 

In contrast, the enzymes in many synthetic pathways are in low concentration or absent when 
an adequate quantity of the end product of the pathway is already available to the cell. That 
is, if the cell encounters an abundance of the amino acids, e.g. tryptophan in the environment 

or if it is over produced, the cell stops the manufacture of tryptophan until a need arises 
again.  

http://en.wikipedia.org/wiki/Cellular_differentiation
http://en.wikipedia.org/wiki/Cellular_differentiation
http://en.wikipedia.org/wiki/Morphogenesis
http://en.wikipedia.org/wiki/Genome
http://en.wikipedia.org/wiki/Enzyme_induction_and_inhibition
http://en.wikipedia.org/wiki/Heat_shock_protein
http://en.wikipedia.org/wiki/Drosophila_melanogaster
http://en.wikipedia.org/wiki/Lac_operon
http://en.wikipedia.org/wiki/Lambda_phage
http://en.wikipedia.org/wiki/HIV
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A repressible system is a system of enzymes whose presence is repressed, stopping the 
production of the end product when it is no longer needed. Repressible systems are repressed 

by an excess of the end product of their synthetic pathway.Bacteria regulate or alter the gene 
expression either by using positive or negative regulation.  
Positive and negative regulation look similar in most aspects, but the fundamental difference 

is what type of molecule, i.e., repressor alone, e.g. lac operon or repressor along with 

inducer/end product, e.g. trp operon, is binding to promoter, and also whether the molecule is 

increasing (inducer) or decreasing (repressor) the gene expression. 
Gene Expression in Eukaryotes –  

Genes in prokaryotes are apparently continuously "turned on" and must be repressed if 

activity is to be controlled. In general genes of eukaryotes are apparently "turned off" and 
must be activated. At any time, only 2-15 % of total genes are expressed. It means some sort 

of regulation is occurring.  

 

The operon system of gene regulation has been proved to be inapplicable to eukaryotes. In 

higher eukaryotes, it does seem very clear that operons are not important, if at all they exist. 

Although there is evidence for operons or operon like units in lower eukaryotes, they are 
polygenic and are cleaved to produce monogenic mRNAs. 

In eukaryotes, metabolically related genes may be scattered throughout the genome. 
However, groups of eukaryotic genes involved in the same pathway or function can be 
induced simultaneously by having common enhancers that respond to the same specific 
transcription factors.  
 
Such a group of genes is called a synexpression group.Moreover,in eukaryotic cells, om part 
mentalization is present. The nucleus contains most of the genetic material. The 
compartmentalization has a consequence for gene expression. 
The expression of genes is regulated and the coordinated regulation of sequential pathways 
of gene expression is primarily responsible for the diversity of cell phenotypes that unfold 
during the development of a higher plant or animal. 
 
Regulatory processes in eukaryotes act, or might act, to control gene expression at various 
levels. Various potential control points recognized in eukaryotes are regulation at the level of 
gene structure, initiation of transcription, processing transcript and transport to cytoplasm, 
and translation of mRNA. 

Mechanism of Gene Regulation in Eukaryotes – 

 In the absence of precise information about the mechanisms that regulate gene expression in 
eukaryotes, many models were proposed. One of the more                           popular early 
models known as Britten Davidson model or gene                                                           
battery model was that given by R.J. Britten and E.H. 
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Davidson in 1969. This model even though widely accepted, is only a theoretical model and 
lacks sound practical proof. The model predicts the presence of four types of sequences. 
 
Producer gen: It is comparable to a structural gene in prokaryotes. It produces pre mRNA, 
which after processing becomes mRNA. Its expression is under the control of many receptor 
sites. 

Receptor site (gene):It is comparable to the operator in bacterial operon. At least one such 
receptor site is assumed to be present adjacent to each producer gene. A specific receptor 
site is activated when a specific activator RNA or an activator protein, a product of 
integrator gene, complexes with it. 
Integrator gene: Integrator gene is comparable to regulator gene and is responsible for the 
synthesis of an activator RNA molecule that may not give rise to proteins before it 
activates the receptor site.                                                                    At least one integrator 
gene is present adjacent to each sensor site. 
Sensor site: A sensor site regulates activity of an integrator gene which can be transcribed 
only when the sensor site is activated. The sensor sites are also regulatory sequences that 
are recognized by external stimuli, e.g. hormones, temperature 

  

According to the Britten Davidson model, specific sensor genes represent sequence-specific 
binding sites (similar to CAP -cAMP binding site in the E. coil) that respond to a specific 
signal. When sensor genes receive the appropriate signals, they activate the transcription of 
the adjacent integrator genes. The integrator gene products will                  then interact in a 
sequence specific manner with receptor genes. 
 
Britten and Davidson proposed that the integrator gene products are activator RNAs that 
interact directly with the receptor genes to trigger the transcription of the continuous 
producer genes. 
 
It is also proposed that receptor sites and integrator genes may be repeated a number of 
times so as to control the activity of a large number of genes in the same cell. Repetition of 
receptor ensures that the same activator recognizes all of them and in this way several 
enzymes of one metabolic pathway are simultaneously synthesized. 

 

Transcription of the same gene may be needed in different developmental stages. This is 

achieved by the multiplicity of receptor sites and integrator genes. Each producer gene may 
have several receptor sites, each responding to one activator. Thus, though a single activator 

can recognize several genes, different activators may activate the same gene at different 
times. 

 
A set of structural genes controlled by one sensor site is termed as a battery. Sometimes 
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when major changes are needed, it is necessary to activate several sets of genes. If one sensor 

site is associated with several integrators, it may cause transcription of all integrators 
simultaneously thus causing transcription of several producer genes through receptor sites. 

The repetition of integrator genes and receptor sites is consistent with the reports that state 
that sufficient repeated DNA occurs in the eukaryotic cells. The most attractive features of 
the Britten and Davidson model is that it provides a plausible reason for the observed pattern 

of interspersion of moderately repetitive DNA sequences and single copy DNA sequences. 

 

Direct evidence indicates that most structural genes are indeed single copy DNA sequences. 
The adjacent moderately repetitive DNA sequences would contain the various kinds of 

regulator genes (sensor, integrator and receptor genes). 

 

Transcription OR Gene Expression –  

The presence of a gene in the genome is not sufficient. It should express or it should make 

protein, only then does it have some significance or use for the organism. Genes make 

proteins by a process called gene expression. Gene expression takes place in two steps or 
phases. 

 

1. Transcription or RNA synthesis  

2. Translation or protein synthesis 
 

Transcription is the first step in gene expression and the predominant level of gene 

regulation. Transcription is a process in which one type of nucleic acid produces another 
type of nucleic acid or it is the process of RNA synthesis from DNA molecule with the help 

of complex protein. 

The concept of mRNA synthesis is to carry information from a gene located in the nucleus to 

the ribosome in the cytoplasm. This was first given by Crick in 1958. Transcription and 

translation are depicted. 

 
The following are the points of similarity between DNA and RNA synthesis.  

1. The general steps of initiation, elongation and termination with 5 '-3' polarity. 
 

2. Large, multicomponent initiation complex. 
 

3. Adherence to Watson and Crick base pairing rules.  

 

RNA synthesis differs from that of DNA in the following. 
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1. Ribonucleotides are used instead of DNA. 

 
2. T is replaced with U. 

 
3. A primer is not involved. 

 
4. Only a small portion of DNA is used. 

 

5. No proofreading activity. 
 
The sequence of ribonucleotides in an RNA molecule is complementary to the sequence of 

deoxyribonucleotides in one strand of the double stranded DNA molecule. The strand that is 

transcribed into an RNA molecule is referred to as the template strand of the DNA. The other 

DNA strand is frequently referred to as the coding strand. 
 

Plant Biotechnology – 

Similar to biotechnology, plant biotechnology may define as generation of useful products or 

services from plant cells, tissues and, often, organs (very small organ explants). Such cells, 

tissues and organs are either continuously maintained in vitro or they pass through a variable 

phase to enable regeneration from them of complete plants, which are ultimately transferred 

to the field. 

 

Therefore, plant tissue culture forms an integral part of any plant biotechnology activity. The 

various objectives achievable/achieved by plant biotechnology may be summarised as under. 

1. Useful biochemical production (large scale cell cultures). 

2. Rapid clonal multiplication (adventitious shoot/bulb/protocorm or SE regeneration, 

axillary bud proliferation). 
3. Virus elimination (thermo, cryo or chemotherapy coupled with meristem culture). 

4. Rapid development of homozygous lines by producing haploids (anther culture, ovary 

culture, interspecific hybridization). 

5. Production/recovery of difficult to produce hybrids (embryo rescue, in vitro pollination). 
6. Germplasm conservation of vegetatively reproducing plants or those producing 

recalcitrant seeds (cryopreservation, slow growth cultures, DNA clones). 

7. Genetic modification of plants (somaclonal variation, somatic hybridization, 
hybridization, and gene transfer). 
8. Creation of genome maps and use of molecular markers to assist conventional breeding 

efforts. 

Some of these objectives, e.g., biochemical production, require continuous in vitro culture of 
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cells for product isolation. In such and certain other cases, e.g., rapid clonal multiplication, 

haploid production, etc., a scaling up of the culture operations becomes essential. Scaling up 
may often utilize fermenters, which involve engineering disciplines like process engineering, 

etc. 
The products from most activities, e.g., micropropagation, haploid production, etc., are 
plants, which are ultimately to be used for enhancing agricultural/horticultural production. 

Therefore, such plants often must be subjected to rigorous evaluation to ascertain their 

commercial value. 

In many situations, they have Job utilized in suitable breeding programmes to develop a 

commercially utilizable plant variety; this is particularly true for activities aiming at genetic 

modification, haploid production, hybrid rescue, etc.  

Therefore, the plants developed through a biotechnological activity should have  
(i) A useful feature or features,  

(ii) Must be fertile, and  

(iii) The biotechnological activities must be suitably linked with active and efficient plant 

breeding and field evaluation programmes in order to produce a reliable and commercially 

viable product. 

Plant Hormone:- Plant hormones (also known as phytohormones) are chemicals that 
regulate plant growth, which, in the UK, are termed 'plant growth substances'. 

Planthormones are signal molecules produced within the plant, and occur in extremely 

low concentrations. Hormones regulate cellular processes in targetedcells locally and when 

moved to other locations, in other locations of the plant. Hormones also determine the 

formation of flowers, stems, leaves, theshedding of leaves, and the development and ripening 

of fruit. Plants, unlike animals, lack glands that produce and secrete hormones, instead each 

cell is capable of producing hormones. Plant hormones shape the plant, affecting seed 
growth, time of flowering, the sex of flowers, senescence of leaves and fruits. They affect 

which tissues grow upward and which grow downward, leaf formation and stem growth, 

fruit development and ripening, plant longevity, and even plant death. Hormones are vital to 
plant growth and lacking them, plants would be mostly a mass of undifferentiated cells. 

 

Auxins 
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There is only one naturally occurring auxin: 
indole-3-acetic acid (IAA) and this is 
chemically related to the amino 
acidtryptophan. 

 

There are many synthetic auxins - aromatic compounds with carboxylic 
sidechains often affect plant growth in the same way that IAA does. These are 
used commercially rather than IAA because they are cheaper and more stable. 
For example naphthalene acetic acid (NAA) is used to control fruit set and 
sucker growth on trees after pruning. Indole butyric acid is used to promote 
rooting in cuttings. Far and away the biggest use of auxin-like compounds is as 
herbicides (2,4-D and MCPA). Applied at high concentration they promote 
uncoordinated growth and finally death, particularly in broad-leaved weeds. 

Cytokinins 

There are a number of naturally occuring 
cytokinins all related to the 
nucleotide adenine. They can occur as the free 
base or as a riboside. Synthetic cytokinins 
include benzyladenine and kinetin. Cytokinins 
are used in tissue culture media, and for 
growth control in fruit. 

 

 

Ethylene 

http://www.hcs.ohio-state.edu/hcs300/biochem2.htm
http://www.hcs.ohio-state.edu/hcs300/biochem2.htm
http://www.hcs.ohio-state.edu/hcs300/biochem2.htm
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Ethylene is the only gaseous hormone in the 
plant world; it is a simple hydrocarbon gas 
that is derived from the amino acid, 
methionine, via an unusual cyclic compound 
which is also an amino acid, ACC (1-
aminocyclopropane-1-carboxylic acid). 

 

The gas is used commercially for ripening fruit, particularly bananas. There are 
also synthetic compounds, such as ethephon (chloro-ethanephosphonic acid) 
that can be sprayed onto plants in solution; once inside the tissues ethephon 
breaks down to liberate ethylene. Ethephon is used to promote ripening on the 
tree, leaf abscision in ornamentals, growth control in seedlings and flowering in 
pineapples. 

 

 

Abscisic acid 

Abscisic acid (ABA) is one of two related 
compounds (the other is xanthoxin) that are in 
the isoprenoid group and related 
to carotenoids ABA is a very expensive 
material and so far there are no synthetic 
analogs or practical uses 

 

Gibberellins 

The gibberellins (GAs) are the largest group 
with over 70 compounds although not all are 
biologically active. Like ABA they are 
derived from the isoprenoid pathway. 
Gibberellins are used commercially to break 
dormancy of "difficult" seeds, and to promote 
set of grapes and other fruits. 

 

Many growth retardants used on flowering pot plants, woody plants and turf are 
"anti- gibberellins". Compounds such as ancymidol and uniconazole block GA 

http://www.hcs.ohio-state.edu/hcs300/biochem2.htm
http://www.hcs.ohio-state.edu/hcs300/biochem3.htm
http://www.hcs.ohio-state.edu/hcs300/biochem3.htm
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synthesis and produce dwarf plants. Genetic dwarfs are often deficient in 
gibberellin. 

Hormone action 
At the cell level hormones attach to a protein receptor which sends a signal 
down a transduction pathway to switch on particular genes. 
Through transcription and translation this leads to production of an enzyme 
protein which actually causes the change in plant growth. A good example from 
the early stages of plant development is the role of GA in cereal seed 
germination. As the seed imbibes water the embryo produces GA. This induces 
synthesis of amylase in the aleurone layer which secretes the enzyme to the 
endosperm. Amylase breaks down starch to glucose which diffuses to the 
embryo and is used for the early stages of plant growth. 

 
 

This chart shows the five plant hormones and their functions. 
 
 

  
Where Found in 

Plant 
Major Functions 

Auxin 

Embryo of seed, 
young leaves, 
meristems of apical 
buds 

Stimulates cell elongation; involved in phototropism, 
gravitropism, apical domincance, and vascular 
differentiation; inhibits abscission prior to formation of 
abscission layer; stimulates ethylene synthesis; 
stimualtes fruit development; induces adventitious roots 
on cuttings 

Cytokinin 

Synthesized in roots 
and transported to 
other organs 

Stimulates cell division, reverse apical dominance, 
involved in shoot growth, delay leaf sequence 

Ethylene 
Tissues of ripening 
fruits, nodes of 

Stimulates fruit ripening, leaf and flower senescence, and 
abscission 

http://www.hcs.ohio-state.edu/hcs300/virus.htm#dogma
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stems, senescent 
leaves and flowers 

Abscisic 

Acid 

Leaves, stems, green 
fruit 

Stimulates stomatal closure 

Gibberellin 

Meristems of apical 
buds and roots, 
young leaves, 
embryo 

Stimulates shoot elongation, stimulates bolting and 
flowering in biennials, regulates production of hydrolytic 
enzymes in grains 

 

Seed:- 

A seed is a small embryonic plant enclosed in a covering called the seed coat, usually with 
some stored food. It is the product of the 
ripened ovule of gymnosperm and angiosperm plants which occurs after fertilization and 
some growth within the mother plant. The formation of the seed completes the process 
of reproduction in seed plants (started with the development of flowers and pollination), with 
the embryo developed from the zygote and the seed coat from the integuments of the ovule. 

Seeds have been an important development in the reproduction and spread of flowering 
plants, relative to more primitive plants like mosses,ferns and liverworts, which do not have 
seeds and use other means to propagate themselves. This can be seen by the success of seed 
plants (both gymnosperms and angiosperms) in dominating biological niches on land, 
from forests to grasslands both in hot and cold climates. 

The term seed also has a general meaning that predates the above — anything that can 
be sown i.e. "seed" potatoes, "seeds" of corn orsunflower "seeds". In the case 
of sunflower and corn "seeds", what is sown is the seed enclosed in a shell or hull, and the 
potato is a tuber. 

Seed structure  

 
The parts of an avocado seed (a dicot), showing the seed coat, endosperm, and embryo. 

A typical seed includes three basic parts: (1) an embryo, (2) a supply of nutrients for the 
embryo, and (3) a seed coat. 

http://en.wikipedia.org/wiki/Plant_embryogenesis
http://en.wikipedia.org/wiki/Plant
http://en.wikipedia.org/wiki/Food_storage
http://en.wikipedia.org/wiki/Ovule
http://en.wikipedia.org/wiki/Gymnosperm
http://en.wikipedia.org/wiki/Angiosperm
http://en.wikipedia.org/wiki/Fertilization
http://en.wikipedia.org/wiki/Reproduction
http://en.wikipedia.org/wiki/Flower
http://en.wikipedia.org/wiki/Pollination
http://en.wikipedia.org/wiki/Embryo
http://en.wikipedia.org/wiki/Zygote
http://en.wikipedia.org/wiki/Flowering_plants
http://en.wikipedia.org/wiki/Flowering_plants
http://en.wikipedia.org/wiki/Moss
http://en.wikipedia.org/wiki/Ferns
http://en.wikipedia.org/wiki/Marchantiophyta
http://en.wikipedia.org/wiki/Ecological_niche
http://en.wikipedia.org/wiki/Forest
http://en.wikipedia.org/wiki/Grassland
http://en.wikipedia.org/wiki/Climates
http://en.wikipedia.org/wiki/Sowing
http://en.wikipedia.org/wiki/Potato
http://en.wikipedia.org/wiki/Maize
http://en.wikipedia.org/wiki/Sunflower_seed
http://en.wikipedia.org/wiki/Sunflower
http://en.wikipedia.org/wiki/Avocado
http://en.wikipedia.org/wiki/Dicot
http://en.wikipedia.org/wiki/Endosperm
http://en.wikipedia.org/wiki/Embryo
http://en.wikipedia.org/wiki/Embryo
http://en.wikipedia.org/wiki/File:Avocado_seed_diagram-en.svg


67 

 

The embryo is an immature plant from which a new plant will grow under proper conditions. 
The embryo has one cotyledon or seed leaf inmonocotyledons, two cotyledons in almost 
all dicotyledons and two or more in gymnosperms. The radicle is the embryonic root. The 
plumule is the embryonic shoot. The embryonic stem above the point of attachment of the 
cotyledon(s) is the epicotyl. The embryonic stem below the point of attachment is 
the hypocotyl. 

Within the seed, there usually is a store of nutrients for the seedling that will grow from the 
embryo. The form of the stored nutrition varies depending on the kind of plant. In 
angiosperms, the stored food begins as a tissue called the endosperm, which is derived from 
the parent plant via double fertilization. The usually triploid endosperm is rich 
in oil or starch and protein. In gymnosperms, such as conifers, the food storage tissue is part 
of the female gametophyte, a haploid tissue. In some species, the embryo is embedded in the 
endosperm or female gametophyte, which the seedling will use upon germination. In others, 
the endosperm is absorbed by the embryo as the latter grows within the developing seed, and 
the cotyledons of the embryo become filled with this stored food. At maturity, seeds of these 
species have no endosperm and are termed exalbuminous seeds. Some exalbuminous seeds 
are bean, pea, oak, walnut, squash, sunflower, andradish. Seeds with an endosperm at 
maturity are termed albuminous seeds. Most monocots (e.g. grasses and palms) and many 
dicots (e.g. brazil nut and castor bean) have albuminous seeds. All gymnosperm seeds are 
albuminous. 

The seed coat (or testa) develops from the tissue, the integument, originally surrounding the 
ovule. The seed coat in the mature seed can be a paper-thin layer (e.g. peanut) or something 
more substantial (e.g. thick and hard in honey locust and coconut). The seed coat helps 
protect the embryo from mechanical injury and from drying out. 

In addition to the three basic seed parts, some seeds have an appendage on the seed coat such 
an aril (as in yew and nutmeg) or an elaiosome (as in Corydalis) or hairs (as in cotton). There 
may also be a scar on the seed coat, called the hilum; it is where the seed was attached to the 
ovary wall by the funiculus. 

Seed Storage Proteins:-Storage proteins are a group that comprises proteins generated 

mainly during seed production and stored in the seed that serve as nitrogen sources for the 
developing embryo during germination. It is obviously more effective for the plant to use 
proteins instead of secondary plant products for this purpose. The average protein content of 

cereal grains is 10-15 % of their dry weight that of leguminose seeds 20-25, while it is only 

3-5 % in normal leaves. Besides seeds, storage proteins can also be found in root and shoot 
tubers, like in potatoes. 

No clear definition what a storage protein is, exists. The term is operational and was coined 
for all those proteins whose share in the total protein amount of the cell is greater than five 
percent. Usually, the following properties can be found, too: 
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 The proteins have no enzymatic activities. 

 They serve as nitrogen sources for the germinating seed. 

 They occur normally in an aggregated state within a membrane surrounded 
vesicle (protein bodies, aleuron grains). 

 They are often built from a number of different polypeptide chains. 

Storage proteins are important for human nutrition (plant proteins) and numerous studies 
concerning their structure and biosynthesis have therefore been published during the last 
years. Furthermore, an interest in the production of mutants with an increased protein content 
or an increased amount of essential amino acids exists.A simplifying rule says that 
leguminoses contain mostly two types of storage proteins, legumin and vicelin. The 
legumins - as well as the vicelins - are very similar in the different leguminose species. 
Gramineae contain a third type: prolamin and, depending on the origin, it is distinguished 
between the zeines (from Zea mays), the hordeines (from Hordeum vulgare) etc. 

In contrast to legumins and vicelins that are mainly located in the cotyledons of seeds, 
prolamines are found in the endosperm. 

Legumin. The first detailed studies on plant storage proteins were carried through by T. B. 
OSBORNE (Connecticut Agricultural Experimental Station) at the end of the last century, an 
interim report was published in his book 'The vegetible proteins ' in 1924. OSBORNE could 
prove that two protein fractions, legumin and vicelin, are present in the seeds of Pisum 

sativum and that similar proteins can be isolated from the seeds of other leguminoses 
like Phaseolus vulgaris or Glycine max. 

Further studies carried through in the following years showed that legumins occur in the 
seeds of many dicot families and that a compound similar to legumin is also produced in 
monocots. These molecules are usually polymers with molecular weights around 300,000 to 
400,000. They are typically constructed from two subunits, the acidic and the basic 
polypeptides. The quaternary structure is composed of six acidic and six basic polypeptides 
that are linked by disulfide bonds. This rises the question how it is that both polypeptides 
occur in the plant always in equimolar amounts and how the proteins are brought into the 
vesicle. 
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Legumine synthesis: 

Posttranslational processing. 

A. Preprolegumin is the complete, 
primary translation product. The N-
terminal transit sequence (t) is 
needed for the passage through the 
membrane, it is cleaved off 
afterwards. B.A disulphide bond is 
generated. Prolegumin is 
formed C. The polypeptide chain is 
cleaved into the two legumin chains 
alpha and beta. They stay together 
due to the disulphide bond. A 
complete legumin complex contains 
six such units (according to K. 
MÜNTZ et al., 1985, changed in 
1988). 

 

It is known from the studies of 
secretory proteins of animals that 
they are produced as precursors. 

The polypeptide chain has a signal sequence (or transit sequence) of around 20 mostly 
hydrophobic amino acids at its N-terminus. The polypeptide chain that is at first not folded 
is synthesized through the membrane. After passing the membrane, the signal sequence is 
cleaved off proteolytically. This mechanism is also used by plant legumins. Furthermore, the 
newly synthesized polypeptide chain is proteolytically cleaved into two parts linked by a 
disulfide bond. One is acidic and one basic. The final molecule is thus the product of a step-
by-step processing of the primary gene product. A similar situation is known to exist with 
insulin. Here, too, the A- and B-chains are cleavage products of an original single chain. 

Vicelin. Vicelins are glycoproteins with 1-5% neutral sugar residues. They, too, are 
constructed from several polypeptide chains that are united by a quaternary structure. All 
chains are cleavage products of one primary gene product. 

Prolamines. Prolamines, the storage proteins of gramineae, are characterized by a high 
proportion of proline and glutamine. They are soluble in alcohol. They do also have a signal 
sequence but in contrast to legumines and vicelines, the polypeptide chain is not cleaved. 
They are the products of a number of around 30-100 genes. Contrary to the genes of the 
leguminose storage proteins, they do not contain introns, i.e. each gene consists of one 
undivided translated DNA chain. Among the best-known prolamines are the zeines, the 
storage proteins of maize. They make up to 50% of the total endosperm protein content. 
Zeines are polypeptide chains with molecular weights of 10,000, 15,000, 19,000, 22,000 and 

http://www.biologie.uni-hamburg.de/b-online/e23/23.htm#15a
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27,000. The chains of the 22,000 and 19,000 proteins consist of several (up till eight) serial, 
similar amino acid sequences: 

A-B-C-D-E-A-B'-C-D-E-A'-B-C'-D-E-A-B-C-D'-E . . . 

Each of these domains consists of an alpha-helix. The alpha-helices are connected by non-
helical DNA. The tertiary structure of the molecule resembles a heap of parallel cylinders. 
The homologous domains are the products of gene sequences that originated by multiple 
duplication of a short original gene and that were subsequently combined in tandem to one 
gene. Numerous such cases have been described in animals. Zein and WGA are impressive 
examples for the existence of this mechanism in plants. Zeins are poor in lysine and 
tryptophane and are thus less valuable for human nutrition than proteins with a higher 
content of essential amino acids. 

As has been mentioned before, maize mutants with higher contents of lysine have been 
cultivated (opaque-2, opaque-7, floury-2, and others). They have no altered zein structure, 
but a strongly reduced zein content. The relative amount of other storage proteins with a 
higher lysine content is thus increased. The total protein content is smaller than in 'normal' 
maize. 

Technology for pure lines seed production 
 
In self-pollinated crops, where pure lines are used as cultivars, the promoter for the above 
recombinase gene is repressor specific and is used by a specific repressor protein encoded by 
the third gene, which is a repressor gene. 
 
The repressor gene can be switched off using a stimulus in the form of a chemical, a heat 
shock, etc. Due to the stimulus, the repressor gene is switched off and Cre/Lox (recombinase 
gene) is switched on.  

This will lead to the production of recombinase enzyme, which will excise the blocking 
sequence or the spacer which blocked the expression of the terminator gene (e.g. RIP). 
 
Due to excision of the blocking sequence, the promoter will come to lie adjacent to the 
terminator gene, which will now be expressed and will kill the developing embryos. In actual 
commercial production and sale of seeds of pure lines as above, the crop for commercial 
seed production will be grown by the breeder or seed company without chemical treatment.  
 
The harvested seeds from this crop, will be treated with the chemical, before it is sold to the 
fanner, so that in crops grown by the farmer, the toxic substance is produced at the time of 
embryo development, and the embryos die or fail to develop.  
 
Genetic Basis of Terminator Technology  

http://www.biologie.uni-hamburg.de/b-online/e17/17h.htm#07
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A seed thus produced will carry the endosperm, but not the embryo, so that it can be used or 
sold as grain, but cannot be used for sowing.  
 

Tetracycline is one such chemical trigger that can be used for treatment of the seeds before 
selling them in the market. 

Technology for hybrid seed production 
In case of hybrid seed production, a different strategy, utilizing only two genes (terminator 
and recombinase), one in each of the two parents of the hybrid are used and no repressor 
gene is needed.  
 
One of the parental lines contains the recombinase gene, which becomes active only after 
germination, and the other parent contains the lethal (terminator) gene separated from its 
promoter by Ii spacer (blocking sequence).  

Genetic Basis of Terminator Technology  
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A. Terminator Gene B. Recombinase Gene 

The hybrid progeny, which is the technology protected hybrid seed bought and planted by 
the farmer, thus contains both the elements of the system in every cell.  
 
The recombinase, expressed right after germination, excises the spacer blocking sequence 
bringing the promoter and lethal gene together. Since the promoter is embryo specific, the 
lethal gene does not express till seed development starts.  
 
During seed development, the lethal gene expresses during late embryogenesis and kills the 
embryo. Thus the seeds harvested from the first generation hybrid crop will be normal in all 
essential respects, except that they will not germinate if sown as a crop. 

Modification of Seed Protein Quality -  
Cereal seed proteins are deficient in lysine, while those of pulses are deficient in sulphur 
containing amino acids, e.g., methionine, and tryptophan. This limits their nutritional value 
for man since these amino acids are essential for man. 
 
Therefore, improvement of seed storage protein quality is an important and seemingly 
feasible objective. The approaches to achieve this objective may be grouped into the 
following two broad categories:  
(1) introduction of an appropriate transgene, and 
(2) modification of the endogenous protein encoding gene. 
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Genes for Seed Storage Proteins in Legumes and Cereals –  

The genes for seed storage proteins provide an excellent example of a cell and tissue specific 

expression. Using transgenic plants, sequences could be identified which were responsible 
for tissue or cell specific expression of these genes. 

For instance, when wheat glutenin gene or barley hordein gene (each with its regulatory 
sequence) was fused to chloramphenicol acetyltransferase (CAT) gene and introduced into 
tobacco, CAT activity was found only in the endosperm.  

 
Another reporter gene utilized for the same purpose is β glucuronidase (GUS) gene, which is 
also showed endosperm specific expression when fused with a wheat glutenin gene and its 

regulatory sequence. The regulatory sequence thus identified was called endosperm box of 

the storage protein genes. 

Modification of Endogenous Genes. This approach to improve seed storage protein quality 
is based on the isolation and modification of the concerned protein encoding gene sequence 
either by  
(i) replacing one or few codons with the selected codons or by  
(ii) inserting one or few selected additional codons at appropriate sites.  
 
For example, prolamine storage proteins e.g., zein, of cereals are deficient in the essential 
amino acids lysine and tryptophan. Single lysine replacements in the N-terminal coding 
sequence as well as within and between the peptide repeats, and double lysine replacement 
constructs of prolamine genes have been prepared. 
 
In addition, short oligo nucleotides encoding lysine-and tryptophan-rich peptides were 
inserted separately at several different points in the coding sequence. These constructs were 
shown to express well in Xenopus oocytes and their polypeptides were able to form normal 
aggregates of protein bodies. 

Introduction of An Appropriate Transgene. In this approach a new gene encoding a 
storage protein, which is rich in the deficient amino acids, is introduced into the crop to 
correct its amino acid deficiency. The transgene is linked to a seed-specific promoter to 
ensure its expression only in seeds.  
Vicilin is the major seed storage protein of pea; it contains 7% lysine but no sulphur 
containing amino acid (methionine and cysteine). Therefore, pea seed protein is generally 
low in sulphur containing amino acids, which needs to be ameliorated. In contrast, a 
sunflower seed storage protein, sunflower albumin 8 (SFA8), contains 23% methionine plus 
cysteine. 
 
The gene coding for SF A8 has been isolated. The SF A8 gene has been fused with the 
vicilin gene promoter and expressed in tobacco, which showed the accumulation of the 
protein in seeds of transgenic tobacco. 
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Some Successful Examples. In a recent study, the 7 S legume seed storage protein, β-
phaseolin, gene (driven by rice storage protein gene gt1 (glutein 1) promoter was transferred 
in rice. Transgenic rice plants expressed the gene in their endosperm, and some plants 
showed up to 4% of their total proteins to be β-phaseolin. 

The 11S legumin protein gene driven by gt1 promoter has also been transferred, and 
expressed in rice endosperm. In another study, Du Pont (USA) scientists have synthesized 
and patented a gene encoding a protein, called CP 3-5, containing 35% lysine and 22% 
methiomine. 
The CP 3-5 gene was coupled with seed specific promoters and transferred into maize. Rice 
gt1 gene encodes the major rice seed storage protein. It has been modified to encode higher 
levels of lysine, tryptophan and methionine.  
 
The modified gtl gene, driven by its own promoter, was transferred into rice protoplasts; the 
resulting transgenic rice plants express the modified gene in their developing endosperm. 
Similarly, a modified zein protein gene encodes a protein having improved methionine. This 
gene was introduced in maize rice and wheat the transgenic plants showed upto 3.8% 
methionine in their seed proteins. 

The Discovery of Symbiotic Nitrogen Fixation 

In the 19th century, even though scientists had understood the value of mineral nutrition of 
plants some suspected that plants could obtain nitrogen from the atmosphere. 
 
However, it was fortuitous that two German chemists, Herman Hel1riegel and Herman 
Wilfarth, presented very convincing experimental reports in 1886 and 1888 to distinguish the 
innate ability of legumes to fix elemental nitrogen in the atmosphere from the inability of 
cereal plants to perform the same function. 
 
Earlier, Boussingault in 1883 had done somewhat similar experiments but was not able to 
clearly point out the special symbiotic ability of legumes.  
 

Results of pot experiment conducted by Boussingault (from Fred et al.,1932) 

Plant Cultivated Duration 
of culture 
(months) 

Weight (g) Nitrogen (g) Gain or loss 
in nitrogen Seed Crop Seed Crop 

Clover 2 1.576 3.220 0.110 0.120 10.010 

  3 1.632 6.288 0.114 0.156 0.042 

Wheat 2 1.526 2.300 0.043 0.040 -0.003 

  3 2.018 4.260 0.057 0.060 0.003 

Pea 3 1.211 4.990 0.047 0.100 0.053 

 
An important result obtained by Hellriegel and Wilfarth (from Fred et al., 1932) 
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No. Nitrogen in calcium 
nitrate per pot (g) 

Oats Peas 

  
  

Average weight of grains 
and straw (g) 

Average weight of 
seed and vines (g) 

1 none 0.390 4.380 

2 0.056 5.876 4.128 

3 0.112 10.961 9.132 

4 0.168 15.997 - 

5 0.224 21.357 9.725 

6 0.336 30.175 11.352 

 

In 1679, Malpighi provided the first diagrams and descriptions of root nodules of plants but 
considered them as insect galls. In 1866 Woronin saw fungal hyphae in root nodules which 

looked like threads, probably the 'infection threads' as we now know them. Therefore, 
subsequent ob- servations led to the belief that root nodules were caused by fungi. Ward in 

1889 studied the development of root nodules from the root hair to the origin of nodule 

protrusions. 

More than one hundred years have elapsed since Hellriegel and Wilfarth presented their 

findings in several lectures delivered in 1886 to learned societies. Their conclusions were: 

(1) The Leguminoseae behave with regard to their nitrogen nutrition principally different 

from the Gramineae, (2) The Gramineae can rely for their nitrogen nutrition solely on the 

nitrogenous substances which are present for assimilation in the soil and their development is 
directly related to the available nitrogen supplies, (3) Besides the soil nitrogen, the 

Leguminoseae can use nitrogen from a second source available in the form of free 

elementary nitrogen of the atmosphere, 

 

(4) The Leguminoseae by themselves cannot assimilate atmospheric nitrogen but need the 
cooperation of vital microorganisms, (5) It is essential that certain species of microorganisms 

enter into symbiosis with the legume, (6) The root nodule is not merely a storehouse of 

protein but has a causal relation with the assimilation of free nitrogen. Such startling 
observations made after careful experimentation, have no doubt stood the test of time as we 

now look back more than one hundred years later. 

 

Symbiotic Nitrogen Fixation – 

It has been widely recognised for centuries that most crops decrease the fertility of the soil, 

but leguminous crops increase it. Legumes, thus restore or renew the soil. This is beca use 
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legumes fix nitrogen from the air. 

 

This was first demonstrated by the French chemist Boussingault in 1837.  
He observed that nitrogen present in the leguminous plants exceeded the nitrogen present in 

the seeds and the soil. Hellriegel and Willfarth in Germany and Atwater in USA conclusively 

proved that nitrogen is fixed by certain bacteria living in root nodules of the leguminous 

plants.  

 

Since neither the plant nor the bacterium can fix atmospheric nitrogen independently, the 
process, there fore, is called symbiotic nitrogen fixation. 

The root nodule bacteria were later, isolated by Beijerinck in 1888 and were classified and 
grouped in the genus Rhizobium (Rhizo means root in Greek). 
These are gram negative, motile, aerobic, non sporeforming bacteria. They are, mainly rod 

shaped, but when isolated from nodules a variety of morphological shapes are observed. 

 

Symbiotic Nitrogen Fixing Bacteria - 

The best known example of symbiotic nitrogen fixation is that of the Rhizobium group of 

bacteria which form nodules on the roots of leguminous plants.  

Non leguminous trees and shrubs such as Alder, Ceanothus and Purshia have the nitrogen 
fixing actinomycete Frankia as the symbiont. Subtropical areas are widely colonized by 

Myrica and Casuarina. 

These plants have similar symbionts. The water fern Azolla has Anabaena azollae as the 

symbiont. This organism fixes nitrogen within the leaf pores. 

A considerable amount of nitrogen is fixed by non leguminous symbiotic systems which 
could be of great value in forests and specialized environments. 

 

Rhizobium –  

species invade the root hairs of leguminous plants. The bacteria aggregate as threads and 

penetrate the plant cells. The presence of bacteria stimulates the multiplication of infected 
cells, resulting in the formation of nodules.  

The legume, the bacteria, and the nodule constitute the system for the symbiotic nitrogen 

fixation, where both the bacteria and the plant benefit by the association. 

The bacteria obtain their nutrients and source of energy from the plant, and in turn, fix 
atmospheric nitrogen and make it available to the plant. Bacteria isolated from root nodules 
of one legume are not necessarily capable of producing nodules on another legume. 

A certain degree of specificity, therefore, exists between the bacteria and legumes. A number 

of bacterial species are named on the basis of susceptible plants. Generally eight groups have 
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been recognised. 

Rhizobium species of proper type which will form a symbiotic association with a particular 
legume may be absent in the soil. Legume seeds before planting are, therefore, inoculated 

with strains of Rhizobium of known effectiveness. This is called preinoculation. 
Bacterial cultures for this purpose are available commercially. Seeds inoculated with such 
cultures assure the presence of desirable strains of Rhizobia as soon as young rootlets are 

formed. 

Rhizobium Classification  
Beijerinck in Holland was the first to isolate and cultivate a microorganism from the nodules 

of legumes in 1888. He named it Bacillus radicicola which is now placed in Bergey's Manual 

of Determinative Bacteriology under the genus Rhizobium. 

 
Bacteria belonging to the genus Rhizobium live freely in soil and in the root region of both 

leguminous and non-leguminous plants. 

 

However, they can enter into symbiosis only with leguminous plants, by infecting their roots 

and forming nodules on them, the only exception being root nodulation in Trema 

(Parasponia) by a Rhizobium sp. The term symbiosis generally denotes a mutual beneficial 
partnership between two organisms. In legume root nodule symbiosis, the legume is the 

bigger partner while the Rhizobium is the smaller partner, often referred to as the 

'microsymbiont'. 

 

When a nodule becomes senescent after a period of nitrogen fixation, decay of tissue sets in 

liberating motile forms of Rhizobium into soil which normally serve as a source of inoculum 

for the succeeding crop of a given species of legume. The genus Rhizobium has been placed 
in Bergey's Manual of Determinative Bacteriology in such diverse families as 

Azotobacteriaceae, Myxobacteriaceae, Myxobacteriaceae and Pseudomonadaceae. 

Speciation of Rhizobium based on the Linnaean concept has proved difficult and therefore, 
the cross-inoculation grouping based on the classical studies of Fred, Baldwin and McCoy is 

being generally followed. 

 

The principle of cross-inoculation grouping is based on the ability of an isolate of Rhizobium 
to form nodules in a limited number of species of legumes related to one another. 

All rhizobia that could form nodules on roots of certain legume types have been collectively 

taken as a species. This system of classification has provided a workable basis for the 

agricultural practice of legume inoculation. Under this scheme, seven species are generally 
recognized. 

 

The system of cross-inoculation grouping of rhizobia is not perfect since bacteria have been 
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found to cross-infect or interchange between groups. However, until a better system of 

classification has been perfected, it appears as if we have to be content with the cross-
inoculation grouping as a convenient and workable method of classifying root nodule 

bacteria into species. 
 

Cross-inoculation grouping Rhizobium 

Rhizobium spp. Cross-inoculation grouping Legume types 

R. leguminosarum Pea group Pisum, Vicia, Lens 

R. phaseoli Bean group Phaseolus 

R. trifolii Cover group  

 

Nodules -  

 

The Rhizobium groups of bacteria are the best known examples of symbiotic nitrogen fixing 

bacteria. They form bodules on the roots of leguminous plants (clover, alfalfa, peas, beans, 

etc.). Rhizobia that are found inside the plant cells of nodules are called Bacteroides. The 

bacteria first invade the root hairs of leguminous plants.  

 

They then aggregate as threads and penetrate the plant cells. The presence of the bacteria 

stimulates the multiplication of infected cells, resulting in the formation of nodules. The 

legume, the bacteria and the nodule constitute the system for symbiotic nitrogen fixation.  

 

Both the plant and the bacteria benefit by this association. The bacteria obtain their nitrogen 

and source of energy from the plant. In turn, they fix atmospheric nitrogen into nitrate and 
make it available to the plant Legume systems thus provide a highly integrated association 
between the partners.  

 
The nodulating ability of rhizobium appears to be encoded by plasmid borne genes. Legumes 

have played a major role in agriculture throughout history. 

 

Most legumes have the ability to fix all the nitrogen they require. Nodule bacteria may fix as 

much as 25 kg of nitrogen per acre per year. 

 

Structure of the Nodule 

The core of a mature nodule constitutes the 'bacteroid zone' which is surrounded by several 

layers of cortical cells. The relative volume of bacteroid tissue (16 to 50% of the dry weight 
of the nodules) is much greater in effective nodules than in ineffective ones. The volume of 
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bacteroid tissue in effective nodules has a direct positive relationship with the amount of 

nitrogen fixed. Ineffective nodules produced by ineffective strains are generally small and 
contain poorly developed bacteroid tissue associated with structural abnormalities. 

In all ineffective associations, it has been shown that starch accumulates in the uninfected 
cell and dextran in the infected cell with glycogen in the bacteroid. Effective nodules are 
generally large and pink (due to leghaemoglobin) with well developed and organized 

bacteroid tissue. 

 

A fully-developed bacteroid has no flagella and is surrounded by three unit membranes. 
There exists an intracytoplasmic membrane system in the bacteroids of nodules in 

subterranean clover. The nuclear region of bacteroids appears fragmented and is associated 

with granular cytoplasm. Bacteroids can be produced in vitro on a medium containing 3.5% 

of yeast extract. Caffeine and several other alkaloids also encourage bacteroid production on 

artificial media. Depending on the legume, each bacteroid or groups of bacteroids are 

surrounded by membrane envelopes whose identity has been variously interpreted, possibly 

because of the different techniques used in fine structure studies. 

The three hypotheses concerning them are: (1) they are formed de novo after the release of 

the bacteria from the infection thread, (2) they are extensions of the endoplasmic reticulum 

of the host cells, and (3) they are derived from plasmalemma by a process of phagocytosis. 

The number of bacteroids enclosed in membrane envelopes appears to vary from one to 

many depending on the species of legume. 

The membrane envelope surrounding the bacteroids is also known as the peribacteroid 

membrane. The earlier concept that the peribacteroid membrane is only a slightly modified 

plasma membrane has to be viewed differently in the light of later findings. The 
multiplication of bacteroids and the formation of the peribacteroid membrane may not be 

synchronized cell events which result in the variability in the number of bacteroids enclosed 
by the membrane. The microsymbiont (Rhizobium) strain determines the particle density and 

the protein and fatty acid composition of the membrane. The peribacteroid membrane 

contains nodulins which may play special roles in the two-way transport of metabolites 
between the symbionts. 

 

Function of the Nodule 
Present evidences point out the fact that bacteroids are the sites of nitrogen fixation, although 

earlier, membrane envelopes surrounding a group of bacteroids were believed to be the sites 

of this reaction. Stable isotope 15N has been used to trace the path of N2 in nitrogen fixation. 

Earlier studies were done with intact or sliced nodules without adequate precautions to keep 
the experimental system under anaerobic conditions. 

In later studies, however, nodules were exposed to 15N and crushed in an atmosphere of 

argon so as to prepare a brei under anaerobic conditions which retained the capacity to fix 
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nitrogen. The brei was centrifuged, the bacteroids collected in the form of a pellet, washed 

and assayed for 15N. The bulk of the activity was recorded in bacteroids and not in soluble 
fractions indicating that bacteroids are the primary sites of nitrogen fixation. The acetylene-

ethylene reduction technique designed to determine the nitrogenase activity of different 
fractions of nodules has been of great help in these investigations. 

Diagrammatic sketch of a transverse section of a soybean nodule  
 

 

 

Further confirmation on the role of bacteroids in N2 fixation has come from studies on cell-

free extracts of bacteroids which contain crude nitrogenase enzyme with sufficient activity to 

fix up to a maximum of 9 to 13 µ moles of N2/min/mg protein. Using special purification 

procedures, nitrogenase has been purified and is found to consist of two protein fractions-

Mo-Fe protein and Fe protein. The enzyme has been successfully extracted from 

representatives of major classes of nitrogen-fixing microorganisms and systems except those 

from nodulating non-leguminous plants. 

 

A more detailed account of nitrogenase appears in the chapter on non-symbiotic nitrogen-
fixing bacteria. Nitrogenase from bacteroids has been prepared and assayed for its property 
of acetylene reduction and enzyme activity. The results of one such experiment shown in 
Table 28 indicate no activity in fraction 1, very low activity in fraction 2 and a striking 
increase in activity when fractions 1 and 2 were combined. 

A-A well 

formed 

bunch of 

effective root 

nodules of 

soybean 

B-Section of an 

effective nodule in a 

3 week old Trifolium 

pratense showing 

meristem 

C-A section of an 

ineffective T. pratense 

nodule showing the 

absence of bacteroid tissue 

D-An electron 

micrograph of a thin 

section of a soybean 

nodule showing 

bacteroids 
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Relationship betweeen the reduction of acetylene and N2 by extracts and fractions of 

nodule bacterioids (Postgate, 1971) 

    Rate of reduction Ratio of rate of reduction 

Type of 
extract 

C2H2 N2 C2H2 : N2 

  n moles per mg protein per min.     + 

Crude 35.2 11.8 2.98 : 1 

25-55% 
PPG* ppt. 

76.1 27.4 2.78 : 1 

Fraction 1 0.0 0.0 -     

Fraction 2 74.4 19.3 3.58' : 1 

Fractions 1 
and 2 

607.4 192.6 3.15 : 1 

 

*Polypropylene glycol (P - 400) 

 

  

A red pigment akin to haemoglobin of blood is found in nodules between bacteroids and the 
membrane envelopes surrounding them. Leghaemoglobin, the prefix 'leg' indicating its 

presence in legume root nodules, is a haemoprotein having a haeme moiety attached to a 

peptide chain which represents the globin part of the molecule. The molecule weight of 

leghaemoglobin is of the order of 66,000, because leghaemoglobin has one peptide chain 
linked with one haeme moiety, whereas blood haemoglobin has four peptide chains, each 

linked with one haeme moiety. 
The pigment has been crystallized into two major extractable components with differing 
amino acid composition and molecular weights-the electrophoretically faster one containing 

0.32% iron and the slower one with 0.29% iron. Minor components of leghaemoglobin have 

also been detected depending on the legume species. It is difficult to say whether these 
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components represent native or degraded forms of a single fraction during the extraction 

procedures. The amount of leghaemoglobin in nodules has a direct relationship with the 

amount of. nitrogen fixed by legumes. 

The correlation between haematin / 

nodule and effective central tissue volume 

index (bd
2
n) in red clover 

The correlation between haematin / g fresh 

weight nodules and nitrogen fixed by 

nodulated Torsdag peas 

It has been variously postulated that the pigment could function: (a) as the site of nitrogen 
absorption and reduction, (b) as the specific electron carrier in nitrogen fixation, (c) as a 
regulator of oxygen supply, and (d) as carrier of oxygen. Current evidences show that 
leghaemoglobin plays no active role in symbiotic nitrogen fixation but functions as a 
biological valve in regulating the supply of oxygen to bacteroids at optimum levels 
conducive for proper functioning of the nitrogen-fixing system. A haemoglobin has also 
been characterized in cultured cells of R. japonicum, which however, is unrelated to 
leghaemoglobin                of root nodules both in composition and function. 
 
Many aspects of the biochemistry of symbiotic nitrogen fixation are not clearly understood. 
Nevertheless, schemes summarizing the overall reactions representing the results obtained 
with nodule homogenates and cell-free preparations of bacteroids. Photosynthate from the 
legume provides the substrate required by nodule 'bacteroids for the generation of ATP and 
reductant needed for nitrogen fixation. A ferredoxin similar to that of Azotobacter ferredoxin 
has been found in soybean bacteroids which may function as an electron carrier. Since 
bacteroids require oxygen for nitrogen fixation, the oxygen bound to leghaemoglobin is 
transported at optimum levels without interfering with the oxygen sensitivity of the 
nitrogenase system. 

A diagram illustrating the interreolationship of reactions involved in the nitrogen fixing 

process in a legume nodule  
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1. Carbon Substrate from 
photosynthesis 

2. Amino Acids from N2 fixation 

3. Nodule Cytosol 4. Carbon skeletons from photosynthate 

5. N2 Amino acids to plant 6. Mo-Fe Protein 

7. Nitrogenase 8. Fe Protein 

9. Ferredoxin and flavodoxin 10. Electron carriers 

11. Hydrogenase 12. Electron transport chain 

13. Utilization 14. Carbon sunstrate 

15. Bacteroid 16.Leghemoglobin 

17. Carbodylation reactions   

 

The first stable intermediate in nitrogen fixation is ammonia which gets incorporated into 
glutamic acid, glutamine, aspartic acid and alanine. The nature of intermediates between 
nitrogen and ammonia remains unclear although compounds like hydrazine, hydroxylamine, 
diimide, and carbamyl phosphate have been proposed as possible intermediates. Hydrazine is 
extremely toxic to living cells; besides this fact, experiments with 15N do not indicate the 
likelihood of this intermediate occurring in the conversion of nitrogen to ammonia. 
Conclusive evidences suggesting possible sequences in the reductive pathway between 
nitrogen and ammonia with regard to the other intermediates are lacking. 

A Schematic diagram of general principles involved in the reduction of N2 to NH3 by 

the nitrogenase complex  
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Notwithstanding the speculations about intermediates in the reduction of nitrogen to 
ammonia, the binding of nitrogen by nitrogenase appears to be the crucial factor in nitrogen 
fixation. It has been postulated that iron (Fe) is involved in the binding of nitrogenase to 
nitrogen while molybdenum (Mo) is responsible for the decrease in the strength of nitrogen 
bonds to an optimum extent so as to facilitate reduction. A second consideration of prime 
importance is the mechanism whereby oxygen is excluded from the site of nitrogen fixation 
to protect the oxygen sensitive nitrogenase and yet maintained at optimal levels for ATP 
generation in bacteroids. 
 
As mentioned earlier, this function is accomplished by the leghaemoglobin in nodules which 
pemrits oxygen to enter the tissue at rates sufficient to keep the nitrogen fixation reactions at 
a steady level and at the same time, free oxygen levels are kept very low by the respiratory 
activity of the bacteroids. The ammonia fixed in cells of nodules is converted into glutamine 
by glutamine synthetase (GS) and then into glutamate by glutamine-oxoglutarate 
amidotransferase (GOGAT). A part of glutamate nitrogen could be used to transaminate 
oxaloacetate to asparate for the formation of asparagine with the amido group from 
glutamine. 

Reaction of the GS-GOGAT system for the assimilation of ammonium into amino 

acids. The overall equation for the reaction sequence is NH4
+
 + ATP + NADPH + H

+
 + 

α-Keto acid + NADP
+
 + ADP + Pi + H

+  
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Secondary reactions in the nodules lead to the formation of either amides (asparagine, 

glutamine) or the ureides (allantoin and allantoic acid). Based on these solutes traceable in 
the xylem sap, nodulating N2 fixing plants can be broadly divided into amide exporting or 

ureide exporting species. These generalizations hold good with exceptions-Vigna radiata 

exports largely arginine whereas in some non-legumes (Alnus and Myrica) citrulline is the 

product in the xylem sap. Examples of some species which export ureide as the major solute 
are Arachis hypogea, Cajanus cajan, Glycine max and Cyamopsis tetragonoloba. 

 

On the other hand, Cicer arietinum, Lens culinaris, Pisum arvense and Vida sativa can be 

cited as examples in which ureides are the minor solutes of the xylem sap. However, there 

are plants like Lathyrus sativus, Trifolium repens and Vicia faba where no ureides have been 

detected which renders the demarcation of legumes based on the nature of fixed nitrogen 

they export from the root to the shoot as arbitrary. High levels of ureides in xylem sap are 

usually associated with effective nodulation and high rates of fixation. 
Stem Nodulating Legumes-There are two genera of legumes which are known to have 

nodules on stem-Aeschynomene and Sesbania. Of the 150-250 species of Aeschynomene, 

nodules on stem have been reported in A. indica, A. aspera, A. elaphroxylon, A. villosa, A. 
evenia, A. paniculata and A. afaspera. These teports have come from India, Mali, Ghana, 

Venezuela, Brazil, U.S.A., Japan, Zimbabwe, Java, South Africa, Zambia, South America, 

Puerto Rico and Argen ina. In India, A. indica and A. aspera occur widely in waterlogged 

situations. 
The genus Sesbania has 170 species which are annual as well as perennial and grow in 

warmer regions of both the hemispheres. S. rostrata is an annual plant which bears nodules 

on stems as well as on roots. It was first described a few years ago by a group of scientists in 

Senegal as a plant equivalent (or higher) to soybean in nitrogen fixation to the extent of 200 
kg N2/ha in 50 days by virtue of the stem nodules. Subsequently, the plant has been tested at 

the International Rice Research Institute, Philippines and other places such as India and 
Thailand and found to establish well. 

What merits the attention of rice agronomists is the green manure potential of this plant. 
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From published reports, the increase in the yield of rice by the application S. rostrata green 

manure could be as high as 3.7 t/ha. This increase is more than that obtainable by 60 kg N 
/ha of chemical fertilizer application which can only result in an increase in rice yield to the 

extent of 1.7 t/ha. In Coimbatore, India, S. rostrata application alone yielded 2350 kg/ha rice 
in comparison with the application of Azolla filiculoides which resulted in the production of 
2030 kg/ha rice. 

There are other green manure and green leaf manure crops which have been used in rice 

cultivation by several generation of rice farmers in India and other countries. In India, 

species of Crotalaria, Indigofera, Lathyrus, Pongamia, Tephrosia, Trifolium and Sesbania 
have been used for.", long time. The high N content of these crops and their ability to get 

easily degraded in wet rice soils of Asia are the main criteria for adopting a given plant 

species as a suitable green manure candidate of choice. Astragalus sinicus, a species widely 

used in China, has 108 kg N/ha whereasS. rostrata contains 267 kg/ha. 

 

The commonly used Indian green manure species, Sesbania aculeata has around 96-122 kg 

N/ha. In Senegal, using 15N labelled fertilizers, a comparison was made between stem and 

root nodulated S. rostrata and root nodulated S. sesban to see if the additional facility 

provided by stem nodulating habit conferred greater nitro en-fixing capacity. It was 

calculated that S. rostrata fixed 83-109 kg N2 ha-1whereas S. sesban fixed only 7-18 kg N2ha-

l under similar conditions of growth reflecting the superiority of the stem nodulating legume. 

The nitrogen content of rice grain and the organic matter content of the soil have been found 

to increase by green manuring of fallow soil prior to transplanting rice. Other attributes such 

as the availability of zinc, the hydraulic conductivity, water holding capacity and aggregate 

stability of soil also appear to be improved by green manuring. In addition, the practice also 
prevents loss of soil-nitrogen by decreasing denitrification processes. 

 
These benefits are offset by certain limiations: green manuring is labour intensive and 

sometimes necessitates the cultivator to set apart land for growing green manure species 

which otherwise could have produced a cash crop. In other words, the economical 
considerations of the green manure practice are not clear especially in situations where 

fertilizer nitrogen can be afforded. 

Fundamental research on stem nodulating green manure species has been directed mainly to 
an understanding of the rhizobiology and genetics of the microsymbiont producing stem 

nodules. The species of Rhizobium inducing both stem and root nodules is designated as 

Azorhizobium caulinodans. 

 
The bacterium is capable of high levels of nitrogen fixation in the free living state up to 1500 

nM C2H4/mg protein/hour at an unusually high oxygen tension of 3 per cent. Stem 

nodulation is extensive (50 g/plant) and acetylene reduction activity corresponds to 550-600 
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mm C2H2 reduced per hour. Besides these attributes nodulation on stem in S. rostrata and 

nitrogen fixation in situ are relatively insensitive to levels of combined nitrogen in the soil. 
The regulation of nif gene expression in A. caulinodans is complex and shares regulatory 

features common with those understood for Rhizobium meliloti and Bradyrhizobium 
japonicum. 

Classification of Rhizobial Based on Host Specificity - 

  Host 

Fast Growing Rhizobia Alfalfa 

R.meliloti Clover 

R.trifolii Pea 

R.leguminosarum Beans 

R.phaseoli   

Slow Growing   

R.japonicum Soybeans 

R.lupini Lupines 

Nitrogen Fixitation by Different Groups of Rhizobia 

System Nitrogen fixed 

Soybean 57-94 

Cow Pea 84 

Clover 104-160 

Alfalfa 128-600 

Lupins 150-169 

 

Specificity of Bacteria and Legumes - 

Bacteria Legumes 

1.Rhizobium melitoli Alfalfa,sweet clover 

2.Rhizobium trifoli Red, white,and other clovers 

3.Rhizobium leguminosarum Peas,lentil,vetch 

4.Rhizobium phaseoli Beans 

5.Rhizobiumlupini Lupines 

6.Rhizobium japonicum Soybeans 
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7.Rhizobium,cow pea gorup Coe peas 

8.Rhizobium,lotus groups Lotus 

 

Leguminous Plants :- 

Leguminous plants are classified into three major botanical subfamilies of the family 
Leguminoseae-the Ceasalpinioideae, the Mimosoideae and the Papilionoideae. There are 

nearly 750 genera and 18,000-19,000 species of leguminous plants of which 500 genera and 

approximately 10,000 species belong to the subfamily Papilionoideae. 
Not all legumes bear nodules on their root system and it is known that certain tree forms do 

not possess them at all. Hardly 16% of Leguminoseae have so far been examined for 

nodulation of which 95% of Mimosoideae, 26% of Ceasalpinioideae and 90% of 

Papilionoideae possess root nodules. 
The origin of leguminous plants and the evolution of bacterial symbiosis are largely 

speculative. Evidence from fossil legumes does not provide much help in judging the exact 

time of origin of Leguminoseae. The plants are likely to have originated in sub-humid 

tropical, subtropical or temperate regions. The type of soil in which the first symbiotic 
legumes developed is also conjectural. It might have been in acid, neutral, alkaline or 

calcareous soil. 

 

Nodule bacteria were probably free-living nitrogen fixers before they became symbiotic 

under conditions of low availability of essential soil nutrients. It is likely that the slow 

growing, symbiotically promiscuous cowpea-type Rhizobiumwas the ancestral type of 

nodule bacterium which has persisted till today in association with many modern genera of 

Leguminoseae. 
 

Leghaemoglobin -  
Myoglobin like proteins called leghaemoglobins are formed in the nodules. This protein 

appears to be encoded by both plant and Rhizobium genes.  

 

The plant codes for the apoprotein of leghaemoglobin. There is evidence that the haeme 
moiety of the protein is synthesized in the bacteroid. 

 
This might be the basis of the interdependence between the plant and the bacterium for 

nitrogen fixation. 
 

The function of leghaemoglobin appears to be the transport of optimal amount of oxygen for 

ATP production.This ensures that excess of oxygen does not inactivate nitrogenase. 
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Non Symbiotic Nitrogen Fixation – 

Winogradsky in Russia and Beijerinck in Holland indepentenly tried to isolate 

microorganisms which can fix atmospheric nitrogen without symbiotic acid. Winogradsky 
was the first to succeed and isolated gram positive, sporeforming, anaerobic bacillus known 

as Clostridum, pasteurianum. 
Beijerinck isolated gram negative, non-sporeforming, aerobic pleomorphic coccoid or rod 
shaped bacteria belonging, to the genus Azotobacter (Azote means nitrogen in French). 

However, in recent years a large number of organisms have been isolated that fix nitrogen 
non symbiotically. This has been achieved by cultivating the microorganism in presence of 

nitrogen labelled with isotopic 15N 

Mechanism of Nitrogen Fixation –The mechanism of nitrogen fixation is not fully 

understood but the first product detectable by isolopic studies is ammonia. Reduction of 
nitrogen to ammonia requires a valence change (0 to -3). Six electrons arc therefore required 
to reduce one mole of nitrogen to two moles of ammonia. 

This requires the breakup of nitrogen bonds (N =N). 

It is agreed that atoms of oxygen are separated in biological oxidation through change in 

valency of the metal ion (Fe) in the enzyme cytochrome oxidase. It is postulated that .atoms 

of nitrogen are separated trough change in the valency of the metal ion (molybdenum) bound 

to the enzyme involved in the reduction of nitrogen. 

Non symbiotic nitrogen fixation is better understood because a cell free nitrogen fixing 

system is available. A cell free preparation, made of two fractions, has been isolated from Cl. 

pasteurianum. Fraction one is known as electron donating and A TP generating system. It is 

involved in the metabolism of pyruvic acid. 
The second fraction involved in actual nitrogen fixation includes the enzyme nitrogenase. It 

is repressed by ammonium ions. It requires ferredoxin (non-haem Fe -compound) or 

flavodoxin (FMN containing protein) as a carrier of reducing power. Ferredoxin or 
flavodoxin (Fd) is the first reducer, which in turn reduces nitrogen bound to the enzyme 

nitrogenase in presence of ATP. 

Inorganic intermediates between N2 and NH3 have not been detected. It is therefore 

presumed that reduction takes place directly on the enzyme surface. 
The enzyme nitrogenase has been studied and following characteristics have been noted: 

1) The enzyme is made up of at least two components; one contains both Fe and Mo, and the 

other contains only Fe. 

2) The enzyme can reduce other substrates besides nitrogen, such as nitrous oxide, azide, 
cyanide, acetylene etc. 

3) If no suitable electron acceptor is available, the enzyme forms molecular hydrogen. 

Non Symbiotic Nitrogen Fixing Microorganisms – The Extensive use of the assay 

procedure utilizing the nitrogenase catalyzed reduction of acetylene to ethylene coupled with 
the sensitive gas chromatographic analysis proposed by hardy and his associates in 1968 of 
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the Du Pont laboratory in the U.S.A may be regarded as a turning point in the field of 

biological nitrogen fixation. . 
The ease and rapidity with which this technique could be used gave an impetus to many 

natural ecosystems. The Brailian group of workers headed by Dobereiner showed how 
Azotobactor paspali could specifically inhabits the roots of the grass Paspalum notatum and 
fix abundant amounts of nitrogen observation which has later confirmed by the acetylene 

reduction reaction.  

Dobereiner also introduced the concept of ‘associative symbiosis’ or ‘diazotrophic 

biocoencis’ after the rediscovery of Azospirillum within plant cells of many graminaceous 
plants. Blue green algae and Azolla received greater attention in developing countries as a 

nitrogen supplement in rice cultivation 

Nitrogen Fixation – The nitrogen cycle shows obvious loss of fixed nitrogen, particularly 

through denitrification. Secondly there is a loss into the sea which is not recovered. Thirdly 

there is a Joss by explosives while this may seem minor except in war, it is actually 

reasonably large, because of blasting of rock, earth, etc.  

These are relatively large losses and eventually the fixed nitrogen would be used up. On the 

other hand animals and plants are unable to utilize in any way vast stores of nitrogen in the 

air. A small amount of non-biological nitrogen fixation occurs in the atmosphere through 

lightning discharges. Nitric oxide which is formed reacts with water to produce nitric acid.  

This combines with ammonia and some ammonium nitrate is brought to the soil. There are a 

few man-made processes (Haber, Berkland-Eyde, Cynamide) where nitrogen is fixed, but 

they require rather drastic conditions of temperature and pressure. In contrast to this 

microorganisms fix atmospheric nitrogen very smoothly at atmospheric pressure and at a 

temperature of 20°C. 
There are two main groups of nitrogen -fixing organisms according to their mode of fixation. 

(1) Symbiotic nitrogen fixer : those capable of fixing molecular nitrogen by living in the 
roots of leguminous plants; and (2) non symbiotic nitrogen fixers: those capable of fixing 

molecular nitrogen to cellular nitrogen independently of other living organisms.( Nitrogen is 

abundant in the atmosphere, sea and rocks. It constitutes four fifths of the earth's atmosphere. 
It is not, however, always present in forms that can be used by plants and animals.  

 

The relative inertness of the nitrogen molecule does not make it a suitable source of nitrogen 

for most organisms. Green plants assimilate nitrogen mainly in the form of nitrate. This then 
contributes nitrogen to proteins, nucleic acids and other biological compounds. These 
compounds in turn serve as a source of nitrogen for the entire animal kingdom.) 

Outline of Nitrogen Cycle - The nitrogen cycle consists of the following events 
 

(1) Nitrogen Fixation 

The conversion of atmospheric nitrogen to ammonia is called nitrogen fixation. Fixation of 
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nitrogen is carried out principally by microorganisms, usually in association with plant roots. 

 
This type of fixation is called biological fixation. About 175 million tones of nitrogen is 

fixed annually by this method. Another type of nitrogen fixation is by spontaneous chemical 
fixation. Thus, atmospheric nitrogen can be converted into nitrogen oxides as a result of 
lightning flashes or combustion. These are then washed into the soil as nitrates. 

 

The third form of nitrogen fixation is the industrial production of fertilizers, e.g., by the 

Haber Bosch, Berkland Eyde and Cynamide processes. More than 30 million tonnes of 
industrial fertilizer are produced annually. 

(2) Nitrification is the process by which soil ammonia is converted into soil nitrites (NO2-) 

and then nitrates (NO3-). Nitrification is carried out by two specialized groups of aerobic 

bacteria. Ammonia is oxidized to nitrite by Nitrosomonas and nitrite to nitrate by 

Nitrobacter. 

 

(3) Ammonification is the restoration of nitrogen to the soil as ammonia in the decay of 

organic matter. The nitrogen in the excretory products of animals, and of dead plant and 

animal bodies is converted by microorganisms in to ammonia. 

 

(4) Denitrification is the loss of nitrogen to the atmosphere by microbial reductions of 

nitrates. The denitrifying bacteria use nitrate as a final hydrogen acceptor.  

 

Molecular nitrogen is formed during denitrification, and is therefore removed from the 

cycle.  
 

(5) Assimilation Plants can assimilate inorganic nitrogen compounds which are transformed 
into the constituents of the cell. 

 

Methodology of Nitrogen Fixation 

 

The acetylene test was a historical landmark in the study of nitrogen fixation. In 1966, 

Burris, Schollhorn and Dilworth demonstrated that nitrogenase activity could be measured 

by the indirect acetylene reduction method. 
 

Nitrogen Fixing Bacteria - 

 
Nitrogen fixing microorganisms have been classified on ecological as well as physiological 

basis. According to the ecological classification, nitrogen fixing prokaryotes are divided into 

two groups, free living and symbiotic organisms. 
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It is now confirmed that the ability to fix nitrogen is confined exclusively to prokaryotes. 
Earlier reports of nitrogen fixation in eukaryote organisms (yeasts and other fungi) have not 

been substantiated. 

 

Free Living Nitrogen Fixing Bacteria. 

Free living nitrogen fixing bacteria are those which are not intimately associated with a 

specific plant.  
 

They include members of Klebsiella, Azotobacter, Clostridium, Rhodospirillum, Aspirillum 

and various cyanobacteria. Nitrogen fixation by free living bacteria in cultivated and is 

nitrogen fixing prokaryotes are divided into two groups, free living and Symbiotic nitrogen 
fixing bacteria. 

 

In widespread, but the rate of nitrogen fixation is generally low. Non symbiotic nitrogen 

fixation in soils is limited by available energy. 

 

Ammonification in Soil – 

Proteins and other organic nitrogenous com pounds of living and dead organisms, which find 

their way into the soil are decomposed by microorganisms. These compounds are hydrolyzed 
by various proteolytic enzymes to amino acids and similar compounds.  

The amino groups (NH2) are split off to form ammonia (NH3). Release of ammonia from 

organic nitrogenous compounds is termed ammonification. 

Proteolytic enzymes are elaborated by some clostridia, many fungi, and                                      
actinomycetes and to a lesser degree by Pseudomonas, Bacillus, and Proteus species.  
The ultimate products of proteolysis are amino acids. Amino acids are deaminated under 
aerobic conditions (oxidative deamination), with the liberation of ammonia. However, if 
protein decomposition occurs under anaerobic condition, amino acids arc converted to 
amines and related compound (putrefaction).  

These reactions are most commonly brought about by Clostridium species. Eventually 
amines are oxidized in the presence of air with liberation of ammonia. Similarly urea present 
in the urine of man and animals is also decomposed with liberation of ammonia by several 
microorganisms special1y, by micrococcus species proteus species etc.                                       
Ammonium ion is toxic even at low ton concentration and is therefore never allowed to 
accumulate. 
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Most of it is assimilated by soil microorganisms and some of it is utilized by plants as a 

source of nitrogen. Under favourable conditions it is oxidized first to nitrite and them to 
nitrate by specific groups of organisms. 

Nitrification in Soil –The oxidation of ammonia to nitrate is called nitirification. The 

process consists of two steps and is carried out by two specific group of organisms of the 
family Nitrobacteriaceae. These are strict autotrophs and obtain their energy from the 
oxidation of ammonia to nitrites and of nitrites to nitrates. 

The first step, the oxidation of ammonia to nitrite, is called nitrosification. This is 
accomplished by bacteria of the genera Nitrosomonas, Nitrosococcus, Nitrosospira; and 

Nitrosocystis. The nitrites formed by these organisms are toxic to plants as well as to the 

organisms forming it., Fortunately, nitrites are removed by further oxidation to nitrates by 

bacteria of the genus Nitrobacter. 
Nitrification proceeds very rapidly in well-aerated manure piles. The nitrates from such 
sources were used for the manufacture of gun  powder during the Napoleonic wars, long 

before the microbial process 0 f nitrification was known. Nitrates are readily used by plants 

and many microorganisms. 

Certain heterotrophic bacteria (e. g. Streptomyces and Nocardia) oxidize ammonia to nitrite. 

However, several species of fungi (e. g. Penicillium, Aspergillus, Cephalosporium) oxidize 

both ammonia to nitrite and nitrite to nitrate. 

Nitrate Reduction in Soil - The nitrification process is reversed by many microorganisms, 

which are capable of reducing nitrate to nitrite and then to ammonia. This process is called 

nitrate reduction and involves several reactions.  

 Since organisms are able to obtain cellular nitrogen through ammonia assimilation the 
process is called assimilatory nitrate reduction: 

A large number of microbial species including bacteria, yeast, and fila mentous fungi 

assimilate nitrate nitrogen through this process. 
Denitrification in Soil -Certain microorganisms are capable of reducing nitrates to nitrites, 

and subsequently to gaseous nitrogen (e. g.; nitrous oxide or free nitrogen). This process is 

called denitrification.  

Under anaerobic conditions and in presence of an abundant supply of organic compounds, 
which serve as hydrogen donors, nitrate serves as an electron acceptor. Nitrite is ultimately 

reduced to molecular nitrogen through several reactions which are not clearly understood. 

When nitrate is used as a source of electron acceptors, there is a net loss of nitrogen from the 

soil. This process is, therefore, called dissimilatory nitrate reduction, Nitrogen loss by 
denitrification occurs during seasonal flooding of the land, or as a result of over-irrigation of 

poorly drained land.  

Lack of fertility of constantly wet soils is due to the growth of nitrate reducing anaerobic 

species.Some of these organisms are Thiobacillus denitrificans, Micrococcus denitrificans, 
various species of Clostridium and some species of Serratia, Pseudomonas and Achro 
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mobacter.  

 

Legume Rhizobium System -  
 

The ability of legumes to enrich the soil has been known since Roman times. It was known 

that most crops decrease the fertility of the soil, but legumes increase it.  

 

This is because of their ability to fix nitrogen from the air. In 1813 Sir Humphrey Davy 
proposed that legumes obtain their nitrogen requirements from the atmosphere. This was first 

demonstrated by the French chemist Boussingault in 1837. He observed that the nitrogen 

present in leguminous plants exceeded the nitrogen present in the seeds and the soil.  

Hellriegel and Wilfarth (1888) later demonstrated that nitrogen fixation in legumes takes 
place by the active participation of microorganisms in root nodules.  

Since neither the plant nor the microorganism can fix nitrogen independently, the process has 

been called symbiotic nitrogen fixation. 

 

The root nodule bacteria were isolated by Beijerinck in 1888, and were grouped in the genus 

Rhizobium (Rhizo means root in Greek). These are gram negative motile, aerobic, non spore 
forming bacteria. They are mainly rod shaped, but a variety of morphological shapes are 

observed on isolation from nodules.  

Associative Nitrogen Fixing Bacteria – Associative symbiosis was first described by 

Dobereiner of Brazil. An example is Azotobacter paspali which grows as a sheath around the 

root of the sand grass Paspalum notatum. No nodules are formed, but the plant is benefited 

greatly. Survival of A. paspali away from the plant is poor.  

 
The acetylene test shows that the A. paspali P.notatum association fixes as much nitrogen as 

a moderate legume crop. Whether this also takes place under natural conditions is yet to be 

established. A. paspali associated with only the five tetraploid ecotypes of P.notatum out of 
33 stimulated. 

A. paspali lives outside the roots in the rhizosphere. This environment is ideal for 

heterotrophic nitrogen fixing bacteria. It is almost anaerobic, a factor of importance to the 

association, which though aerobic is very sensitive to oxygen.  
 

The energy and carbon requirements of the heterotrophic free living nitrogen fixers are met 

with by the root cell and soluble root exudates. These organisms occur in the rhizospheres of 

a variety of plants. Other examples of associative symbiosis are rice with Beijerinckia, and 
the grass Digitaria decumbens with Spirillum lipoferum. 

 

Mycorrhizal fungi and the symbiotic nitrogen fixing actinomycete Frankia may occupy inter 
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and intracellular spaces inside the roots. They may establish a highly integrated mutualistic 

association with their plant hosts.  
 

Helically lobed bacteria have been reported in the collapsed epidermal cells of Ammophila 
arenaria and within roots of Zea mays. They appear to enter by intercellular penetration of 
the epidermal cells. 

Nitrification-As stated earlier, mineralization of nitrogen in organic materials results in the 

formation of ammonium which is the most reduced form of inorganic nitrogen. This 

ammonium in soils is the starting point for a series of reac tions resulting in the formation of 
nitrites and nitrates mediated by specialised bacteria. 

 

The biological oxidation of ammonium salts in soil to nitrites and the subsequent oxidation 

of nitrites to nitrates or to put it in general terms, the biological conversion of nitrogen in soil 

from a reduced to a more oxidized state may be taken as definitions for nitrification 

processes in soil. The classical work of the Russian soil microbiologist, Winogradsky 

showed that certain chemoautotrophic bacteria, Nitrosomonas and Nitrobac ter (Fig. 83) and 

other less important ones (Nitrdsococcus, Nitrosospira, Nitrosocystis, Nitrosogloea and 

Nitrocystis) take part in nitrification. These bacteria are strict obligate autotrophs and are 

capable of synthesizing all their enzyme requirements from inorganic salts. Nitrosomonas 

obtains its energy by oxidizing ammonia to nitrite and Nitrobacter by oxidation of nitrite to 

nitrate, as follows: 

 

 
The bacteria are rod-shaped and are very difficult to isolate even on sophisticated media 

because even small amounts of chemicals in artificial culture media inhibit their growth. 

Notwithstanding this behaviour in pure cultures, it is known that all types of soils are 

congenial for the growth of nitrifying bacteria. 

 
Several factors influence the growth of nitrifying bacteria in soil. The number of such 

bacteria in soil is dependent on the levels of am monia and nitrite, aeration, moisture, 
temperature, pH and organic mat ter.  

 

 

Soils receiving good amount of organic matter appear to be congenial for the growth and 
proliferation of nitrifying bacteria al though no factor or factors related to the products of 
organic matter degradation in soil can be linked with the observed stimulatory effect. In acid 
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soils, nitrification is poor due to a decrease in the population of nitrify ing bacteria which 
can be counteracted by limiting and raising the pH level of soil to 6.0. Waterlogged soils 
deficient in oxygen are not congenial for nitrification. Similarly, either too low (below 5 C) 
or too high soil temperature (above 40°C) are not conducive for the optimum functioning of 
these organisms. 

Nitrifying Bacteria 

Photomicrograph of Nitrosomonas Javanensis 

 

Photomicrograph of Nitrobacter (Duito) Nitrosomonas (Zurich) 

  

 

  

Several microorganisms belonging to the genera Pseudomonas, Corynebacterium, Nocardia, 
Aspergillus, Streptomyces. Mycobacterium, Bacillus and Vibrio have also been shown to 
produce either nitrite or nitrate from ammonia or other reduced forms of nitrogen. The 
reduced forms of nitrogen which have been used by several investigators in laboratory ex 
periments are nitrophenols, nitrobenzoates, and oximes of a number of organic acids such as 
pyruvic, oxalacetic and a-ketoglutaric 'acids. 
 
The reactions mediated by these microorganisms may at best produce not more than 5 ppm 
equivalents of nitrite-nitrogen as against the 2000 ppm trans formed by Nitrosomonas and 
Nitrobacter. Experiments with Aspergillus flavus to find out its significance as a soil nitrifier 
have shown that addition of such cultures to sterilzied soils and quartz resulted in no nitrate 
production. Therefore, the role of such heterotrophic microorganisms in nitrifica tion 
processes in soil is still rather uncertain. 
 

(The ammonia released by ammonification can be used as a source of nitrogen by plants. It 
is, however, unstable in the ecosystem, and disappears when the pH is alkaline. Therefore, in 
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order to return nitrogen to the food chain, ammonia is converted into nitrate, the major form 
of nitrogen in the soil. This process of oxidation of ammonia to nitrate is called nitrification. 
Nitrification ensures a supply of a stable form of nitrogen that can be directly used by green 
plants. 
 
Nitrification is carried out in two stages by two specific groups of organisms of the family 
Nitrobacteriaceae. These are strict autotrophs, and obtain their energy from the oxidation of 
ammonia to nitrite and of nitrites to nitrates. The first step, the oxidation of ammonia to 
nitrite, is called nitrosification, or nitrite formation. The second step, the oxidation of nitrite 
to nitrate, is called nitrate formation. 
The nitrite forming bacteria are called "nitrosobacteria" while the nitrate forming, group is 
referred to as the 'nitrobacteria". The nitrifying bacteria form a small group consisting of 8 
genera.) 

Nitrosobacteria Nitrobacteria 

Nitrite forming bacteria Nitrate forming bacteria 

Ammonia oxidizers Nitrite oxidizers 

Nitrosomonas Nitrobacter 

Nitrosopira Nitrospina 

Nitrosolobus Nitrococcus 

Nitrosovibrio   

 

The nitrifying bacteria are small, gram-negative, rod shaped or spherical bacteria. They arc 

slow growing bacteria, with generation time of about 10-12 hours.  
 

They arc obligate autotrophs which cannot develop in the absence of the specific inorganic 

energy source. The exception to this rule are some strains of Nitrobacter which can use 

acetate, as the carbon and energy source. The strains, however, grow much more slowly with 
acetate than with nitrite.  

 

Nitrate Reduction -  

The nitrification process is reversed by many microorganisms, which are capable of reducing 
nitrite to nitrate and then to ammonia. The nitrate serves as a terminal electron acceptor for 

anaerobic respiration.  

 

This process is known as assimilatory nitrate reduction, because the organisms are able to 
obtain cellular nitrogen through the assimilation of the ammonia formed. The process is 
mediated through two enzyme complexes called nitrate reductase. 

 

E.coli can live anaerobically by reducing nitrate to nitrite. 
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NO; + 2H+ + 2e--+ NO; + HP 
 

The nitrate reductase of E.coli has a MW of 720,000. It consists of four large and four small 
polypeptide chains, and four atoms of molybdenum. (Mo). It is believed that the nitrate 
interacts directly with molybdenum. As similatory nitrate reductases from bacteria and plants 

require NADH as the electron source, while those from fungi preferentially utilize NADPH.  

The nitrate reductases from all organisms are essentially similar. They are high MW 

complexes consisting of two proteins, an FAD dependent protein and a molybdenum 
containing protein. The FAD dependent protein accepts electron from pyridine nucleotides. 

The molybdenum containing protein brings about the reduction of nitrate to nitrite. 

 

The assimilatory nitrate reductase of Neurospora crassa contains not only Mo but also 

cytochrome b557. The following electron transport path way has been proposed. 

 

Assimilatory nitrate reductase of bacteria utilizes NADH as the electron donor. It requires 

FAD for activity. In algae and higher plants, fer redoxin in used instead of FAD. The nitrite 

to ammonia reduction involves the addition of six electrons. Assuming that the reduction 

takes place in two electron states, it would pass through + 1 and -1 oxidation states.  

 

Hyponitrous acid and hydroxylamine are suggested to be the two inter mediates. However, 

there is also evidence for a direct reduction from nitrate to ammonia. 

 

Nitrogen Fixation Genes - 

 
Klebsiella pneumoniae (Enterobacteriaceae) has been used for detailed genetic analyses of 

the genes involved in nitrogen fixation (nif genes). This organism is widely distributed in 

water, soil, grain and intestine of mammals. In the presence of available fixed nitrogen it can 
grow in aerobic as well as anaerobic conditions. Nitrogen fixation, however, takes place only 

in an anaerobic environment. 

 

All nif mutations are located near the his (histidine) operon. There are at least 17 nif loci in 
the duster. No non nif genes appear to be present within the nif region. The genes are 

organized in seven distinct operons, all of which transcribe towards the his genes. The nif 

region is about 24 kilobases (kb) long. 

 
As mentioned previously the two components of nitrogenase are the Fe protein and MoFe 

protein. The latter contains the FeMo cofactor (FeMo-co). The nifH gene encodes the proto 

Fe protein. This is then processed by the nifM protein, and possibly also the nifV and nifS 
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products to form the active Fe protein. 

Two genes, nifD and nifK code for the structural proteins of the MoFe protein. The gene 
nifD codes for one subunit and nifK for the other. The products form proto FeMo protein. 

The two subunits are distinct proteins. The similarities between the two are perhaps the result 
of gene duplication in the course of evolution. Lesions in genes nifB, Nor E cause the cells to 
produce an inactive MoFe protein. This can be activated in vitro by FeMo. 

 

During aerobic growth, no nitrogenase is synthesized by K pneumoniae. It seems that 

oxygen rapidly turns off all nif encoded proteins except nifRLA proteins. These are the 
regulatory proteins. Gene nifA is responsible for the purpling of 6 cyanopurine, an analogue 

of adenine. Its product converts the colourless 6 cyanopurine into a purple pigment. (Test for 

nifA deletion). 

The genes nifL, nifW and nifU do not appear to be essential for nitrogen fixation in growing 

cells under laboratory conditions. Mutations in these genes are detected only when they have 

a polar effect on an essential gene. The gene nifQ is not absolutely essential for nitrogen 

fixation. Mu insertions in this gene only reduce nitrogen fixing ability. 

 

Scientists of the University of Sussex, England, have assembled a bacterial plasmid which 

contains all the 17 known nitrogen fixation genes (nif) from Klebsiella pneumoniae. Transfer 

of this plasmid into E. coli converted the bacterium into a nitrogen fixing organism. 

Szalay and coworkers at Cornell University, and scientists at the Pasteur. Institute and the 

University of Paris have transferred the 17 nif genes of Klebsiella pneumoniae into yeast, a 

eukaryote organism.  

 

The yeast cells carrying the nitrogen fixation genes were, however, not able to fix 
atmospheric nitrogen. This may be due to the many difficulties                               involved 
in gene functioning after transfer to foreign cells.                                                                         
The yeast cells must interpret the start and stop signals on bacterial DNA for RNA 
transcription.  
 
The transcribed RNA must then be able to translate proteins on the yeast ribosomes. The 
translated proteins must be able to function in the foreign cell where they may come across 
host cell proteins. Enough iron must be available in yeast cell for incorporation into the 
nitrogenase molecule, without interfering with the iron requirements of the yeast cell. 
Considering these difficulties, it is not surprising that the bacterial nitrogen fixation genes 
were not able to function in the yeast cells 

 Mechanism of Nitrogenase Action – 

 
(i) In most organisms, the physiologically functional reductant of nitrogenase is ferredoxin. 
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Other natural reductants include flavodoxin and NADPH.  
 
Artificial reductants include Na2S2O4 and reduced methyl viologen. Reduced ferredoxin, the 
electron donor, reduces the Fe protein of nitrogenase. 
 
Fe Protein (Oxidized )+ e- -->Fe Protein (reduced) 
 (ii) The reduction of N2 to NH4 is exothermic. Yet nitrogen fixation requires energy in the 
form of adenosine 5'-triphosphate (ATP), because of a high activation energy.  
 
The Fe protein of nitrogenase specifically binds to Mg ATP and lowers its redox potential. A 
complex containing both Fe and Mo-Fe proteins and Mg ATP is assembled.  
 
In the absence of Mg ATP the midpoint potential (Em) of Fe protein is about -250 to -295 m 
V. After binding with Mg ATP the Em is about -400m V. 
Fe protein + 2Mg ATP + Mo-Fe protein  
Fe protein. 2MgATP. Mo-Fe protein 
 
(iii) The Fe protein transfers an electron to the Mo-Fe protein. This results in the oxidation of 
the Fe protein and the reduction of the Mo-Fe protein. This reaction is coupled to ATP---
>ADP hydrolysis.  
 
ATP is not hydrolyzed to A TP until the Fe protein transfer an electron to the Mo-Fe protein. 
There are 12 or more ATP hydrolyzed for each N2 reduced, or 4 A TP per pair of electrons 
transferred to the Mo- Fe protein or to the substrate.  
 
Thus, there appear to be 2 ATPs hydrolyzed for each electron transferred. In vivo and in 
vitro A TP requirements are not necessarily the same. Growth yield experiments indicate that 
in Azotobacter only 4 or 5 ATPs are required for each N2 fixed. On the other hand 29 ATPs 
are required in K. pneumoniae and 20 ATPs in C. pasteurianum. 
 
(iv) The reduced Mo-Fe protein can in turn reduce the substrate. A number of substrates 
other than N2can be reduced by nitrogenase. Both Fe and Mo-Fe proteins are required for all 
these reductions, which are coupled to Mg ATP hydrolysis. 
 

Factors Affecting Nitrogenase Activity - 
 
The factors affecting nitrogenase activity include oxygen sensitivity, temperature, pH, and 
soil moisture. 
 
(i) Oxygen Sensitivity 
 
One of the most striking properties of nitrogenase is its sensitivity to oxygen. The Fe protein 
is irreversibly damaged by oxygen, while the MoFe protein is relatively insensitive. How 
does the enzyme function in such highly aerobic species as Azotobacter? There are two 
protective mechanisms operating, conformational protection and respiratory protection.  
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In conformational protection, the enzyme undergoes a conformational change by which it 
becomes insensitive to oxygen. In this condition it is unable to catalyze dinitrogen fixation. 
In respiratory protection there is an oxygen scavenging process operating as a result of high 
respiratory activity. This permits the enzyme to maintain a catalytically active form. 
Azospirillum spp are aerobic bacteria which require low partial pressure of oxygen (pO2) for 
expression of hydrogenase activity. Under fully aerobic conditions, the fixation of nitrogen is 
not possible unless nitrogenase is protected. Azospirillum chroococcum and Azotobacter 
vinelandii have been used for nitrogen fixation studies under conditions of high pO2.  
 
Azotobacter can carry out nitrogen fixation in air because of respiratory and conformational 
protection of its nitrogenase, and because of the location of the enzyme within the cell. 
Another mechanism by which certain bacteria can express nitrogenase activity is 
microaerophily.  
 
Azospirillum requires microaerophilic conditions for nitrogen fixation.  A. brasilense does 
not grow with N2 as the sole source of nitrogen under aerobic conditions. In Azospirillum, 
nitrogen fixation takes place at optimal rate between 0.005-0.007 atmospheres (0.507 and 
0.709 k Pa). 
 

(ii) Temperature and pH 
 
In Azospirillum, the optimum temperature for H2-depentent growth is 32-40°C. This is 
similar to the optima of tropical nitrogen fixing bacteria. Nitrogenase activity of 
Azospirillum is sensitive to temperatures below IS°C. This accounts for the higher incidence 
of these bacteria in tropical countries 
 
For Azospirillum, the optimal pH for N2 dependent growth is 6.8-7.8. These requirements 
are met with at the surface or within the cells of roots. Roots of grasses provide optimal pH 
conditions to bacteria even when the soil pH is low. 
 

(iii) Soil Moisture 
 
In the Broadbalk experiments it was observed that soil cores from wet areas showed high 
nitrogenase activity. It was thus inferred that nitrogenase activity is correlated with soil 
moisture (Day et al, 1975). The rate of acetylene reduction was found to increase 
exponentially with linear increase in soil moisture. 
 
A similar correlation has been found between nitrogen fixation and soil core moisture of 
grasslands. Day et al., suggested that increased soil moisture resulted in a higher level of 
anaerobiosis in the rhizosphere.  
The changed pO2 in turn affects nitrogenase activity this view is supported by the fact that 
higher rates of acetylene reduction are observed in soil cores incubated under N2 compared 
with incubation under air.  
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These observations support the hypothesis that nitrogen fixation in non nodular plants may 
be increased in wet soils. Nitrogenase activity in wetland grasses has been reported to be 
much higher than that of plants growing in mesic or dry soils. 
 
The much higher rates of acetylene reduction in soil cores of marsh plants and paddy rice, as 
compared with those of agriculturally important cereal grasses, may be explained by the 
leaching hypothesis. High levels of combined nitrogen are inhibitory to nitrogen fixation. 
 
Because of denitrification and leaching of nitrates, the available combined nitrogen content 
of wet soils is low. The lowered combined nitrogen content of the soil increases nitrogen 
fixation. 
 

Fe Protein -  
The Fe protein contains 4 iron and 4 acid labile sulphur atoms. It is a dimer of MW ranging 
from 57,674 (Clostridium pasteurianum) to 73,000 (Corynebacterium sp). In c.pasteurianum, 
the two subunits of the Fe protein are identical. 
 
The dimer contains one Fe4S4

* cluster. All Fe proteins isolated are dimers with 4 Fe atoms. It 
is likely that two cysteine thiols from each subunit are liganded to the Fe4S

*
4 center. The Fe 

protein from all organisms examined has  
(i) MW from 57,000 to 73,000,  
(ii) 4 iron atoms and 4 labile sulphur atoms (S*) 
(iii) Two identical subunits and extreme sensitivity to oxygen (half life in air is approx. 30 
sec.) 
 
The amino acid sequence of the Fe protein from Clostridium pasteurianum has been 
determined. The Fe protein consists of two identical monomers each with 273 amino acid 
residues. The cysteine residues are in positions 37, 82, 94, 129, 181, and 231 from the 
NH2 end in each peptide (monomer).  

The Fe4S
*
4 cluster is apparently liganded to two cysteine thiols of each peptide. Other 

arrangements may, however be possible. The Fe protein does not show any sequence 
homology with any other iron-sulphur protein.. It has the highest content of Gly-Gly (1139 
residues) amongst all proteins examined.                             Four of the Gly-Gly sequences 
are predicted to form β-bends. 
 
The Fe protein contains several dipeptide and tripeptide sequences.                                            
It is noteworthy for the lack of tryptophan.                                                                 There is 
an overall negative charge at neutral pH.  
 
The isoelectric point is about 4.4. The protein contains eight regions with 5 or more 
hydrophobic residues. The reduced protein un dergoes different                   types of 
conformational changes on binding to Mg ATP                                                             and Mg 
ADP. The protein is designed to be flexible. 
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The Fe4S

*
4 cluster can exist in four possible oxidation states (X)-4, (X)-3, (X)-2, and X-1, 

where (X) = [Fe4S
*
4(Cys)4]. The Fe protein supplies electrons one at a time to the Mo-Fe 

protein.  

  

This transfer takes place when the Fe protein is complexed with Mg ATP-. The Fe protein, 
like the 4Fe and 8Fe ferredoxins, operates between the (X)-2 and (X)-3states. 
 
The Fe protein has a midpoint potential (Em) of -250 to -295 m V in the absence of Mg 
ATP- . When complexed with 2Mg ATP-- the Em is about -400m V. Binding of Mg ATP- - 
to the Fe protein increases its oxygen sensitivity. The binding of Mg ADP is greater than that 
of Mg ATP. 
 

Mo-Fe Protein - 
The Mo-Fe protein is a tetramer of MW 220,000 245,000. It contains  
 
(i) two molybdenum (Mo) atoms,  
(ii) 28-34 nonhaeme iron (Fe) atoms, and  
(iii) 26-28 labile sulphur atoms (S*). Fe and S* are present in about equal amounts.  
 
This suggests that Fe is present in the typical iron sulphur cluster. The Mo Fe protein of 
c.pasteurianum, K. pneumoniae and A.vinelandii is composed of two copies each of two 
dissimilar subunits (α2β2).  
 
The subunits have MW of about 50,000 and 60,000. The two subunits are distinct proteins 
rather than alterations of one protein.  
Similarities between the subunits are probably the result of gene duplication that may have 
occurred during the evolution of nitrogenase.  
 
One subunit is coded by the nifD gene and the other by the nifD gene. Each subunit requires 
the other for stability in vivo. When a mutation in either gene makes its product unstable, the 
other gene product is also rapidly degraded. 
 
The Mo-Fe protein of the bacterial species mentioned above is com plexed with: 
(i) Up to 4 Fe4S

*
4 centers (16 Fe atoms), 

 
(ii) Two centres that appear to contain MoFe6S

*6 called the FeMo cofactor or FeMo-co (12 
Fe atoms), and 
 
(iii) Possibly also a Fe2S2center (2Fe atoms). 
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Nitrogenase -  
 
Nitrogenase is the central and unique catalyst in the nitrogen fixation process. It binds 
molecular nitrogen and converts it into free ammonium ion. 
 
Nitrogenase is very similar in all organisms from which it has been isolated. It has a very 
broad substrate specificity.  
 
The enzyme catalyses the reduction of several compounds containing triple bonds. 
 

Ammonification -  
 
Plants synthesize organic nitrogenous compounds which serve as the source of nitrogen for 
animals. The organic nitrogenous compounds are assimilated by animals. During this process 
they are hydrolyzed to a greater or lesser extent, but remain largely as reduced organic 
compounds. Proteins and other nitrogenous compounds of living organisms find their way to 
the soil either through excretion or decomposition of dead organisms by microorganisms. 
 
These compounds are hydrolyzed by various proteolytic enzymes to amino acids and similar 
compounds. The amino group (-NH2) is split off to form ammonia (NH3) Release of 
ammonia from organic nitrogenous compounds is termed ammonification.  
 

Excretion 
 
Animals, unlike plants, excrete a significant quantity of nitrogenous waste (formed during 
metabolism). In invertebrates, nitrogen is excreted mainly as ammonia. Reptiles and birds 
mainly excrete it in the form of uric acid. In mammals, urea is the principal form. Microbial 
decomposition of urea and uric acid results in the formation of CO 2 and ammonia. 
 
This is brought about by several microorganisms, especially by Proteus and Micrococcus 
species. 
Decomposition-Much of the nitrogen in organic compounds remains in plant and animal 
tissues. This locked up nitrogen is released only on the death of the organisms. On the death 
of a plant or animal, the remains are immediately attacked by microorganisms. 
 
The first step in ammonification is the hydrolysis of proteins and nucleic acids. This results 
in the liberation of amino acids and nitrogenous bases, respectively. These simpler 
compounds are then metabolized further by aerobic respiration or fermentation.  
 
Proteolytic enzymes are elaborated by clostridia, many fungi and actinomycetes, and to a 
lesser degree by Pseudomonas, Bacillus and Proteus species. The ultimate products of 
proteolysis are amino acids. Under aerobic conditions, amino acids undergo oxidative 
deamination and liberate ammonia.  
However, if protein decomposition occurs under anaerobic conditions, some of the amino 
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acids are converted to amines and related compounds. This process is called putrefaction. It 
is mostly brought about by Clostridium species. Eventually, the amines arc oxidized by 
aerobic bacteria, with the liberation of ammonia. The ammonium ion is toxic, even at low 
concentrations. It is therefore never allowed to accumulate. 
 
Most of it is assimilated by soil microorganism and converted into microbial cell 
constituents. Following the death of these microorganisms, the constituents arc converted to 
ammonia. Some is utilized by plants as a source of nitrogen. Under favourable conditions. it 
is oxidized first to nitrite and then to nitrate by specific microorganisms. 
Denitrification - Many aerobic bacteria can grow anaerobically, using nitrate as the final 
electron acceptor. This process is known as nitrogen respiration. Nitrate reduction products 
include nitrite and various other forms of nitrogen. Some Bacillus spp. can carry out 
anaerobic respiration in which nitrate is reduced to ammonia. This process is called nitrate 
reduction, and has been described earlier. 
 
When the product of nitrate respiration is nitric oxide, or nitrous oxide or dinitrogen, the 
process is called denitrification. In synthetic media for denitrifying bacteria, nitrate is 
included as a terminal oxidant. Lactate or malate provides the best source of carbon and 
energy.  
 
When nitrate is used as an electron acceptor, there is net loss of nitrogen from the soil. This 
process is therefore known as dissimilatory nitrogen reduction.  
 

Denitrification takes place in two steps. In the first step, two electrons                                         
are added to nitrate resulting in the formation of nitrite. 
 
NO-

3 +2e- -+2H-->NO-
2 +H2O 

 
Nitrite is ultimately reduced to molecular nitrogen,                                                         which 
is the usual major end product of denitrification. 
 
Under certain conditions, however, there is addition of two further electrons                              
per nitrogen atom, resulting in the formation of nitrous oxide (N2O) from nitrate. 
 
2 NO2 + 4H+ -->N2O + H2O + 2 OH- 

  

Nitrous oxide can also be reduced to molecular nitrogen by denitrifying bacteria.  
 
N2O +2H+-->N2+ H2O 
 
All denitrifying bacteria can use nitrite instead of nitrate for denitrification. Nitrite can give 
rise to N2 directly or through N2O. It has been suggested that the formation of N2, or N2O 
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from nitrite involves an in termediate of composition N2O2H2 through NOH (nitroxyl). 
 

Nitrogen transformations in soil result in the loss of molecular nitrogen. The conversion of 
nitrate and nitrite into molecular nitrogen or nitrous oxide through microbial processes is 
known as denitrification. The escape of molecular nitrogen into the atmosphere, also known 
as volatilization of nitrogen is a drain on the availability of this vital element in soil for crop 
growth. 
 
Denitrification of bound nitrogen to gaseous nitrogen is mediated by numerous species of 
bacteria which normally use oxygen of the air as hydrogen acceptor (aerobically) but also 
possess the ability to use nitrates and nitrites in the place of oxygen (anaerobically). Thus 
these bacteria have the faculty to grow aerobically in the absence of nitrate but anaerobically 
in the presence of nitrate. The anaerobically conversion of nitrate into molecular nitrogen is 
also known as nitrate respiration. In fact such or ganisms capable of denitrification are 
isolated by enrichment cultures in anaerobic media containing excess of potassium nitrate.  
 

The bacterial genera which bring about denitrification are Pseudomonas, Achromobacter, 
Bacillus and Micrococcus. Of these, Pseudomonas                             and Achromobacter are 
the predominant ones in soil.                                                           The biochemical reactions 
can be summed up as: 
 

2NO3 -(nitrate)+10H  N2 +4H20+20H-or 

2NO2-(nitrite)+6H N2 +2H20+20H-or 

N2O(nitrousoxide)+2H N2 +H2O. 
 

In short, the denitrification pathway can be depicted as NO2- (nitrate ® NO-2 
(nitrate) ® NO (nitric oxide) ® N2O (nitrous oxide) ® N2 (dinitrogen)  
Many soil bacteria like Thiobacillus denitrificans which are known to oxidize sulphur 
chemoautotrophically also reduce nitrate to nitrogen. The source of energy is sulphur or 
thiosulphate and this energy is used to convert nitrate into molecular nitrogen. The 
biochemical reactions can be summarised as: 

5S+6KNO3 +2H20  3N2 +K2SO4 +4KHSO4 or  

5K2S203 + 8KNO3 + H2O  4H2 + 9K2SO4 + H2SO4. 

  

Fallow soils flooded with water are more congenial for denitrification than well drained and 
continuously cropped soils. In fact, the practice of continuous cropping which provides the 
much needed competition bet ween plants and microorganisms for nitrate substrates 
minimizes the hazards of denitrification. 
 
The denitrification process, besides depleting the fertility of soils, is also a cause for 
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eutrophication of coastal waters because nitrate is a pollutant especially of drinking water. 
The process also influences the chemistry of the atmosphere by producing nitrous oxide a 
'green house gas' that destroys the ozone (03) of the stratosphere. 
Ecological Importance of Denitrification 
Denitrification plays an important role in soil ecology. Soil is depleted of essential nutrients 
for plants by denitrification. The rate of denitrification is controlled by the amount of 
oxygen.  
 
Denitrification can occur only when the oxygen tension is very low. Even 1 % oxygen 
depresses nitrification to about 12%. The gaseous products of denitrification appear in the 
order nitric oxide, nitrous oxide and molecular nitrogen.  
 
Molecular nitrogen accounts for 83-95% of the nitrate present in the soil, and nitric oxide for 
5%. Appreciable reduction of nitrate to nitrite occurs only in the presence of good 
concentrations of organic matter and low oxygen levels (7%). Denitrification decreases the 
fertility of the soil, and consequently agricultural productivity. 
 

The highly soluble nitrate ion may be leached from soils into fresh waters. High 
concentrations of nitrate are toxic, and therefore denitrification maintains the potability of 
fresh waters. Nitrate ions leached from the soil are eventually carried to the oceans. If 
denitrification did not take place, the earth’s supply of nitrogen, including atmospheric 
nitrogen, would and up in the oceans. Life would not be possible on land masses, except near 
the shores of oceans. 
 
Loss of nitrogen by denitrification occurs during seasonal flooding of the land, or as a result 
of over irrigation of poorly drained land. Constantly wet soils have low concentrations of 
oxygen. This promotes the growth of nitrate reducing anaerobic species and denitrification, 
resulting in poor fertility of the soil. 
Nitrogen Assimilation - 
 
The essential requirement for growth in all organisms is the assimilation of nitrogen into 
molecules. Nitrogen metabolism pathways are of two classes:  
 
(i) Assimilatory pathways which are necessary for the utilization of nitrogen from available 
compounds in the medium. These pathways are involved in the formation of glutamate, 
glutamine and asparagine. 
 
(ii) Biosynthetic pathways with lead to the production nitrogen-containing compounds of the 
cell. Glutamate and glutamine serve as nitrogen donors for biosynthetic reactions in virtually 
all cells. Included in the biosynthetic pathways are the pathways leading to the formation of 
amino acids. These have been described separately in the chapter "Biosynthesis of Amino 
Acid". 
The enzymes involved in nitrogen assimilation are: 
(i) glutamate dehydrogenase (GDH), 
(ii) glutamate synthase (GOGAT) 
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(iii) glutamine synthase (GS) and 
(iv) transaminase.  
 
The pathways of glutamate and glutamine synthesis depend upon the concentration of NH3 
in the cell. At high NH3concentration,the synthesis of these two compounds takes place by 
two sequential reactions catalyzed by GDH and GS. 
 
GDH is not in the major pathway of glutamate metabolism. The affinity of GDH for NH3 is 
relatively low. The enzyme does not function effectively at low NH3, Concentrations. Under 
these conditions the induction of GOGAT takes place and this enzyme catalysis the reaction. 
The major route of NH3 assimilation becomes the GS reaction. 
 
Glutamate can be produced by a variety of reactions in enteric bacteria. There are three main 
classes of reactions according to the immediate origin of N and C atoms. 
 

(i) From ammonia and 2-oxoglutarate, either by (a) the reaction catalyzed by GDH, or by (b) 
the coupled reaction catalyzed by GS and GOGA T. 
 
(ii) From C and N atoms of another ammonia acid by its degradation. 
 
(iii) From the amino group of another amino acid and 2 Oxoglutarate by transamination. 
Ammonia Assimilation-As mentioned earlier, N2 fixation results in NH4formation in 
heterocysts which reacts with glutamate translated from vegetative cells to form vegetative 
cells to form glutamine with the aid of glutamine synthetase. Most of this glutamine gets 
back into vegetative cells where it is metabolized into glutamate and other amino acids by 
glutamate synthase or glutamine oxoglutarate amidotransferase (GOGAT) located in 
vegetative cells. 
 
The glutamate formed may eventually form a substrate for more glutamine synthesis or else 
be transported back into heterocysts. In this way, the first stable nitrogen fixation is 
NH4

+ and the first organic product of assimilation of NH4
+ is glutamine followed by 

glutamate. Alanine may be formed through alanine aspartate in other species by 
transamination reaction probably from glutamate. 

Inoculation with Nitrogen Fixing Bacteria- Rhizobium species of a proper type which will 
form a symbiotic association with a particular legume may be absent in the soil. Inoculation 
of legumes with Rhizobium is therefore found to be necessary.Legume seeds are inoculated 
before planting with strains of Rhizobium of known effectiveness. This is called pre 
inoculation. Bacterial cultures are available commercially for this purpose. 
Seeds inoculated with such cultures assure the presence of desirable species and strains of 
Rhizobium as soon as young rootlets are formed. 
Legume Inoculation-The practice of applying artificially prepared cultures of rhizobia to 
leguminous seed before sowing can be referred to as legume inoculation. This practice is 
known since the beginning of this century. Agar based cultures were used for a long time 
which was later replaced by soil based ones. Finely ground and neutralized peat is now being 
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generally used in Australia and U.S.A as a                  carrier in the preparation of legume 
inoculants. Peat as a carrier has decided advantages over agar or soil. 
Besides possessing high moisture holding capacity and organic matter content, so essential 
for better shelf life of bacterial cultures, peat improves the survival of rhizobial cells on the 
seed coat, especially under dry soil conditions. 
 
In Australia, peat is harvested, dried in the field and ground to pass a 200 mesh sieve. Peat is 
generally acidic in nature and hence is neutralized by adding sufficient CaCO3. The 
neutralized peat is packed in low density, 0.05 mm gauge polythene bags and sterilized by 
gamma rays at a dose of 5.0 x 106 rads. Australians have found that sterilization by gamma 
radiation is generally superior to autoc1aving for 4 hr at 121°C in promoting the growth of 
rhizobia. 
Rhizobia are grown on yeast extract mannitol broth in suitable fermentor vessels until the 
numbers of rhizboia in the broth have reached the minimum standard or even more than the 
standard figure. The acceptable minimum Australian standard for rhizobial count in the broth 
culture is 500 x 106 viable rhizobia/ml, although in practice the numbers usually reach the 
range of 1000-4000 x 106 viable cells/ml. 
If the broth is added to unsterilized peat, mechanical mixers are used to mix peat with the 
broth so as to provide a moisture content of 45-50% on a wet weight basis. The peat is sieved 
through a coarse sieve to remove lumps and then matured for 4 days at 26°C in trays covered 
with polythene and packaged according to convenience in polythene bags. The polythene 
bags are made from polythene sheeting of 0.0015 inch or 0.0375 mm. If the broth is added to 
sterilized peat, the peat is initially packaged in polythene bags and the required quantity of 
broth is added through a syringe to provide a mois ture content of 60%. The puncture is 
sealed by adhesive tape, the contents mixed by rolling in hand, incubated at 26"C for two 
weeks and then stored at 4"C. The minimum Australian standard for rhizobia in peat are 
108 -109 viable cells/g of peat at manufacture and 107 -108 cells/g of peat during the full shelf 
life of the culture. 
The Australian method of using cultures grown on agar is to make a suspension of the 
bacterial cells in water. This suspension may be directly applied to seed or improved by the 
use of 10% sugar or .40% neutral gum arabic in the suspending fluid. If peat based cultures 
are used, 25 g of culture is added to 100  ml of water or a solution of sugar and gum arabic. 
The resultant slurry is used for application on seed. 
 

Pelleting of inoculated seed with lime (finely divided CaCO3) or rock phosphate improves 
survival of rhizobia on seed and hence secures better root nodulation under adverse soil 
conditions. For pelleting, a sticker is generally used. The recommended stickers are 
pharmaceutical fine grade gum arabic at approximately 40% level, 5% methyl ethyl cellulose 
(cellofas A) and methyl hydroxypropyl cellulose (methofas) or carboxy methyl cellulose. 
 
It is necessary that finely ground calcium carbonate must pass through 300 mesh Small 
quantities of seeds may be handled in dishes for pelleting. For larger quantity of seeds, a 
concrete mixer may be used. Initially, the seeds are mixed thoroughly in the peat-adhesive 
slurry. Finely ground CaCO3 is then added to the inoculated seed while it is still wet and 
rolled evenly so as to obtain uniform pelleting of lime over the seed. The pelleted seed may               
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be sown immediately and if absolutely necessary may be stored up    to 2-3weeks at 
temperatures not exceeding 18°C. 
 
In U.S.A., large quantities of legume inoculants are produced for internal use as well as for 
exporting to other countries. The usual method followed in manufacture of inoculants is as 
follows: Inocula are transferred from agar slants into starter flasks containing yeast extract 
mannitol broth. After 4 days growth, the culture from starter flasks is transferred into a small 
seed-tank fermentor. At this stage, yeast extract mannitol broth is formulated in a battery of 
large production fermentors, pH adjusted to 7.0, sterilized, cooled and kept ready for use. 
 
The contents of see tank fermentors are transferred to production fermentors. The 
temperature range for fermentation is 30-35°C, depending on the species of rhizobia. 
Aeration is done by forcing sterile air through porous carborundum or stainless steel spargers 
at the bottom of the fermentors. A cell population of                   5 x 109 can be attained in 96 
hours which is    again dependent on the amount of initial inoculum added. 
 
A minimum of 109 cells per ml is needed in the broth for being used in the preparation of 
peat cultures. In U.S.A., the broth is sprayed to powdered, neutralized and flash-dried peat 
(partial sterilization) while the mixture is being agitated in a ribbon or pa dle-type batch 
mixer. After mixing, the inoculant is spread in thin layers on floor for 48 to 72 hours at 22 to 
24°C. The product is then milled to break up aggregates, finely pulverized and packed in 
polythene bags. The general standards advocated are to provide massive inoculum and sound 
recommendations for the use of the inoculant since various factors affect the number of 
viable cells in peat. 
 
In India, peat-like material is available in the Nilgiri valley to the extent of 5.5 million tonnes 
as estimated by the soil survey department. An unknown quantity is also known to occur in 
the Kashmir Valley. Lignite is another carrier which is widely used and it is estimated that 
about 3 million tonnes of mined lignite is available annually from Neyveli lignite mines in 
Tamil Nadu. Powdered peat or lignite is neutralized with CaCO3 (passing through 200 mesh 
sieve) and is autoclaved at 15 lb pressure for 4 hours before use. Upon cooling, the broth 
from shake cultures (or from a fermentor) is poured into powdered peat and mixed by hand 
or a mixer in such a way that the finished product retains 40% moisture. After curing for few 
hours at room temperature the product is packed in polythene packets. Inoculant slurry is 
prepared in 5% aqueous solution of jaggery or sugar before being applied to seed. 
 
In practice, the following bacterial counts have been achieved while making peat based 
inoculants at the Indian Agricultural Research Institute: (1) the minimum count for broth is 
10 x 107/ml and maximum count being 80 x 109, (2) the minimum peat count at manufacture 
is 100 x 106 and the maximum being 90 x 108, (3) the minimum peat count at peak shelf life 
(4 weeks) is 10 x 108 and the maximum being 10 x 1010 at 12 weeks, and (4) the minimum 
count on seed at sowing is l03 per seed and the maximum being 105 per seed. 
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A schematic presentation of processes involved in the mass production of rhizobia  
 

  

 

1. Culture broth in flask 2. Peat mixed with bacteria 

3. Bacteria in culture packet 4. Culture 

5. Air Compressor 6. Dehumdfer 

7. Air 8. Primary Air Filter 

9. Glass Wool 10. Secondary Air Filter 

11. Stoorm 12. Bacteria Broth 

13. Fermentor 14. Broth 

15. Agitator 16. Boiler 

17. Stoorm 18. Shaker Culture (Primary inoculum) 

19. Flask 20. Test Tube 

21. Nodules Petrosh 22. Legume Plant 

 

Cyanobacteria, also known as blue-green algae, blue-green bacteria or Cyanophyta, is 

a phylum of bacteria that obtain their energy through photosynthesis. The name 

"cyanobacteria" comes from the color of the bacteria (Greek: κυανός (kyanós) = blue). They 

are a significant component of the marine nitrogen cycle and an important primary 

producer in many areas of the ocean, but are also found inhabitats other than the marine 

environment; in particular cyanobacteria are known to occur in both 
freshwater,[2] hypersaline inland lakes[3]and in arid areas where they are a major component 

of biological soil crusts. 

http://en.wikipedia.org/wiki/Phylum_(biology)
http://en.wikipedia.org/wiki/Bacteria
http://en.wikipedia.org/wiki/Photosynthesis
http://en.wikipedia.org/wiki/Greek_language
http://en.wikipedia.org/wiki/Nitrogen_cycle
http://en.wikipedia.org/wiki/Autotroph
http://en.wikipedia.org/wiki/Autotroph
http://en.wikipedia.org/wiki/Ocean
http://en.wikipedia.org/wiki/Habitat
http://en.wikipedia.org/wiki/Cyanobacteria#cite_note-1
http://en.wikipedia.org/wiki/Hypersaline_lake
http://en.wikipedia.org/wiki/Hypersaline_lake
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Stromatolites of fossilized oxygen-producing cyanobacteria have been found from 2.8 billion 
years ago,[4] possibly as old as 3.5 billion years ago. The ability of cyanobacteria to perform 
oxygenic photosynthesis is thought to have converted the early reducing atmosphere into an 
oxidizing one, which dramatically changed the composition of life forms on Earth by 
stimulating biodiversity and leading to the near-extinction of oxygen-intolerant organisms. 
According to endosymbiotic theory, chloroplasts in plants and eukaryotic algae have evolved 
from cyanobacteria via endosymbiosis. 

Nitrogen fixation by cyanobacteria-Cyanobacteria inhabit nearly all illuminated 
environments on Earth and play key roles in the carbon and nitrogen cycle of the biosphere. 
Generally, cyanobacteria are able to utilize a variety of inorganic and organic sources of 
combined nitrogen, like nitrate, nitrite, ammonium, urea or some amino acids. Several 
cyanobacterial strains are also capable of diazotrophicgrowth. Genome sequencing has 
provided a large amount of information on the genetic basis of nitrogen metabolism and its 
control in different cyanobacteria. Comparative genomics, together with functional studies, 
has led to a significant advance in this field over the past years. 2-oxoglutarate has turned out 
to be the central signalling molecule reflecting the carbon/nitrogen balance of cyanobacteria. 
Central players of nitrogen control are the global transcriptional factor NtcA, which controls 
the expression of many genes involved in nitrogen metabolism, as well as the PII signalling 
protein, which fine-tunes cellular activities in response to changing C/N conditions. These 
two proteins are sensors of the cellular 2-oxoglutarate level and have been conserved in all 
cyanobacteria. In contrast, the adaptation to nitrogen starvation involves heterogeneous 
responses in different strains.[4] Nitrogen fixation by cyanobacteria in coral reefs can fix 
twice the amount of nitrogen than on land – around 1.8kg of nitrogen is fixed per hectare per 
day. 

Cyanobacteria (Formerly Blue Green Algae) Blue Green Bacteria - The Cyanobacteria 
form the largest group of photosynthetic prokaryotes. They are widely distributed and show 

great diversity. Their photosynthetic apparatus is structurally and functionally similar to the 

eukaryotic chloroplast. The light harvesting pigments of the Cyanobacteria are chlorophyll a 
and phycobiliproteins. 

 

These pigments are homologous with those of the chloroplasts of the Rhodophyta (red 
algae). The Cyanobacteria thus differ from the green and purple bacteria which contain 

bacteriochlorophylls as their photosynthetic pigments. They also differ from other 

photosynthetic bacteria in having two photosystems instead of one and in their ability to 

perform oxygenic photosynthesis (photosynthesis with evolution of oxygen).  

The source of hydrogen is water. Respiration is aerobic. The Cyanobacteria are gram 

negative. Many are motile. Motility is of the gliding type as in motile green bacteria. The 
photosynthetic apparatus is located in a series of thylakoids or membranous sacs which 
contain chlorophyll a and carotenoids, the 'photochemical reaction' centres and the 
photosynthetic electron transfer chain.  
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In the 50 nm space between the thylakoids are disc shaped objects, '40 nm' in diameter, 

called phycobilisomes. They contain phycobiliproteins (PBPs), the major light harvesting 
pigment. In Synecchococcus and Pseudanabaena there are 2-5 parallel thylakoids in the 

cortical region of the bacterial cell. In most Cyanobacteria the thylakoids are convoluted, and 
occupy a much larger area of the cell.  
The thylakoid membranes are functionally distinct from the cell membrane: the hitter never 

has phycobilisome attached to it. In the unicellular cyanobacterium. Gloeobacter violacens 

there are no thylakoids. The phycobiliproteins are contained in an 80 nm wide electron dense 

cortical layer attached to the inner surface of the cell membrane. 
Components of the Photosynthetic electron transport system (e.g. ferredoxin, plastocyanin 

and cytochrome f) have been located in the thylakoid membrane. The only chlorophyll found 

in the Cyanobacteria is chlorophyll a. This is an important homology with chloroplasts. 

There are two photosystems I and II. Photosystem I almost exclusively receives the light 

energy harvested by chlorophyll, and only cyclic photophosphorylation takes place, β-

carotene is always present, and is usually accompanied by either or both oxycarotenoids, 

zeanthin and echinone. 

In addition most Cyanobacteria synthesize group specific pigments, notably carotenoid 

glycosides. Phycobiliproteins are the major light-harvesting pigments of the Cyanobacteria. 

(These are also found in the red algae). Light energy absorbed by the PBPs is transfered 

mainly to photosystem II. Each pap is composed of two different polypeptide chains α and β, 
each carrying at least one bilin chromatophore attached io it covalently. The α and β 
monomers form the native protein oligomers, (αβ) n. 
Cyanobacteria contain at least, three different types 6f PBPs phycocyanin (PC) (A max 620 

nm), allophycocyanin (AP) (λ max 650 nm) and allophycocyanin B (APB) (A max 670 nm). 
Many Cyanobacteria contain a fourth PBP, usually phycoerythrin (PE) (λ max 565 
nm).Some strains of Anabaena contain phycoerythrocyanin (PEC) (A max 565nm). 
 

The chloroplasts of the red algae contain PC, AP, APB and PE, but not PEC. In 

Cyanobacteria there are four major membrane lipid components monoglactosyl diglyceride 
(MGDG), digalactosyl diglyceride (DGDG), sulphoquinovosyl diglyceride (SQDG) and 

phosphatidyl glycerol MGDG, DGDG and SQDG are found in chloroplast membranes of 

eukaryote cells. 

 
None of these glycolipids occur in purple bacteria. Green bacteria contain only MGDG, 
which is localized in the chlorobium vesicle, the light harvesting organelle. 

Cyanobacteria Blue Green Algae and Blue Green Bacteria -1. Possess two photosystems 
PS I and PS II. 2. Photosynthetic pigments are Chl a, phycobiliproteins and 
carotenoids.Phycobiliproteins are phycocyanin.(PC), allophycocyanin (AP), allophycocyanin 

B (APB) and phycoerythrin (PE). 

3. Electron source is water. Some species can use reduced S compounds (anoxygenic 
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photosynthesis with only one  photosystem ).4. Respiration is aerobic when growing 

photosynthetically.5.Genera: Synochococus, Pseudanataena, Gloeobacter. 6. Growth can 
occur in the dark with the utilization of storage compounds. Some species grow 

heterotrophically in the dark in symbiosis with cycads. Some strins can fix N2 in the dark 
(unique feature). 
Blue-green Algal Association with Higher Plants-. The only angiosperm to develop a                      

association and fix nitrogen with a nitrogen-fixing blue-green alga is Gunnera. 

This genus  

Diagrammatic Representation of Interrelationships  

  

has about 40 species which are herbaceous and widely distributed in the southern 

hemisphere. 

 
The plants have mucilage-filled cavities called glands near the bases of petioles. 

 

Nostoc cells penetrate the cells of the gland when infection takes place naturally. 

 

Two glands known as apical papillate glands, just below the point of cotyledonary 

attachment are formed which produce mucilage enabling the growth of Nostoc. 

 
From the mucilage, Nostoc cells penetrate the interior of the glands and then the host cells. 
Other blue-green algal species are also capable of forming as  sociations with Gunnera under 

artificial inoculated conditions. 
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An excellent example of algal association with higher plants is the occurrence of endophytes 

Anabaena or Nostoc in the coralloid masses on the roots of Cycadaceae. 
 

Cycads produce stubby apogeotropic profusely dichotomously branching tannin-rich coral-
like (coralloid) root masses which become infected with cyanobacteria.  

 
These roots appear in addition to normal ordinary roots which are often very tuberous. 

 

The functions of coralloid roots are not clearly understood.  
 
It has been suggested that lenticels present on these roots facilitate gas exchange between the 

plant and the atmosphere.  

 

Cyanobacteria may enter through lenticels or through breaks in the root’s dermal layers.  

 

The cyanobacteria are restricted to intercellular spaces of the cyanobacterial zone although 
occasional penetration f the cortex has been reported in Cycas revolute.  
 
Invariably the cyanobacteria are heterocystous belonging to the genus Nostoc.  
 
In some cases Anabaena and Calothrix have been encountered.  
 
Endophytes have been found in distinct zones in the cortex of                                               
the coralloid nodules  on roots   of genera     such as Cycas,                 Encephalart,    Zamia, 
Ceratozamia, Macrozamia and Stangeria.  
 
The blue-green alga, Nostoc cycadeae isolated from Cycas, Encephalartos and Macrozamia 
have been shown to fix atmospheric nitrogen in the free 
 
state as well as in association with their host plants, as revealed by experiments using 15N.  

When washed coralloid and normal roots were exposed to 15N labelled gas, coralloid roots 
showed enrichment with 15N while normal roots showed no such enrichment. 
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Blue Green Algal Association Roots of Encephalartos with  

B-A. Mass of Coralloid Roots C. Transverse Section of Coralloid Root 

 
 

B. Transversely Sectioned Coralloid 

Root 
C. Transverse Section of Uninfected 

Coralloid Root 

  

D. Transverse Section of Infected 

Coralloid Root 
E. Cyanobiont Trichome with a Terminal 

Heterocyst in the Coralloid Root 

  

However, coralloid roots of two species of Encephalartos have been shown to reduce 
acetylene to ethylene rather weakly.  
 
The speed with which the transfer of fixed nitrogen takes place from the site of fixation into 
different parts of the hosts varies from 11/2 hours (in Gunnera symbiosis) to 48 hours (in 
cycad symbiosis). 

Losses of Nitrogen by Non-biological Ways 
 
Leaching is one of the major causes of nitrogen losses extending to 20 to 50% of the 

fertilizer nitrogen supplied to cultivated oils. The most striking loss of nitrogen is in rice 

soils where more than half of the fertilizer nitrogen applied get lost through leaching. 

Another factor is the volatilization of ammonia in soil, often estimated at 5 to 20% of the 
fertilizer nitrogen applied to soil. 
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Fixation of ammonium in soils is a minor contributory factor to the overall loss of nitrogen 
available for plant growth. Such losses of nitrogen by physical causes and by nitrification 

and denitrification processes can be controlled by the application of certain man-made 
chemicals. Some of these chemicals have been designed to con trol the rate of release of 
nutrient from nitrogenous fertilizers while others retard nitrification in soil by controlling the 

activity of nitrifying bacteria. 

Controlled Release Fertilizers and Nitrification Inhibitors 
 
The release of nutrient from nitrogenous fertilizers can be controlled by the use of 'controlled 

release fertilzers' which have been formulated and used successfully in Japan and U.S.A. 

Examples of this kind of new fer tilizers are ureaform, isobutyledene diurea, crotonilidene 

diurea and sulphurcoated urea. They are sparingly soluble in water and by virtue of this 

property can regulate the release of nitrogen from fertilizers. Under experimental conditions 

in northern India, these fertilizers have been tried in rice fields and found to get mineralized 

at a slower rate than ordinary urea and also provide residual nitrogen for augmenting the 

yield of sub sequent wheat crop.  

The prohibitive cost of these materials, at present,                                                       prevents 
their immediate utility on the farm. 
Some of the chemicals which are known to act as nitrification inhibitors are produced in 
U.S.A. and Japan, and are expensive. These chemicals are substituted pyridines, pyrimidines, 
acetanilides, anilines and isothiocyanates. The two major compounds which have been 
commercially produced by the Dow Chemical Co., U.S.A. and the Toyo Koatsu Co., of 
Japan are 2-chloro-6-(trichloromethyl)-pyridine, commonly known as N serve and 2-amino-
4-chloro-6-methyl pyridine commonly known as AM. At level of 1.0 ppm, N-serve inhibits 
the growth of Nitrosomonas europea and N. agiUs. Oxidation of ammonium by fresh cell 
suspensions of Nitrosomonas was completely suppressed at 1.p ppm of the chemical.  
In experiments done at the Indian Agricultural Research Institute, it was seen that N-serve 
and AM effectively retarded the nitrification of ammonium sulphate and reduced the losses 
of nitrogen from soil under water-logged conditions. Increase in yields of rice due to 
application of ammonium sul phate in the presence of N-serve has also been observed . The 
beneficial effect of   N-serve has also b!!en recorded in experiments carried out by                              
Independent workers with graJses, tomato and spinach. 
Grain yield (q/ha) of wheat as influenced by residual N from rice and rates of N applied 

to wheat. (from Prasad, 1975) 

Source of N applied 

(10 kg/ha) to rice 

  

Rates of N (kg/ha) applied to wheat 

0 50 100 

Urea 9.2 31.2 35.9 
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Sulphur-coated urea 
(TVA) 

14.9 38.2 44.2 

Lac-coated urea 12.7 34.8 41.9 

Neem cake treated 
urea 

14.9 38.8 50.7 

Sulphathiazole 
treated urea 

15.4 40.0 49.6 

Coalter treated urea 13.5 31.4 43.9 

Control (no nitrogen) 3.9 17.0 33.0 

C.D. 5% - 1.7 - 

--lq = 100 kg 

 Table 36 Influence of nitrification inhibitor treatment and variety on grain yield and nitrogen 
uptake by rice (from Prasad, 1974) 

 

Treatment 

(averaged 

over 40, 80 

and 120 kg 

N/ha) 

  

  

1966 

  

1967 

Taichung Native-1 NP 130 Taichung Native-1 NP 130 

Ammonium 
sulphate 

44.1 41.3 63.4 48.1 

Ammonium 
sulphate + 
‘N-Serve’ 

48.4 45.1 63.7 50.8 

Ammonium 
sulphate + 
‘AM’ 

50.1 43.9 67.7 49.3 

C.D.5% 2.5 2.4 

  Nitrogen uptake (kg N/ha) 

Ammonium 
sulphate 

87 81 103 103 

Ammonium 
sulphate + 
‘N-Serve’ 

100 89 128 111 

Ammonium 
sulphate + 

104 89 131 110 
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‘AM’ 
C.D.5% 6 3 

The seeds of neem tree (Azadirachta indica) contain certain lipid asso ciates which act as 
nitrification inhibitors and thereby increase the efficiency of urea fertilizer. Increased yields 
due to the application of neem cake with urea fertilizers have been recorded and further work 
in this direction may open up the possibility of providing suitable and inexpensive substitute 
to N-serve and AM. 
Agrobacterium Tumefaciens – Agrobacterium tumefaciens is a soil borne bacterium. Like 
Rhizobium, the nitrogen fixing bacterial genus, Agrobacterium has developed a way of 
living in and deriving nourishment from plant tissues. However, unlike Rhizobium, 
Agrobacterium is a parasite and provides no benefit to the plant that it colonizes. Instead, it 
causes crown gall disease. 
 
Agrobacterium can infect many dicot species. In the normal disease process the bacterium 
enters the plant at the site of a wound. The infection often occurs at the crown (the junction 
of the root and shoot) but may involve an upper part of the stem, the petiole, or the leaf. 

The bacterium attachs to the wall of a cell and "transforms" it. The word "transform" was 

used before the involvement of DNA transfer was known and referred simply to the 

observation that infected cells acquired new properties. Infected cells proliferate at the site of 

infection, forming a tumor or "gall". 

 

The tumor can be fatal to young plants if. it grows large enough to crush the vascular system; 

more often the tumor is merely debilitating and unsightly. Transformed cells also have the 

ability to grow in culture on a medium that lacks the hormones auxin and cytokinin. 

Finally, transformed cells produce opines, such as octopine, and nopaline, chemicals formed 

from two amino acids. Arginine and alanine form octopine while arginine and glutamine 

produce nopaline. Octopine and nopaline are not found in normal plant cells. 
 

There are two more or less distinct types of crown galls. The first type grows as a relatively 

unorganized callus on artificial medium and on host plants. Cells of this type produce 

octopine. The second type grows as a callus containing green islands. The islands show a 
variable amount of organization, inducing production of multiple shoots. Cells of this type 

produce nopaline. 

The two types are associated with different strains of A. tumefaciens. There is also a related 
disease ("hairy root disease") in which infected tissues proliferate in root tissue and produce 
an opine. This disease is associated with the bacterium A. rhizogenes. 
 

Formation of opines explains the ecological significance of tumor formation. Each strain of 
Agrobacterium synthesizes enzymes (permease, dehydrogenase) that allow it to metabolize 

the specific type of opine formed by the tumor it induces. Thus by stimulating the plant to 
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form opines, the bacteria insure themselves a supply of nutrients specifically designed for 

them. 
Growth of the infected tissue is important because it increases the amount of opine forming 

tissue. It is possible, too, that the physical characteristics of the tumors parenchymal cells 
with extensive intercellular spaces provide a good habitat for the bacteria.  
 

Early studies of the mechanism of "transformation" demonstrated that tumorous tissue 

remained transformed even in the absence of infecting bacteria. (The bacteria could be 

removed with antibiotics such as penicillin.). 
Molecular Biology of Agrobacterium Infection - The molecular mechanisms involved in 

Agrobacterium infection of plant cells became known only during 1980’s. The process of 

infection by A. tumefaciens culminates in the transfer of a small part of pTi into the plant 

cell genome; this DNA sequence is celled T-DNA (transferred DNA).  

 

The infection process is governed by both chromosomal and plasmid-borne genes of A. 

tumefaciens. Infection begins when Agrobacterium cells become attached to plant cells; this 

step determines the host range of bacterium, is a function of host-parasite interaction, and is 

governed by bacterial chromosomal genes, generally the chv 

(chromosomalvirulence)genes.chromosomal genes are expressed constitutively, i.e., 

expressed in all bacterial cells at all the times. 

Crown Gall-Crown gall, a disease of roots and stems, occurs on a large number of plants. In 

Washington, it is probably most serious on cherries, apples, and a few other tree fruits. It is 

also a problem on roses and several other ornamental trees and shrubs. Crown gall and the 

very similar cane gall also affect raspberries and blackberries. 

  
Large woody galls at soil line give name to crown gall. 

The name describes the rough galls that develop at the crown--the point at the soil line where 
the main roots join the stem. Often many similar galls will be found on the secondary or 
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lateral roots. Galls may form on the main stem or branches some distance up from the soil 
line. 

Galls vary considerably in size from 1/4 inch to a foot or more in diameter, with the majority 
being a few inches across. Young galls are soft on the surface and have a light, tan-colored, 
frosty appearance. As the galls become older, they grow darker, turning almost black, and 
usually are hard and woody. 

There often is no visible effect on the plant other than the galls, but when galls are numerous 
or a large gall has girdled the stem, the plant may become stunted and sickly, with small, red 
or yellow leaves. Top symptoms alone are inconclusive, but the presence of galls confirms 
the identity of the disease. 

Crown gall is caused by the bacterium, Agrobacterium tumefaciens. Cane gall of brambles is 
caused by a closely related bacterium, Agrobacterium rubi. Some scientists consider both 
species to be widely distributed in soil. The organisms are capable of surviving in soil for at 
least a year and possibly longer. 

The bacteria can enter the plant only through wounds, and much infection in nurseries is 
through grafting and budding scars. Mechanical injuries of crown and roots by cultivation 
equipment, animals, and insects are also important entry points. 

Crown gall is best controlled in orchard and ornamental trees by elimination of infected trees 
from the nursery. Plants having suspicious swellings at graft unions or near the soil line 
should be discarded. 

Nursery soil in which crown gall has occurred may be treated with a suitable fumigant, such 
as chloropicrin or methyl bromide. Growing a nonsusceptible crop, such as grass, for three 
years will almost eliminate the organism from the soil. 

Sterilizing the grafting and budding tools in a disinfectant solution of 20 percent commercial 
bleach or a 1/2 percent solution of potassium permanganate will reduce the spread of bacteria 
in budding and grafting operations. 

Painting the galls of tree fruits and nuts with Gallex has helped reduce the incidence of 
crown gall. Gallex is registered for commercial use in Washington State. Follow 
manufacturer's directions for use. 

Biological control is available for a number of fruit and ornamental crops. This method 
involves inoculating newly grafted, recently lifted transplants or cuttings with a bacterium 
that is closely related to the one causing crown gall. This prevents the crown gall bacterium 
from infecting wounds on the plant. Cultures of this competing bacterium are marketed 
under the trade name Galltrol. Galltrol is registered for commercial use in Washington State 
and can be used on non-food and non-bearing crops. 
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 Nopaline 

Properties of Crowngall Cells – Infection by A. tumefaciens produces tumour like growth 
from which roots and/or shoots may sometimes be produced. But infection by A. rhizogenes 
gives rise to 'hairy roots', which may often show negative geotropism; in some species, 
shoots may regenerate from the roots giving rise to complete plants.  
 
Both hairy root and crowngall cells (free of Agrobacterium cells) are capable of growing in 
culture on a growth regulator (GR)-free medium, while normal plant cells need exogenous 
auxin and or cytokinin. Thus these plant cells have undergone cancerous or oncogenic 
alteration; they generally induce tumour when grafted onto a healthy plant. 
 
The crowngall and hairy root cells also synthesize unique nitrogenous compounds called 
opines, which are neither produced by normal plant cells nor utilized by them. 
Agrobacterium cells use opines as their carbon and nitrogen source; the bacteria are usually 
present in the intercellular spaces of crown galls. The crowngall cells continue to produce 
opines even when they are cultured in vitro; even the plants regenerated from these cells 
produce them. 
 

There are different types of opine; the type of opine produced by a crowngall depends on the 

bacterial strains (more specifically on the Agrobacterium plasmid) producing the crowngall. 
A. tumefaciens strains generally produce octopine or nopaline, while those of A. rhizogenes 

produce either agropine or mannopine.  
 
A bacterial strain produces only one type of opine, and it also catabolizes only that opine; the 

concerned genes are present in its pTi or pRi. These plasmids also carry genes for IAA and 

cytokinin production, which is the reason for indefinite growth of crowngall cells on a GR-

free culture medium. 

T-DNA –T -DNA is the transferred DNA or transforming DNA of the Ti plasmid. The first 

evidence indicating that Ti plasmids were involved in a gene transfer system resulted from a 

genetic analysis of Ti plasmid functions. Direct evidence for such a transfer was obtained 
first by renaturation kinetics analysis. 

 

A more precise picture resulted from DNA/DNA hybridization using the Southern gel 
blotting technique. Southern blotting analysis of octopine and nopaline tumor lines 
demonstrated that a well-defined part of both Ti plasmids is transferred and stably 

maintained in plant cells.  
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Copies of T-DNA segment were found covalently integrated into the DNA of tumor cells. 

Both the octopine and the nopaline T-region contain a central core of about 9 kb homology. 
The T-DNA has one property in common with bacterial and eukaryotic transposons as it 

moves as a discrete unit of DNA with the capacity to integrate in nonhomologous DNA. 
 

How the T-region is inserted into the nuclear plant genome is still obscure. It is not known 
whether integration is the result of plant or Ti plasmid-specified functions, but it is likely that 

both are involved. The fact that plant cells are only conditioned for transformation in the S-

phase before cell division might indicate the easier transfer of DNA to the nuclear DNA in 
the absence of the nuclear membrane. 
Moreover, the gradual transformation and temperature sensitivity during the first 24-28 hours 

after infection might be related to the transfer (amplification) and subsequent stabilization of 

the , T -DNA by integration. 

 
Integration of the T-region in the plant DNA is not always accompanied by T-region end 

rearrangements, replication in scattered repeats, or by tandem array organization; T-

DNA/plant junctions have been found without rearrangements of the ends, such as the right 
nopaline T-DNA borders. 

 

The manner of integration with or without replication of the ends (or of the whole T-DNA), 

might reflect the different stages of cell division of competent plant cells. 

Transfer of T-DNA into plant cell 

 

A: Agrobacterium tumefaciens 
B: Agrobacterium genome 
C: Ti Plasmid  : a: T-DNA , b: Vir genes , c: Replication origin , d: Opines catabolism genes 
D: Plant cell 
E: Mitochondria 
F: Chloroplast 
G: Nucleus 

The T-DNA must be cut out of the circular plasmid. A VirD1/D2 complex nicks the DNA at 
the left and right border sequences. The VirD2 protein is covalently attached to the 5' end. 

http://en.wikipedia.org/wiki/File:Transfection_by_Agrobacterium.svg
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VirD2 contains a motif that leads to the nucleoprotein complex being targeted to the type IV 
secretion system (T4SS). 

In the cytoplasm of the recipient cell, the T-DNA complex becomes coated with VirE2 
proteins, which are exported through the T4SS independently from the T-DNA 
complex. Nuclear localization signals, or NLS, located on the VirE2 and VirD2 are 
recognised by the importin alpha protein, which then associates with importin beta and 
the nuclear pore complex to transfer the T-DNA into the nucleus. VIP1 also appears to be an 
important protein in the process, possibly acting as an adapter to bring the VirE2 to the 
importin. Once inside the nucleus, VIP2 may target the T-DNA to areas of chromatin that are 
being actively transcribed, so that the T-DNA can integrate into the host genome. 

When integrated into the plant genome, the genes on the T-DNA code for: 

 production of cytokinins 
 production of indoleacetic acid 
 synthesis and release of novel plant metabolites - the opines and agrocinopines. 

Functional Organization of T-DNA – 

 To study the detailed functional organization of both the octopine and the nopaline T-region, 

transposons Tn3 and Tn5 were introduced into isolated DNA fragments derived from the T-

region and substituted in the Ti plasmid by in vivorecombination. 

 

Specific deletions, removing one or more T-DNA transcripts, have been constructed for both 

octopine and nopaline T-DNA. These specific mutations and deletions can therefore be used 

to study the functions of some transcripts. Several mutant Ti plasmids are apparently 

avirulent on some plants, but on Kalanchoe and tobacco the mutations mainly change tumor 
morphology. Other mutations result in the loss of opine synthesis. Some mutations resulting 

in the inactivation of the mapped transcripts have no obvious phenotype. 
 

Remarkably, all T -DNA functions shown to affect the tumor phenotype (and also host 

range) are located in the "common" T-DNA segment. Instead of undifferentiated octopine 

tumors, the mutant octopine tumors show root or shoot proliferation from the callus. Six 
different well defined transcripts have been derived from this common region of octopine 

and nopaline T ON As (viz., 5, 2, 1, 4, 6a, and 6b). 
Inactivation of transcript 4 results in root formation from the tumor on Kalanchoe stems but 

renders the plasmid avirulent on Kalanchoe leaves. The product of this gene must therefore 
prevent root formation and can thus be compared to the effect obtained with normal plant 
tissue by increasing cytokinin concentrations or lowering the auxincontent. 

 

The two transcripts 1 and 2 prevent shoot formation by both normal and transformed plant 

http://en.wikipedia.org/wiki/Sequence_motif
http://en.wikipedia.org/wiki/Nuclear_localization_signal
http://en.wikipedia.org/wiki/Nuclear_pore_complex
http://en.wikipedia.org/wiki/Cell_nucleus
http://en.wikipedia.org/wiki/Chromatin
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cells. The effect of these genes might be analogous to raising auxin or lowering cytokinin 

levels. Transcript 5 might inhibit the organization of transformed cells in teratoma.  

Transcripts 6a and 6b mainly affect tumor size. Agropine type tumors do not contain the 
homology to transcripts 6a and 6b but based on the presence of homologous DNA, should 

have the transcripts 5, 2, 1, and 4 in common with the octopine and nopaline tumors. 

 

The rhizogenes root cultures contain only homology between the gene for transcript 1 and 

the octopine T-DNA, Octopine type II plasmids have very little homology with these 
common genes, although homologous DNA was detected at low stringency in the region of 

the transcript. 

 

It has been inferred that none of the T -DNA transcripts are essential for the transfer of T-
DNA segments into the plant genome. Opines were synthesized at the wounds infected with 

any of the Ti plasmid mutants tested, including those unable to induce a tumorous 

phenotype. This indicates that all the T-region mutants can still transfer the T-DNA genes.  

No single gene is absolutely necessary for tumor formation, perhaps because the common 

genes work cooperatively and synergistically. This may be illustrated best by the observation 

that mutant containing deletions of the genes for either transcripts 5, 7, 2, and 1 or 4: are able 
to induce tumors while deletions of all transcripts are not. 

 

The T-DNA may playa role in the production of phytohormones by the transformed plant 

cells, either directly, i.e., through the synthesis of auxins and/or cytokinins, or indirectly, i.e., 

through interaction with the plant biosynthetic pathways. 

Root-forming tumors, brought about by inactivation of transcript 4 in both octopine and 

nopaline Ti plasmids, no longer' produced roots when complemented by the external addition 
of cytokinins. This could be explained if the cytokinin content were lower in these tumors 

compared to wild type tumors; moreover, extra cytokinins stimulate cell growth in tissue 

culture. 
 

These mutant Ti plasmids resemble in many ways the Ri plasmids, which either induce 

unorganized tumors or proliferating roots, depending on the host plant. Hairy-root tissue 

contains agropine, indicating stable transformation of the differentiated tissue.  
 

Notwithstanding the remarkable correlations between the effects pf genes 1 and 2 and the 

similar effects of exogenous auxins on the one hand, and of gene 4 and the similar effect of 

exogenous cytokinins on the other', it should be pointed out that there is as yet no formal 
proof that these genes are directly involved in the formation of these plant growth factors. 

 

As described above, the T-DNA-containing tumor lines have different morphogenic 
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phenotypes, either producing defective shoots (teratomas) or roots (hairy-root) or 

undifferentiated tumors, depending on the type of inciting Ti plasmid and host plant cell.  
 

Experiments have shown that the expression of T-DNA functions can be controlled either at 
the gene transcription level or controlled epigenetically. T-DNA linked genes go through 
meiosis as a Mendelian genetic trait. It was found by genomic hybridizations that the shoot 

derived from transformed plants retained only the T -DNA segment corresponding to the 

transcript, i.e., octopine synthase, while the tumors at least the majority of the cells contained 

the whole T-DNA stretch with the inserted Tn. 
 

It still has to be demonstrated whether those T-DNA deletions occur during the induction 

phase or subsequent to T-DNA integration in the plant genome. Either case may have 

implications for plant genetic engineering.  

 

If deletion occurs during the induction phase of transformation, this means that the octopine 

synthase gene can be transferred by itself and be stably incorporated into the plant genome. 

Organisation of T-DNA –T-DNA (transferred DNA) is that Ca. 23 kb segment of Ti/Ri 

plasmids, which is transferred into the plant genome during Agrobacterium infection. T-

DNA is defined on both its sides by a 24 bp direct repeat border sequence, and contains the 

genes for tumour/hairy root induction and those for opine biosynthesis. pTi has three genes, 

which are involved in crowngall formation. 

 

Two of these genes encode enzymes, which together convert trypophan into IAA (indole, 3 - 

acetic acid). A deletion of these two genes produces shooty crowngalls; therefore, the locus 
was earlier called shooty locus.  

 
The third gene, ipt, encodes an enzyme which produces the zeatin type cytokinin isopentenyl 

adenine. A deletion or abolition of ipt results in rooty crowngalls; as a result, it was earlier 

designated as rooty locus. In addition, genes involved in opine biosynthesis are located near 
the right border of T-DNA. 

he T-DNA is organised in two distinct regions called TL (left T-DNA) and TR (right T-

DNA). In case of nopaline type of plasmids, both TL and TR are always transferred together 
and integrated into the plant genome as a single segment. But in case of octopine type of 

plasmids, the TL and TR are transferred independently so that a single cell may contain one 

or both of these segments. 

 
All tumours produced by octopine type pTi contain TL, but they mayor may not contain TR. 

All the genes present in T-DNA contain eukaryotic regulatory sequences. As a result, these 

genes are expressed only in plant cells, and they are not expressed in the Agrobacterium.  
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The gene ipt determines whether a given Agrobacterium strain has narrow or broad host 
range. All broad host range strains have a functional ipt gene, while those lacking functional 

ipt have narrow host range. 
Transfer of TDNA – T-DNA transfer is brought about by the vir region. The vir region is 
activated by the phenolic signal molecules acetosyringone and α-hydroxyacetosyringone, 

which are produced by wounded tissues of virtually all dicot plant species, and constitute the 

wound response.  

 
These molecules bind to the virA gene product, the VirA protein. The VirA acts as a receptor 

for these signal molecules and becomes activated due to their binding to it. The activated 

VirA functions as an autokinase and phosphorylates itself. The phosphorylated VirA then 

phosphorylates Vir G protein, which then, possibly, dimerises and induces the expression of 

all the 8 vir operons.  

 

Thus the signal phenolic molecules bind to VirA protein which then phosphorylates itself 

and Vir G protein, a DNA binding protein. Phosphorylated Vir G dimerises, and induces the 

transcription of all the 8 vir operons. Vir D 1 protein has topoisomerase activity; it binds to 

the right border sequence and relaxes supercoiling, which facilitates the action of protein 

VirD2. VirD2 is an endonuclease; it nicks at the right border and covalently binds (and 

remains bound during the T-DNA transfer) to the 5'-end so generated. 

The 3'-end produced at the site of nick serves as a primer for DNA synthesis; as a result, the 

T-DNA strand is displaced from the DNA duplex.  

The T-DNA strand is again nicked at the left border to generate a single-strand copy of T-

DNA.  

VirE2 protein is a single-strand binding protein; about 600 copies of it bind to the single-

strand T-DNA and protect it from nuclease action.  
 

Operon vir B has 11 genes, which encode mostly membrane bound proteins. Most likely Vir 

B proteins, together with VirD4 protein, participate in conjugal tube formation between the 

bacterial and plant cells, which provides a channel for T-DNA transfer. Vir B 11 has ATPase 
activity and generates energy needed for the delivery of T-DNA into the plant cells.  

 

The endonuclease VirD2, which nicks the right border and remains covalently bound to the 
5' end of the single-strand T-DNA copy, has a signal sequence, which drives it towards the 
nucleus of the transformed plant cell (after the delivery of T DNA into the plant cell). The T-
DNA most likely enters the nucleus through nuclear pore complex. 

T DNA Transfer Process- An early event in the T-DNA: transfer process is the nicking of 
Ti plasmid at two specific sites, each between the third and fourth base of the bottom strand 
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of each 25bp repeat. This initiates DNA synthesis from the nick in the right hand 25bp repeat 

sequence in 5' - 3' direction, thus is displacing a single T-DNA strand.  
 

This T-DNA single strand forms a complex with protein Vir E and gets transported to the 
plant nucleus. The vir D operon encodes an endonuclease that produces the nicks in the 
border sequences.  

Several gene products of the vir B operon have been identified in the bacterial envelope, a 

location, which suggests that they may playa role in directing T -DNA transfer 

extracellularly.  
 

The functions of several other vir gene products are largely unknown.Apart from the role of 

Ti plasmid, the genes located on Agrobacterium chromosome also help in virulence. 

 

These genes are involved in the synthesis and secretion of glucons, cellulose fibrils and cell 

surface proteins. 

 These loci are constitutively expressed and are also found in other soil bacteria associated 

with higher plants. 

 
Thus, these loci playa more general role in the virulence of Agrobacterium, and thus also in 

the Agrobacterium mediated gene transfer. 

 

Expression of T-DNA Genes –  

If the T-DNA contains structural genes whose protein products are responsible for the 
tumorous properties of infected plant cells, both nuclei and polyribosomes would be 
expected to contain RNA sequences which are complementary to the T-DNA.  
 
The first positive evidence that the T-DNA is transcribed within the plant cell was reported 
by Drummond et al. (1977) who demonstrated that total RNA from crown gall cells 
hybridizes to a specific fragment of the Ti plasmid. Curely et al. (1979) found that the right 
part of the octopine T -DNA is transcribed most actively.  

A more detailed study was performed by Willmitzer et al. (1980) who compared nuclear 
RNA with the poly (A+) polysomal RNA fraction. Labeled RNA from both sources was 
hybridized to Southern blots of the T-region fragments. 
 
It was shown that the octopine T-DNA is transcribed over its entire length without major 
differences between nuclear and polysomal RNA distribution. The opine synthesis genes at 
the right end are transcribed most actively. The transcription is host-RNA-polymerase-II 
directed since the T-DNA      transcription is inhibited by low concentrations of a-amanitin 
(0.7 μg/ml). 



129 

 

 

The opine synthase gene is expressed in callus or suspension cells and in differentiated 

tissues of stem, roots, and leaves, and appears to have a constitutive promoter. T -DNA-
specific transcripts, isolated by selective hybridization, are translationally active in wheat 

germ extracts. 

 
The majority of T-DNA mRNAs are capped Four different proteins could be demonstrated 

above the background, one of which corresponds with octopine synthase as the in vitro 

translation product is specifically immunoprecipitated by octopine synthase specific 

antibodies.  

   

Ti Plasmid -  

 

Tumor induction, the induction of opine synthesis, and the capacity to metabolize opines, all 

depend on the presence of Ti. plasmid in the respective bacteria. Ti plasmids are circular 
DNA molecules with molecular weights of about 1.2 x1 08 (3 to 5% of the 'Agrobacterium 

chromosomes'); they exist in the bacterial cells as independent replicating genetic units. They 

are classified according to the type of the opine they produce.  

 

Most are either octopine or nopaline plasmids. A. tumefaciens cells harbor only one sort of 

Ti plasmid, either a nopaline or an octopine. The base sequences of the two plasmid DNAs 

are not closely related except for four regions of extensive homology, one of which includes 
the genes responsible for crown gall transformation. 
This suggests that the nopaline and octopine plasmids may have diverse evolutionary 

histories. The encoded functions of Ti plasmid are listed. Avirulent bacteria (unable to elicit 

crown galls on susceptible plants) do not carry a Ti plasmid. 
 

Transfer of the plasmid from a virulent to an avirulent strain results in that strain becoming 

virulent; moreover, it can now utilize the specific opine which it initiates and which is 

produced in the crown gall tissue. The ability of virulent strains to transfer the Ti plasmid is 

found to be dependent on the presence of the particular opine encoded by that plasmid. 
 

Some Ti plasmid mutants have been reported. They fall into three major classes. One class 
fails to synthesize opines but can still induce galls; a second is no longer able to induce 

tumors; the third causes normal cells in the vicinity of the tumor cells to undergo 
differentiation, for example, excessive proliferation of roots or shoots. 
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The classic octopine type plasmids (Type I) direct the synthesis of both octopine and 

agropine in the transformed plant cells; these are respec tively an arginine-pyruvic acid 
condensation product and a carbohydrate derivative. A third opine, mannopine, is found 

together with agropine and is presumed to be the open chain precursor in the agropine 
synthesis pathway. 
 

Octopine and agropine catabolism is also genetically linked to the Ti plasmid. All natural 

isolates are closely related and show nearly 100% DNA homology. On Kalanchoe there 

plasmids induce rough tumors with adventitious roots. 
 

A second group of octopine Ti plasmids (type II) has been found to direct the synthesis of 

octopine only; these Ti plasmids are commonly referred to as narrow host range Ti plasmids 

since they 'induce tumors efficiently only on the grapevine. These plasmids share a low 

percentage of DNA homology with the octopine-type I Ti plasmids.  

However, it is remarkable that the genetically and physically completely distinct genes 

coding for octopine synthesis in tumor cells and for octopine catabolism in bacteria are both 

very well conserved between these divergent Ti plasmids. 

 

The nopaline Ti plasmids specify the synthesis of nopaline in crown gall cells, nopaline 

being the condensation product between arginine and a-ketoglutaric acid. Other opines found 

in nopaline tumors are agrocinopine A and 8, both sugar-phosphate derivatives.  

 

Nopaline and agrocinopine are catabolized by Ti plasmid linked operons. The nopaline type 

plasmids are a more heterogeneous group, though heteroduplex mapping shows that 
heterogenicity is mainly restricted to one contiguous part of the Ti plasmid with large 

insertion and/or deletion loops. 
On Kalanchoe these nopaline Ti plasmids induce smooth tumors which frequently develop 

into teratomas with leaf-like structures. The agropine Ti plasmids (formerly referred to as 

null type plasmids) have the opine agropine and mannopine in common with the octopine 
type I Ti plasmids. 

 

They also specify the synthesis of agrocinopines C and D, which are structurally related to 

agrocinopines A and 8. Aside from the common agropine catabolism and synthesis of genes, 
the agropine Ti plasmids show no more homology with the octopine Ti plasmids than with 
the nopaline. The agropine Ti plasmids induce rough tumors without adventitious root 

proliferation on Kalanchoe. 

The rhizogenes Ri plasmids have been considered a different class of Agrobacterium 

plasmid, mainly because of their hairy root induction, which seemingly differs from the 

undifferentiated neoplasmas or teratoma. However, there are indications that the Ri plasmids 
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are not only functionally but also phylogenetically related to the other type of Ti plasmids. 

 
Agrobacterium rhizogenes has a more restricted host range than A. tumefaciens and the 

tumors induced on Nicotiana glauca by the rhizogenes plasmid ATCC15834 contain both 
agropine and mannopine, the same related opines found in octopine type I and in agropine 
tumors. Moreover, agrocinopines similar to the ones found in nopaline tumors have also 

been demonstrated in the root cultures. 

 

In a detailed study of the homology regions between octopines and nopaline Ti plasmids, 
four major regions of homology were recognized. These are often interrupted by asymmetric 

substitutions. Two of the homology stretches are involved in oncogenicity; one corresponds 

to the replication control region and the other encodes conjugative functions. 

 

The so-called "common" DNA, is a 9 kb DNA sequence, internal to the T-DNA stretch 

found in octopine as well as in nopaline tumors. This "common" DNA is responsible for the 

tumorous phenotype. Mutations in this region result in attenuated Ti plasmids (reduced plant 

host range and tumor formation and/or slow tumor growth) or in induction of 

morphologically different tumors forming shoots or roots. 

 

Ti Plasmid Encoded Functions - 

-Crown gall tumor induction 

-Specificity of opine synthesis in the transformed plant cell 

-Catabolism of specific opines 

-Agrocin sensitivity 

-Conjugative transfer of Ti plasmid 

-Catabolism of arginine and ornithine 

 

Plasmids – 

 Plasmids are autonomously replicating, extrachromosomal, covalently closed circular DNA 

molecules, which are present in prokaryotes. A plasmid can replicate when the chromosome 

is not in replication mode and when it is synthesizing proteins. As the chromosome and 
plasmids are not under the control of each other, plasmids are called as autonomously 

replicating, extrachromosomal elements.  

Plasmids originally found in nature have been modified, shortened and reconstructed to 

enhance their ability either for general purposes or to suit (fulfill) particular experimental 

designs, literally for using with different types of host cells. 
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An ideal plasmid vector for molecular cloning must have minimum amount of DNA, 
replicate in a relaxed manner rather than in stringent mode to ensure a good yield of DNA, 

contain at least two selectable markers and have only single recognition site for restriction 
enzyme. 
 

The last specification permits cleavage of the circle at a unique site for ligation to the insert 

segment. For maximum convenience in selection, the unique restriction site should be within 

one of the two selectable marker genes. It cannot interrupt sequences that are essential for 
plasmid maintenance. 

 

Vectors that approach such features have been constructed from naturally occurring DNA 

molecules using both, classical genetics and recombinant DNA techniques. 

 

Classification of Plasmids - Based upon the number of copies per cell, plasmids are 
classified into two types. 
 
1. Stringent plasmids 

These plasmids exist in small numbers, i.e. <100 copies/cell. Stringent plasmid is under the 
control of bacterial genome for replication and segregation. Generally, conjunctive plasmids 
are mostly stringent plasmids. 

2. Relaxed plasmids  
These plasmids exist in large numbers, i.e., > 100 copies/cell. Relaxed plasmid is not under 

the control of bacterial genome for replication and segregation. Generally, relaxed plasmids 

are of low molecular weight and most of them are of the non conjugative type. 

 

The most widely used method to find the copy number of the plasmid is to estimate the 
amount of enzyme encoded by genes present in the plasmid. For example, J3-lactamase 

activity can be measured if the plasmid specifies ampicillin resistance. 

 
Sometimes plasmids are also classified into compatible groups, based upon plasmid 

incompatibility. Plasmid incompatibility is the inability of two different plasmids to co exist 
in the same cell in the absence of selection pressure. But this method is not widely used. 

 

Charcteristics of Plasmids –  

1. It should be small (40 kb), supercoiled, covalently closed circular (CCC) DNA and exist 
as an extrachromosomal element. 
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2. It should carry a multiple cloning site or polycloning   region for insertion of the gene of 
interest. 
 
3. It should possess atleast two selectable markers one of which may be an antibiotic 
resistance gene. 

 4. It should be present in large numbers per cell. 
 
5. It must have an origin of replication. 
 
6. It mayor may not contain a promoter to express the gene of interest. 
 
Plasmids are classified into various groups based upon various characteristics. 
 
Based upon the ability to take part in conjugation, plasmids are of two types. Conjugative 
plasmids are those which take part in conjugation. They have tra genes which help in 
conjugation, e.g. P. Plasmids which lack them are called as non conjugative plasmid, e.g. 
pBR 322. 
 

T-DNA Plasmid –  

Plants do not have plasmids indigenous to them as yeasts do. Hence, bacterial plasmids, 
which can transfer DNA to plants were developed. The best developed plasmid based vector 
to transfer DNA into the plant is Ti plasmid. Ti plasmids occur naturally in gram negative 
bacteria called Agrobacterium tumefaciens. 
 
Ti-plasmid is 2.5 kb in size with unique regions called A,B,C and D. Regions 13 and C are 
involved in plasmid replication. D region is involved in the transfer of DNA from the 
plasmid into plant. This region of D is 40 kb in length and is referred to as the virulence 
region. 
vir genes always transfer a fixed region from the plasmid to the plant cell. Such region is 
called as T-DNA or transfer DNA. T-DNA is 13-25 kb in length and codes for tumour 
inducing proteins. T - DNA integrates into host genome at random sites without any 
specificity. These cells are transformed and produce a tumour called a "crown gall". 
 
T-DNA codes for 3 proteins, 2 of them are responsible for the synthesis of auxin and 
cytokinin. The other protein directs the synthesis of unusual amino acids or sugar derivatives 
called as opines. Opines are not synthesized by untransformed cells. 
 
Ti-plasmids are classified into two types based upon whether they produce octopine or 
nepaline. Ti-plasmid thus provides bacteria with two important resources a source of 
metabolite and the means to use that metabolite as a source of energy. 
Ti-plasmids are remarkable because they stand as examples for the insertion of prokaryotic 
gene into a eukaryotic genome. The plasmid looks like a natural chimeric as it contains two 
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sets of genes, one active in bacteria and the other in plant.  
 
The genes in the T - DNA segment are associated with transcription control signals that 
operate in plants while those in the remainder of the plasmid are under the control of 
bacterial promoters. 
 
T - DNA transfer is remarkable from the point of view of interkingdom gene transfer. 
Although T - DNA is transferred, it has no role in the transfer mechanism. T - DNA region in 
both Ti and Ri plasmids are flanked by almost perfect 25 base pair direct repeat sequences.  
 
Especially the right hand 25' bp sequence is compulsorily required for T - DNA transfer as 
they function in a ds-acting manner. Any DNA sequence could be transferred to plant cells 
as long as it is flanked by the 25 bp repeat sequence in correct order by vir genes. 
 

Technique of Transferring Plant Gene Using Ti Plasmid -   

The simplest way to introduce T -DNA into plant cells is to infect them with A. tumefaciens 
containing the appropriate Ti plasmid and let nature do the rest. Therefore, we need to be 
able to insert desired genes into the T-regions of Ti plasmids. 
 
Since the Ti plasmid is very large (up to 235 kbp), it is not feasible to modify it directly; 
hence it is useful to perform all manipulations on an excised piece of DNA including the T-
DNA and then use in vivo recombination to swap the engineered T-DNA for its normal 
version in an intact Ti plasmid. The strategy developed is as follows. 

First, the T-region is cut out of a Ti plasmid with restriction enzymes and introduced into one 
of the standard cloning vector plasmids that are used with E. coli. Large amounts of the 
vector carrying the T -DNA can be grown in E. coli and then isolated. 
 
The next step is to use restriction enzymes and recombinant DNA techniques to insert a 
particular gene into the T-DNA. This hybrid, containing the T-DNA and the gene inserted 
into it, can be grown in large amounts in E. coli and then introduced into A. tumefaciens 
cells containing the corresponding entire Ti plasmid. 
Homologous genetic recombination between the T-DNA segment of the native Ti plasmid 
and the cloned T-DNA segment carrying the foreign gene results in transfer of engineered T-
DNA to the Ti plasmid and the displacement of its normal T-DNA. The outcome is A. 
tumefaciens with a Ti plasmid whose T region carries the desired foreign gene. 
 
The last step is to infect plants with these engineered A. tumefaciens bacteria. The crown 
gall cells that result will be transformed by the T-DNA carrying the foreign gene and the 
goal of introducing a desired gene into plant cells thereby achieved. 
Three general methods are available for obtaining Agrobacterium transformed plant tissue. 
In one, plants are grown under aseptic conditions and the stem wounded. The wounded tissue 
is inoculated with the cells of A. tumefaciens by means of a syringe. The tumors that develop 
can be removed and cultured on hormone free agar on which the transformed cells can grow. 
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The second method is called cocultivation. Protoplasts lacking cell walls are first produced 
by dissolving the cell wall enzymatically. The protoplasts are then allowed to remain for 
about two days so that cell walls begin to form. At this stage (usually between 36-48 h) A. 
tumefaciens suspension is added. Some of the cells undergo transformation during the next 
few days of cocultivation. 
Then adding antibiotics, the bacterial cells are killed and the plant cells can be grown as 
callus on hormone free agar medium. The third method is called the leaf disk method in 
which large pieces are cut and incubated with Agrobacterium so that wounded cells at the cut 
edges become genetically transformed, as above Agrobacterium tumefaciens has also been 
shown to transform chloroplasts. 
 
The usual method to transform plant cells with T -DNA is to paint agrobacteria that harbor 
Ti plasmids on a wound made in a plant shoot. However, with improvements in techniques 
for plant cells and protoplast culture, an often more convenient method that allows infection 
and transformation in vitro has been devised. 
Leaf cells are removed from plants, converted to protoplasts and put into culture. At this 
stage, when the protoplasts have just regenerated a cell wall and begun to divide, the culture 
is infected with Agrobacterium and left for several hours. Antibiotics are then added to kill 
the bacteria and the cells are grown in a medium containing plant hormones for a few weeks 
until they have formed small calli.  
 
At this stage, the medium is changed to one lacking plant hormones. Only the transformed 
cells will continue to survive and multiply. The transformed cells can then be tested for the 
presence of T-DNA or its hallmark, the synthesis of opines. Sometimes cells from such 
cultures spontaneously regenerate into shoots or plants carrying T -DNA and making opines. 
 
With a much lower efficiency, it is also possible to transform protoplasts directly with Ti 
plasmid DNA. Freshly prepared protoplasts are exposed to plasmid DNA in a medium 
containing polyethylene glycol and Ca++ ions-essentially the same medium used to induce 
protoplast fusion. T-DNA is taken up by the protoplasts, which are then cultured in a 
medium with plant hormones to allow regeneration of cell walls and cell division. 
 
After a few weeks, when calli have developed, the medium is replaced with one lacking 
plant hormones. Only the transformed cells will survive and continue to multiply. The fact 
that protoplasts can be transformed by pure T-DNA proves that agrobacteria are not essential 
for transformation. Their role is solely that of a vector to bring T-DNA into plant cells. 
 
The latest advance in the use of T-DNA as a vector for introducing genes into plants is the 
use of specific plant promoters to express the transferred genes. The Ti plasmid gene that 
codes for nopaline synthetase is isolated and sequenced and its promoter/ region is identified. 
 
The structural gene for octopine synthetase is cloned downstream from this promoter and 
these hybrid genes are introduced into plant cells. These genes are found to be expressed in 
plant cells under the control of the nopaline synthetase promoter. 
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A glimmer of hope has been provided by the discovery that A. tumefaciens can transfer its 
T-DNA into certain monocots, resulting in expression of the opine gene within the plant cells 
but without inducing tumor formation. 
 
If the T-DNA becomes integrated into the plant chromosomal DNA, and if similar results 
can be obtained using cereals, then the Ti plasmid will be even more suited to the 
transformation of monocots than dicots, since there seems to be no need to disarm the one 
gene when infecting monocots. 
 
When we introduce novel DNA sequences into plants, the quantity of the novel protein 
produced will depend on the rates of transcription and translation and the stability of mRNA 
and the synthesized protein. 
 
Studies on vector construction have identified strong promoters that control the function of 
certain genes. For gene transfer and expression, not only the genes but also their promoter 
sequences have to be identified, isolated, and transferred. 
 
For tobacco, petunia and other members of Solanaceae, transformed calluses and 
transformed plants regenerated from such calluses can also be obtained by cocultivating 
protoplast-derived cells with A. tumefaciens. 
 
Agrobacterium can be used to transfer foreign genes into the nuclei of maize cells. The 
bacterium inserts a part of its own DNA into the nuclei of cells it infects so as to force the 
cells to synthesize food materials on which the bacterium feeds. To achieve such gene 
transfer, the genes of the maize streak virus (which infects maize cells) are inserted into that 
part of Agrobacterium DNA which is naturally integrated into plant cell nuclei. 
 
The maize plants are then inoculated with agrobacterial cells which have been so treated. 
Studies have shown that the plants become infected with the virus. The fact that the plants 
develop viral symptoms proves that the viral genes do integrate into the host cell nuclei with 
the bacterial DNA. 
 
Of course the above experiment is of no direct commercial value but it nevertheless shows 
that a procedure has been standardized which may be used to insert useful genes such as 
those for resistance to insect pests or to herbicides into the viral DNA before inserting it into 
the bacterial DNA and inoculating the plants. 
 
The idea in this approach is to use viral infection as a kind of tracer or marker, to show that 
foreign genes have become integrated into the maize cell nuclei.Although it is possible to 
readily isolate protoplasts from cereals and these protoplasts can also be induced to 
regenerate new cell walls and to divide repeatedly to form a callus, as yet there is no 
evidence that such cereal protoplast derived cells can produce transformed calluses after 
cocultivation with A. tumefaciens. 
 
Failures to achieve Agrobacterium induced transformation in cereals have stimulated trials of 
other alternatives.Some alternative methods include direct uptake of DNA, fusion of 
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bacterial protoplasts with plant cell protoplasts, liposome mediated DNA delivery, and 
microinjection of DNA into the cells. 
Ti Plasmid without Tumorgenic Genes -  The disadvantage of Ti plasmid as a vector is its 
tumorigenic property. This problem is overcome by constructing a T-DNA that does not 
contain the tumorigenic genes. 
 
Such a T-DNA has been constructed and cloned by at least three research groups. 
 
One small plasmid created by Horsch and colleagues (1984) at the Monsanto Company 
(Murphy and Thompson, 1988), contains a T-DNA with a nopaline synthetase gene and the 
right hand border sequence of T-DNA that is essential for integration. 
 
It also has a segment of DNA that is the same in nopaline type and octopine-type Ti 
plasmids; this segment allows insertion of the new T -DNA into an octopine type Ti plasmid 
by recombination. 
It contains a gene for resistance to streptomycin that aids in selecting the hybrid plasmids 
that contain the new T-DNA. Finally, it has a gene for neomycin phosphotransferase II. This 
gene makes the plant cells resistant to the antibiotic kanamycin. The kanamycin resistance 
trait can be used for selection of transformed plant cells. 
 
In their 1984 study Horsch and his colleagues infected an A. tumefaciens strain with an 
octopine type Ti plasmid with the small plasmid containing the new T-DNA. This plasmid 
was not stable unless it recombined with the Ti plasmid; so a selection for streptomycin 
resistance picked out recombinants. 
 
The recombinants had Ti plasmids with one left hand and two right hand border sequences. 
When these plasmids infected Nicotiana plumbaginifolia cells, at least some of the infections 
resulted in the transfer of only the new T-DNA genes to the plant genomes. Colonies of such 
cells could be identified by their resistance to kanamycin and their ability to regenerate 
plants. 
 
Non transformed cells were not resistant to kanamycin and cells that received a larger T-
DNA sequence, including the tumorigenic genes, could not regenerate plants. Of all the cells 
exposed to the A. tumefaciens, about 1 % were transformed; of all the transformants, about 
10% were able to regenerate. 
A special feature of Horsch’s study was the demonstration of sexual transmission of the 
kanamycin resistant gene. Flowers from regenerated, kanamycin resistant plants formed seed 
following self-fertilization. The seeds were planted, and the new seedlings tested for 
resistance. 
 
About three quarters were resistant to kanamycin, as would be expected if a single, dominant 
gene had been added to one chromosome of the parent plant's cells. The experiment shows 
the stability of the genes introduced by Ti plasmid transformation. 
 
In an experiment reported by Murai of the University of Wisconsin and his collaborators 
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from Agrigenetics, Inc. (Murphy and Thompson, 1988), a cloned gene for phaseolin, the 
storage protein in bean seeds, was inserted into cultured cells of sunflower. 

Three different hybrid Ti plasmids were used to infect the sunflower cells. In the first 
plasmid the phaseolin gene minus its promoter and its first 11 codons was fused to the 
promoter and first 88 Condons of the Ti plasmid octopine synthetase gene. 
 
The octopine synthetase gene is normally expressed in all crown gall tissue. In the second 
plasmid the entire phaseolin gene with its own promoter was placed in the middle of the tml 
gene with the 5 -terminal end of the phaseolin gene toward the 5-end of the tml gene. 
The third plasmid was contructed like the second except that the 5 -end of the phaseolin gene 
pointed toward, the 3 -end of the tml gene. The tml gene is also normally expressed in crown 
gall tissue but we might expect that the expression of the phaseolin gene in the second and 
third plasmids would be controlled by the phaseolin promoter, which is normally turned on 
only in developing seeds and not in crown gall tissue. 
 
Crown gall tissue infected with the first plasmid (octopine synthetase promoter) had 
sequences among its poly (A)+ RNAs that reacted with phaseolin cDNA and directed the 
synthesis in vitro of protein that reacted with the antibody to authentic phaseolin.  
 
In this situation the octopine synthetase promoter (and not the phaseolin gene, its introns, or 
its 3' adjacent sequences) apparently controlled transcription. Crown gall tissue infected with 
the other two plasmids (phaseolin promoter) also produced phaseolin poly (A) + RNA but in 
much lower quantities, about one twentieth that of the first plasmid.This observation is 
consistent with the idea that in these cases also transcription was controlled by the promoter.  
 
However, the amount of RNA, while low, was much more than would have been found in 
bean leaves and the amount of RNA in galls induced by the second and third plasmids was 
not always equal. Thus it is possible that sequences outside the gene, as well as species or 
tissue related factors, also influence the amount of transcription. 
 
Although antiphaseolin reactive protein was detected in the crown gall tissue, the amount in 
each case was very low. It was found that proteases quickly degraded the phaseolin produced 
by translation. Breakdown of this gene product is another level of regulation of gene 
expression, though perhaps not a natural one in bean plants. 
 
The experiments with phaseolin described above were performed with a Ti plasmid 
containing tumorigenic genes. Therefore it was not possible to regenerate sunflower plants 
and study the expression of the inserted genes in different tissues. Subsequently, tobacco 
cells were transformed with "disarmed" Ti plasmid containing a phaseolin gene. 
 
Plants were regenerated from these cells and induced to flower. Phaseolin appeared primarily 
in the protein bodies of the seeds of these plants and not in other tissues. Apparently the 
transferred phaseolin gene contained regulatory elements that assured the correct localization 
of the gene product at both the tissue and sub cellular levels of organization, even in the 
genetic background of a plant from an entirely different family. 
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Structure and Functions of Ti and Ri Plasmids -  The most commonly used vectors for 
gene transfer in higher plants are based on tumour inducing mechanism of the soil bacterium 
Agrobacterium tumefaciens, which is the causal organism for crown gall disease, A closely 
related species A. rhizogenes causes hairy root disease. An understanding of the molecular 
basis of these diseases led to the utilization of these bacteria for developing gene transfer 
systems. It has been shown that the disease is caused due to the transfer of a DNA segment 
from the bacterium to the plant nuclear genome. 
 
The DNA segment, which is transferred is called T - DNA and is part of a large Ti (tumour 
inducing) plasmid found in virulent strains of Agrobacterium tumefaciens. Similarly Ri (root 
inducing) megaplasmids are found in the virulent strains of A. rhizogenes. The Ti and Ri 
plasmids, inducing crown gall disease and hairy root disease respectively have been studied 
in great detail during the last decade. However, we will discuss only those aspects of these 
plasmids which are relevant to the design of vectors for gene transfer in higher plants.  
Most Ti plasmids have four regions in common, 
 
(i) Region A, comprising T-DNA is responsible for tumour induction, so that mutations in 
this region lead to the production of tumours with altered morphology (shooty or rooty 
mutant galls). Sequences homologous to this region are always transferred to plant nuclear 
genome, so that the region is described as T-DNA (transferred DNA). 
 
(ii) Region B is responsible for replication. 
 
(iii) Region C is responsible for conjugation. 
 
(iv) Region D is responsible for virulence, so that mutation in this region abolishes virulence. 
This region is therefore called virulene 
 
(v) region and plays a crucial role in the transfer of T-DNA into the plant nuclear genome. 
The components of this Ti plasmid have been used for developing efficient plant 
transformation vectors. 
The T-DNA consists of the following regions:  
 
(i) An one region consisting of three genes (two genes tms and tms2 representing 'shooty 
locus' and one gene tmr representing 'rooty locus') responsible for the biosynthesis of two 
phytohormones, namely indole acetic acid or lAA (an auxin) and isopentyladenosine 5'-
monophosphate (a cytokinin). These genes encode the enzymes responsible for the synthesis 
of these phytohormones, so that the incorporation of these genes in plant nuclear genome 
leads to the synthesis of these phytohormones in the host plant. The phytohormones in their 
turn alter the developmental programme, leading to the formation of crown gall 
 
(ii) An os region responsible for the synthesis of unusual amino acid or sugar derivatives, 
which are collectively given the name opines. Opines are derived from a variety of 
compounds (e.g. arginine + pyruvate), that are found in plant cells. Two most common 
opines are octopine and nopaline. For the synthesis of octopine and nopaline, the 
corresponding enzymes octopine synthase and nopaline synthase are coded by T- DNA.  
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Depending upon whether the Ti plasmid encodes octopine or nopaline, it is described as 
octopine-type Ti plasmid or nopalinetype Ti plasmid. Many organisms including higher 
plants are incapable of utilizing opines, which can be effectively utilized by Agrobacterium. 
Outside the T-DNA region, Ti plasmid carries genes that, catabolize the opines, which are 
utilized as a source of carbon and nitrogen. 
 
The T-DNA regions on all Ti and Ri plasmids are flanked by almost perfect 25bp direct 
repeat sequences, which are essential for T-DNA transfer, acting only in cis orientation. It 
has also been shown that any DNA sequence, flanked by these 25bp repeat sequences in the 
correct orientation, can be transferred to plant cells, an attribute that has been successfully 
utilized for Agrobacterium mediated gene transfer in higher plants leading to the production 
of transgenic plants. 
Besides 25bp flanking border sequences (with T DNA), vir region is also essential for T-
DNA transfer. While border sequences function in cis orientation with respect to T -DNA, 
vir region is capable of functioning even in trans orientation. Consequently physical 
separation of T-DNA and vir region onto two different plasmids does not affect T-DNA 
transfer, provided both the plasmids are present in the same Agrobacterium cell. This 
property played an important role in designing the vectors for gene transfer in higher plants, 
as will be discussed later. 
 
The vir region (approx 35 kbp) is organized into six operons, namely vir A, vir B, vir C, vir 
D, vir E, and vir G, of which four operons (except vir A and vir G) are polycistronic. Genes 
vir A, B, D, and G are absolutely required for virulence; the remaining two genes vir C and E 
are required for tumour formation. The vir A locus is expressed constitutively under all 
conditions. 
The vir G locus is expressed at low levels in vegetative cells, but is rapidly induced to higher 
expression levels by exudates from wounded plant tissue. The vir A and vir G gene products 
regulate the expression of other vir loci. The vir A product (Vir A) is located on the inner 
membrane of Agrobacterium cells and is probably a chemoreceptor, which senses the 
presence of phenolic compounds (found in exudates of wounded plant tissue), such as 
acetosyringone and β-hydroxyaceto syringone.  
 
Signal transduction proceeds via activation (possibly phosphorylation) of Vir G (product of 
gene vir G), which in its turn induces expression of other vir genes. 
Identification of Ti Plasmids and T-DNA – Plant pathologists have long been interested in 
A. tumefaciens because of the plant disease it causes. Agrobacterium first attracted the 
attention of molecular biologists because of its capacity to produce crown gall tumors in 
dicotyledonous plants. Later it was discovered that the disease causing, specifically tumor 
inducing capacity. 
 
Agrobacterium resides in its large extrachromosomal plasmid, subsequently named the 
tumor inducing plasmid (Ti plasmid). Already in 1947 it had been postulated by Braun that a 
tumor-inducing principle was transferred from the inciting bacteria to the host plant cells, 
resulting in their stable transformation to crown gall tumor cells. In 1977 M.D.  
Chilton and her coworkers proved beyond doubt that tumor formation is the direct result of 
the transfer of Ti plasmid DNA from the bacterial cells to the infected plant cells, where the 



141 

 

plasmid DNA integrates in the nuclear genome.  
 
A section of Ti plasmid (T -region) was transferred to and maintained as T-DNA in the 
transformed plant cell by insertion into the plant nuclear genome.  

Agrobacterium plant cell transformation requires wounding the cell.  
 
The wound is purportedly essential not only for removing a physical barrier, but also for 
conditioning the plant cell. Indeed, wounding does stimulate the plant cells to switch from a 
resting stage to one of rapid cell division. 
 

Plant cell transformation is optimal after wound response leading to dedifferentiation and 
just before the first mitotic cell division. Studies have shown that the bacteria bind to 
wounded plant cells, probably at specific sites, mediated by the expression of A. tumefaciens 
chromosomal genes. 
 
The virulence genes borne on the Ti plasmid are activated by certain phenolic compounds 
released by injured plant cells, which control excision of the T-DNA portion from the Ti 
plasmid of the bacterium. The, T-DNA becomes integrated into the host chromosomal DNA, 
thereby transforming the host plant genetically to form tumors, which are hormone 
independent. 

The tumor cells synthesize low molecular weight compounds called opines which are not 
found in normal plant tissues and which diffuse from the tumor cells. These opines enter the 
A. tumefaciens cells and lead to the expression of the Ti plasmid opine breakdown genes and 
certain other genes that promote the transfer of the Ti plasmid to other Agrobacterium strains 
that lack this plasmid. 
 
The scientists who have contributed to the above understanding of the molecular biology of 
the Ti plasmid and the design of the vectors include M.D. Chilton and coworkers, 
Washington State University, Pullman, Washington, USA (1980); R. Fraley and coworkers, 
(1985) Monsanto Company, St. Louis, Missouri, USA; S.B. Gelvin, and coworkers, (1981) 
University of Washington, Seattle, Washington, USA;  
 
A. Depicker and coworkers, (1978) State University of Ghent, Belgium; P. Zambryski and 
coworkers, (1983) Max Planck Institute, Cologne, Germany; R. Schilperoort and G.H. 
Bomhoff, (1975) University of Leiden, the Netherlands; J. Tempe and coworkers, (1980) 
National Institute of Agronomy Research, Versailles, France. 
Opines - As a general rule, T -DNA transformed plant cells synthesize opines. Opines are 
plant metabolites synthesized under the control of T-DNA, which can be specifically 
catabolized by the inciting bacteria and thus used as a carbon and nitrogen source. The 
presence of these opines in plant tissue is therefore the most conclusive criterion to indicate. 
 
Agrobacterium as a causative agent for plant cell transformation. Opines distinguish 
Agrobacteria from other bacteria in the rhizosphere. Agrobacteria are able to utilize opines 
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they produce as specific energy, nitrogen, and carbon source, thus providing a competitive 
advantage in the crown gall rhizosphere to the inciting agrobacteria over other soil 
organisms. 
 

This phenomenon has been termed "genetic colonization". By now, many different opines 
have been described. No matter which combination of opines is considered, the genes coding 
for synthesis and catabolism of these opines are located on the same Ti plasmid, 'thus 
providing strong evidence for this concept. 
 
Several nononcogenic plasmids also carry genes for opine catabolism, demonstrating the 
ecological importance of opines for bacteria. The fact that the opine synthase genes are 
genetically linked to one genes on the T-DNA is probably significant since this results in a 
proliferation of the rare plant cells into which the opine synthase genes are initially 
transferred.  

Moreover, the opines released from the transformed plant cells induce the conjugative 
transfer of the inciting Ti plasmid, thus spreading the Ti plasmid in opportune circumstances. 
The different groups of opines are listed. 
 
The particular opine produced depends on the strain of bacterium infecting the plant. Some 
strains result in the production of a nopaline, others cause octopine synthesis; in each case 
the bacterium can use only that particular opine whose production it causes. The enzymes 
coded for are nopaline or octopine synthases and their respective genes are labelled nos and 
ocs. 
 

 

Opines Specified by Groups of Ti Plasmids - 

Ti plasmids Octopine 
Agropine 

mannopine 
Nopaline 

Agrocinopine 

A + B 
Agrocinopine 

C + D 

Octopine 

type 1 Ti 

plasmids 
+ (tra) + - - - 

Octopine 

type 2 Ti 

plasmids 
+ - - - - 

Nopaline Ti 

plasmids 
- - + + (tra) - 

Agropine Ti 

plasmids 
- + (tra) - - + 

Rhizogenes - + (tra) - + ? 
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Ri plasmids 

 

  

Integration of T-DNA into Plant Genome – 

 
T-DNA enters plant cells in a single stranded form; it is immediately converted into a double 
stranded form.  
The double stranded T-DNA integrates at random sites in the host plant genome most likely 
by a process of illegitimate recombination due to a homology in short segments of the host 
DNA. 
 
Generally, T-DNA integration is accompanied by short deletions of 23-79 bp at the site of 
recombination (target site). The T-DNA is generally integrated in low copy numbers per cell, 
but up to 1 dozen copies/cell have been recorded. 

Ti Plasmid as Gene Vector –Because of their natural ability to insert DNA into plant cells, 
the Ti plasmids have become the subject of extensive study for use in genetic engineering of 
plants. Ti plasmids are natural gene vectors which contain all the functions necessary for the 
transfer, stable incorporation and expression of genetic information in plants. 
 
Studies on the signals involved and required for the transfer and stabilization of the T -DNA 
have revealed how the Ti plasmid can be used as a vector for insertion of foreign genes into 
the plant genome. First, the transposon Tn7 inserted in the T-region is co transferred to and 
maintained in the plant cell without major rearrangements. 
The co transfer of insertions at different positions in both the octopine and the nopaline T-
region demonstrated involvement of "ends" for stabilization of the T-region. Therefore, one 
may expect that any segment between these "ends" would be co transferred and stabilized in 
the plant nucleus. 
 
Moreover, studies of the func tional organization of T-DNA have revealed that none of the 
genes involved in oncogenesis or suppression of differentiation are required for T -DNA 
transfer. However, the "ends", presumably including the DNA sequences around the 25 bp 
repeat box, have to occur in cis of the Ti plasmid. 
A plasmid containing the T-region in trans of the Ti plasmid cannot induce tumors. 
Therefore, genes have to be engineered into the T-region of the Ti plasmids. Due to the large 
size of the Ti plasmids and the requirement of many genes for virulence, direct cloning into 
the Ti plasmid is impossible. 
 
So a technique for shuttling genes into the Ti plasmid via an intermediate vector. was worked 
out. The intermediate vector contains a region of homology with the T-region of the Ti 
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plasmid into which genes can be inserted. The engineered segments of the intermediate 
vector have been worked out.  
One is derived from a broad host range vector (W- and P-type plasmids), capable of 
replicating stably in Agrobacterium. Recombinants between vector and Ti plasmid can be 
isolated by selecting for cotransfer of the cointegrate plasmid during conjugation. 
 
This method requires conjugation in order to select for the first recombination and 
subsequent screening for the second recombination or immediate selection by 
incompatibility for the substituted recombinants. The second type of intermediate vector is a 
pBR322 derivative, which can be mobilized efficiently by F- or I-type plasmids when the 
mob protein is complemented in trans (by a compatible ColE plasmid). 
Since the pBR322-derivatives cannot replicate in Agrobacterium, they are maintained only 
through homologous cointegration with the Ti plasmid. The second recombinant (or 
substituted T-region) is obtained after propagation of the cointegrates by screening for loss 
of the pBR322 vector markers. The three possibilities are outlined. 
 
As the final goal in the breeding of normally engineered plants, gene transfer by the I-DNA 
has to be separated from its tumorigenic activities. This has been shown to be possible since 
none of the T-DNA genes are essential for T-region transfer. Regenerates are fertile and 
transmit T-DNA linked genes in a Mendelian way to the progeny. 
T-DNA can also be a source of expression signals for plant genes. Currently, T-DNA 
expression signals are being adapted for the insertion of foreign genes in an intermediate 
expression vector. Our knowledge about the Ti plasmids allows us to transfer any DNA 
sequence into plant cells, from which normal plants can be regenerated. 
 
Recent work has shown that all that is needed for agrobacteria to infect and transform plant 
cells is an intact T-DNA region and another region of the Ti plasmid called 'vir'. More 
important from a practical standpoint is that these two regions do not have to be on the same 
plasmid. 
 
Of an Agrobacterium harbors a Ti plasmid containing the vir region and another plasmid 
containing the T-DNA, the bacteria can transform plant cells and the T-DNA (and whatever 
other genes have been inserted into it) will be incorporated into the plant genome. 

pBR 322 Plasmids – pBR 322 is one among the most popular and widely used plasmids. It 
was constructed by using both classical genetic techniques and recombinant DNA 
methodology. It is one of the most versatile plasmids with characteristics of an ideal plasmid. 
pBR 322 is 4363 bp in length with Col £1 as replication start and with two antibiotic 
resistance genes (ampillicin and tetracycline). 
Plasmid Vectors – Plant cells do not have any endogenous plasmids. The plasmid vectors 
used for plant cell transformation are mostly based on pTi (tumour-inducing plasmid) of A. 
tumefaciens, but some are derived from pRi (root-inducing plasmid) of A. rhizogenes. 
 

These are plant pathogenic, gram negative soil bacteria known for about 90 years to cause 
crowngall (A. tumefaciens) and hairy root diseases of dicot plants. They infect plant cells 
near wounds, usually at the crown of roots at the soil surface. 
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Plant Vectors -  Like bacteriophages, even plant viruses can transfer recombinant genes into 
plants. Plant viruses are attractive as vectors for several reasons. 
 
1. Plant viruses adsorb to and infect cells of intact plants.  
 
2. Relatively large amounts of virus can be produced from infected plants, leading to the 
prospect of large amount of foreign protein being expressed from recombinant viruses. 
 

3. Some virus infections are systematic. They are spread throughout the whole plant.                 

  In some cases intact viruses are transported through the vascular system of plant. 
 
Even with interesting characteristics, at present, plant viruses have not been developed to the 
stilge where they are widely used as vectors, but progress has been made only with the two 
groups of plant viruses, cauliflower mosaic viruses (CaMV) and Gemini viruses, both DNA 
viruses. 

    

Ti and Ri Plasmids as Vectors for Higher Plants 
 
Among Higher plants, Ti plasmid of Agrobacterium tumefaciens or Ri plasmid of rhizogenes 
is the best known vector. T- DNA, from Ti or Ri plasmid Agrobacterium, is considered to be 
a very potential vector for cloning experiments with higher plants. 
 
This will involve the following steps  
 
(i) foreign DNA has to be first cloned into T-DNA of Ti or Ri plasmid 

(ii) Modified hybrid T-DNA can be transferred to the genome of plan cells by 
Agrobacterium infection. Recombinant Ti plasmids can also b obtained by cloning of a large 
fragment of Ti plasmid in pBR322. The recombinant Ti plasmids can then be used for 
transformation of higher plants. 
 
This system can be widely used, since Agrobacterium infects nearly all dicotyledonous 
plants. Such cloning in plants has proved to be of immense use to modify agricultural plants 
to increase the productivity. 
Plant Virus Vectors - Viruses have the following attractive features as vectors: 
 
(i) viruses infect cells of adult plants, 
(ii) they produce large number of copies per cell leading to gene amplification, and 
production of the recombinant protein in large quantities and 
(iii) some viruses are systemic in that they spread throughout the plant. 
 
Plant virus genomes do not integrate into the plant genome. As a result, they cannot be used 
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to produce stable and heritable transformations. But they can be used to express transgenes 
with a view to either improve the phenotypic performance of host plants or to produce large 
quantities of valuable proteins. 
 

Most plant viruses have RNA genomes; two such viruses that have great potential as vectors 
are, brome mosaic virus (BMV) and tobacco mosaic virus (TMV). But the greatest progress 
has been made with the two groups of viruses having DNA genomes, viz., caulimoviruses 
and gemini viruses. 

Plant and Animal Viruses as Vectors - A number of plant and animal viruses have also 
been used as vectors both for introducing foreign genes into cells and for gene amplification 
and expression in host cells. In the latter case, we may be interested only in getting increased 
quantity of the gene product and may not be interested in the integration of the foreign gene 
in the host genome. Some of the viruses that are                           commonly used as vectors 
will be described in this section. 
PI Cloning Vectors for Cloning Large DNA Segments - The bacteriophage PI cloning 
vectors can allow cloning of 100 kbp long DNA segments with an efficiency of 105 clones 
per fig of insert DNA. 
 
Therefore, in their capability, they fall between YACs and cosmids. The vector with insert 
DNA is amplified in E. coli and several micrograms of cloned DNA can be recovered from 
5-10 ml of exponential phase of E. coli cells.  
Cosmids as Vectors – Cosmids are plasmid particles, into which certain specific DNA 
sequences, namely those for cos sites are inserted. Since these cos sites enable the DNA to 
get packed in lambda particle, cosmids allow the packaging of DNA in phage particle in 
vitro, thus permitting their purification. 
 
Like plasmids, these cosmids perpetuate in bacteria and do not carry the genes for lytic 
development. The advantage of the use of cosmids for cloning is that its efficiency is high 
enough to produce a complete genomic library   of 106 - 107 clones from a. mere 1 pg of 
insert DNA. 
 
The disadvantage, however, is its inability to accept more than 40-50 kbp of DNA. 
Bacteriophage PI system and F-factor based vectors can allow cloning of DNA segments, as 
large as 100 to 1000 kbp (or 1 Mbp = 106bp) length 

    

Phagemids as Vectors – Phagemids are prepared artificially by combining features of 
phages with plasmids, as the name suggests. One such phagemid, which is commonly used 
in molecular biology laboratories 

Cloning and Expression Vectors - In recent years, techniques for manipulating prokaryotic 
as well as eukaryotic DNA have witnessed a remarkable development. This has allowed 
breakage of a DNA molecule at two desired places to isolate a specific DNA segment and 
then insert it in another DNA molecule at a desired position. 
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The product thus obtained, is called recombinant DNA and the technique often called genetic 
engineering. Using, this technique we can isolate and clone single copy of a gene or a DNA 
segment into an indefinite number of copies, all identical. 
 

This became possible because vectors like plasmids and phages reproduce in a host (e.g. E. 
coli) in their usual manner even after insertion of foreign DNA, so that the inserted DNA 
will also replicate faithfully with  the parent DNA. This technique is called gene cloning. 
 
With this technique, genes can be isolated, cloned and characterized, so that the technique 
has led to significant progress in all areas of molecular biology. A variety of vectors have 
been developed which not only allow multiplication, but' may also be manipulated in such a 
way that the inserted gene may express in the host. 
 
Due to the importance of a variety of these cloning and expression vectors in genetic 
engineering experiments, they are discussed in some detail in this chapter. The techniques 
used for inserting foreign DNA in these vectors and the development of chimeric DNA 
molecules (for developing molecular probes, gene libraries, etc.). 

  

Cloning Vectors for Recombinant DNA –  

One of the most important uses of recombinant DNA technology is the cloning of  
 
(i) random DNA or cDNA segments, often used as probes or  
 
(ii) specific genes, which may be either isolated from the genome or synthesized 
organochemically or in the form of cDNA from mRNA. This cloning of DNA is possible 
only with the help of another DNA molecule, which is capable of replicating in a host. 
This other DNA molecule is often used in the form of a vector, which could be a plasmid, a 
bacteriophage, a derived cosmid or phagemid, a transposon or even a virus. Techniques 
should also be available, which will allow selection of chimeric genomes obtained after 
insertion of foreign DNA from a mixture of chimeric and the original vector (see later). 
 
Another critical desired feature of any cloning vector is that it should possess a site at which 
foreign DNA can be inserted without disrupting any essential function. Therefore, in each 
case an enzyme will also have to be selected which will cause a single break. 
 
Sometimes vectors are modified by inserting a DNA segment to create unique site(s) for one 
or more enzymes to facilitate its use in gene cloning. This inserted DNA with restriction sites 
for several enzymes is sometimes called a polylinker. 
Plasmids as Vectors-Plasmids are defined as autonomous elements, whose genomes exist in 
the cell as extrachromosomal units. They are self replicating circular (only rarely linear) 
duplex DNA molecules, which are maintained in a characteristic number of copies in a 
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bacterial cell, yeast cell or even in organelles found in eukaryotic cells. 
 

These plasmids can be single copy plasmids that are maintained as one plasmid DNA per 
cell or multi copy plasmids, which are maintained as 10-20 genomes per cell. There are also 
plasmids, which are under relaxed replication control, thus permitting their accumulation in 
very large numbers (upto 1000 copies per cell).  
 
These are the plasmids which are used as cloning vectors, due to their increased yield 
potential.Circular plasmid DNA which is used as a vector, can be cleaved at one site with the 
help of a restriction enzyme to give a linear DNA molecule. 

A foreign DNA segment can now be inserted, by joining the ends of broken circular DNA to 
the two ends of foreign DNA, thus regenerating a bigger circular DNA molecule that can 
now be separated by gel electrophoresis on the basis of its size.Selection of chimeric DNA is 
also facilitated by the resistance genes, which the plasmid may carry against one or more 
antibiotics. 
 
If a plasmid has two such genes conferring resistance against two antibiotics and if the 
foreign DNA insertion site lies within one of these two genes, then the chimeric vector loses 
resistance against one antibiotic, the gene for which has foreign DNA inserted within its 
structure. 
In such a situation, the parent vector in bacterial cells can be selected by resistance against 
two antibiotics and the chimeric DNA can be selected by retention of resistance against only 
one of the two antibiotics. 
Binary and Shuttle Vectors - For the purpose of gene transfer in higher plants, a number of 
binary vectors were developed. These were based on the pPCV (plant cloning vector) series 
of plasmids. These vectors contain a conditional mini-RK2 replicon, which is maintained and 
mobilized by transacting functions derived from the plasmid RK2 replicon (origins-oriv and 
oriT). 
 
The plasmid RK2 was introduced into both E. coli as well as Agrobacterium (GY 3101, 
which contains a Ti plasmid lacking T DNA) to facilitate replication of binary vectors in 
both these hosts, so that the vector can be maintained and shuttled between both hence the 
name shuttle vector also. Similar binary or shuttle vectors for maintenance and transfer 
between E. coli and yeast cells have also been designed  
pBR322 and pBR327 Vectors –The naturally occurring plasmids may not possess all the 
above and other essential properties of a suitable cloning vector. Therefore, one may have to 
restructure them by inserting genes of relaxed replication and genes for antibiotic resistance. 
This has actually been done and suitable plasmid vectors have been obtained. 
 
One of the standard cloning vectors widely used in gene cloning experiments is pBR322 
(derived from E. coli plasmid ColE1), which is 4,362 bp DNA and was derived by several 
alterations in earlier cloning vectors (pBR322 was named after Bolivar and Rodriguez, who 
prepared this vector). 
It has genes for resistance I against two antibiotics (tetracycline and ampicillin), an origin of 
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replication and a variety of restriction sites for cloning of restriction fragments obtained 
through cleavage with a specific restriction enzyme. 
 
Another vector pBR327 was derived from pBR322, by deletion of nucleotides between 1,427 
to 2,516. These nucleotides are deleted to reduce the size of the vector and to eliminate 
sequences that were known to interfere with the expression of the cloned DNA in eukaryotic 
cells. 
 
pBR327 still contains genes for resistance against two antibiotics (tetracycline and 
ampicillin). Both pBR322 and pBR327 are very common plasmid vectors. 
Examples of Yeast Plasmid Vectors – The possible examples of the yeast plasmid vectors 
are 
 
(i) YIp or yeast integrative plasmids, which allow transformation by crossing over and have 
no replication origin 
 
(ii) YEp or yeast episomal plasmids, which carry 2 micron DNA sequence including the 
origin of replication and rep genes 
 
(iii)YRp or yeast replicating plasmids, which carry autonomously replicating sequence; this 
sequence is very common with many yeast genes so that stable transformation can be 
achieved by crossing over  
 

(iv)YCp or yeast centromere (CEN) containing plasmids, which function as true 
chromosomes and segregate during mitosis and meiosis 
 
(v)pYAC or yeast artificial yeast chromosome vector which carries both centromere and 
telomere sequences and, therefore, can be used to obtain artificial chromosomes. 
 
The above vectors have been extensively utilized for a study of yeast genome and are also 
used as shuttle vectors, which allow genic sequences to be routinely transferred back and 
forth between yeast and E. coli cells, provided they contain origins of replication active in 
both yeast and E. coli. 
 
These vectors also have markers enabling the selection of E. coli cells or colonies 
transformed with these vectors. The vectors can therefore be amplified in E. coli and then 
used to transform yeast cells 

   

Animal Vectors - Baculovirus Vectors – 

Baculovirus infects insects. This virus is rod shaped with a large double stranded genome. 
During normal infections, baculovirus produces nuclear inclusion bodies which consist of 
virus particles embedded in a protein matrix.  
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This protein matrix is encoded with the virus and is called polyhedrin and this polyhedrin 
accounts for 70% of total protein encoded by the virus as the transcription of the polyhedrin 
is driven by extremely active promoters. 
Genetic manipulation of the viral DNA is not possible as it has a very large DNA with many 
restriction sites for a single enzyme. Hence, the gene of interest is cloned into the small 
recombination transfer vector and co transfected into insect cell lines along with the wild 
type of virus in the cell. Homologous recombination takes place between the polyhedrin gene 
and our gene of interest. 
 
Thus, our gene of interest will be transferred from the vector plasmid into the wild type of 
virus, polyhedrin gene will be transferred from the virus on the plasmid. This is something 
like displacement reaction. This displacement of gene will not affect the replication of virus, 
as polyhedrin gene is not required for replication. 
 
The recombination virus replicates in the cells and generates characteristic plaques (without 
inclusion bodies). Normally the virus is cultured in the insect cell line of Spodoptera 
frugiperda. The foreign gene is expressed during the infection and very high yields of protein 
can be achieved by the time the cell lyses. 
Vectors Derived From pTi – The use of wild type pTi as a vector presents the following 
three problems.  
1. Presence of oncogenes (iaaM, iaaH and ipt) in T-DNA, which causes a disorganised 
growth and a loss of regeneration potential of the cells having T-DNA in their genomes. 
 
2. The large size of pTi makes the handling procedures during cloning tedius and 
cumbersome. 
 
3. A general lack of unique cloning sites within the T-DNA, which are needed for the 
insertion of DNA segments to becloned. 
 
These problems have been resolved by deleting the oncogenes from the T-DNA (disarming) 
and by developing intermediate (IV; to finally yield cointegrate vectors) and binary vectors 
to facilitate gene cloning procedures. 

Binary Vectors -   

A binary vector consists of a pair of plasmids of which one plasmid contains disarmed T-
DNA sequences (at least the left and right borders of T-DNA must be present), while the 
other contains vir region, and ordinarily lacks the entire T-DNA including the borders.  
 
The plasmid containing disarmed T-DNA is called mini-Ti or micro-Ti, e.g., Binl9 , and has 
the origins for replication in both E. coli and Agrobacterium. The DNA insert is integrated 
within the T-region of mini-Ti, and the recombinant mini-Ti is cloned in E. coli. 
Transfer of recombinant mini- Ti from E. coli into Agrobacterium is achieved either by a 
three way cross or by direct transformation of an Agrobacterium strain containing the helper 
Ti plasmid. Alternatively, the mini-Ti itself may be capable of conjugational transfer. 
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The 'helper' Ti plasmid is a Ti plasmid having a functional vir region but lacking the T-DNA 
region, including the border sequences. pAL4404 helper Ti plasmid is derived from the wild 
type pTiAch5 by deletion of the entire T-region. The recombinant mini-Ti Binl9 is 
introduced into Agrobacterium cells containing pAL4404 either by conjugation or direct 
transformation. 
The vir genes present in 'helper' pAL4404 induce the transfer of T-DNA (containing the 
DNA insert) of the mini-Ti Binl9 into the plant cells. The transformed plant cells can be 
selected on kanamycin medium due to the gene neo presentwithintheT-DNA.  
The binary system avoids the transfer into plant genomes of unnecessary sequences, which 
occurs in the case of co-integrate vectors. Although the maximum size of DNA insert 
acceptable by T-DNA appears to be greater than 50 kb. 
 

Biochemistry is the study of the chemical processes in living organisms. It deals with 
the structures and functions of cellular components such 
as proteins, carbohydrates, lipids,nucleic acids and other biomolecules. Over the last 40 years 
biochemistry has become so successful at explaining living processes that now almost all 
areas of the life sciences from botany to medicine are engaged in biochemical research. 
Today the main focus of pure biochemistry is in understanding how biological molecules 
give rise to the processes that occur within living cells which in turn relates greatly to the 
study and understanding of whole organisms. 

Among the vast number of different biomolecules, many are complex and large molecules 
(called polymers), which are composed of similar repeating subunits (called monomers). 
Each class of polymeric biomolecule has a different set of subunit types.[1] For example, 
a protein is a polymer whose subunits are selected from a set of 20 or more amino acids. 
Biochemistry studies the chemical properties of important biological molecules, like 
proteins, and in particular the chemistry of enzyme-catalyzed reactions. 

The biochemistry of cell metabolism and the endocrine system has been extensively 
described. Other areas of biochemistry include the genetic code (DNA, RNA), protein 
synthesis, cell membrane transport, and signal transduction. 

Monomers and Polymer-Monomers and polymers are a structural basis in which the four 
main macromolecules (carbohydrates, lipids, proteins, and nucleic acids), or biopolymers, of 
biochemistry are based on.Monomers are smaller micromolecules that are put together to 
make macromolecules. Polymers are those macromolecules that are created when monomers 
are synthesized together. When they are synthesized, the two molecules undergo a process 
called dehydration synthesis. 

 Carbohydrates-A molecule ofsucrose (glucose + fructose), adisaccharide. Carbohydrates 
have monomers called monosaccharides. Some of 
these monosaccharides include glucose (C6H12O6), fructose (C6H12O6), 
and deoxyribose(C5H10O4). When two monosaccharides undergo dehydration synthesis, 
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water is produced, as two hydrogen atoms and one oxygen atom are lost from the two 
monosaccharides' hydroxyl group. 

Lipids-A triglyceride with a glycerol molecule on the left and three fatty acids coming off it. 

Lipids are usually made up of a molecule of glycerol and other molecules. In triglycerides; 
the main group of bulk lipids, there is one molecule of glycerol, and three fatty acids. Fatty 
acids are considered the monomer in that case, and could be saturated (no double bonds in 
the carbon chain) or unsaturated (one or more double bond in the carbon chain). Lipids, 
especially phospholipids, are also used in different pharmaceutical products, either as co-
solubilisers e.g. in Parenteral infusions or else as drug carrier components (e.g. in 
a Liposome or Transfersome). 

Proteins 

 

 
The general structure of an α-amino acid, with theamino group on the left and 
thecarboxyl group on the right. 

Proteins are macro biopolymers, and have monomers of amino acids. There are 20 standard 
amino acids, and they contain acarboxyl group, an amino group, and a side chain (or an "R" 
group). The "R" group is what makes each amino acid different, and the properties of the 
side chains greatly influence the overall three-dimensional confirmation of a protein. When 
Amino acids combine, they form a special bond called a peptide bond through dehydration 
synthesis, and become a polypeptide, or a protein. 

Nucleic Acids 

 

 
 
The structure of deoxyribonucleic acid (DNA), the picture shows the monomers being put 
together. 
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Nucleic acids are very important in biochemistry, as they are what make up DNA, something 
all cellular organism use to store their genetic information. The most common nucleic acids 
are deoxyribonucleic acid and ribonucleic acid. Their monomers are called nucleotides. The 
most common nucleotides are called adenine, cytosine, guanine, thymine, anduracil. Adenine 
binds with thymine and uracil, thymine only binds with adenine. Cytosine and guanine can 
only bind with each other. 

Carbohydrates. The function of carbohydrates includes energy storage and providing 
structure. Sugars are carbohydrates, but not all carbohydrates are sugars. There are more 
carbohydrates on Earth than any other known type of biomolecule; they are used to store 
energy and genetic information, as well as play important roles in cell to cell interactions and 
communications. 

 Monosaccharides Glucose 

The simplest type of carbohydrate is a monosaccharide, which among other properties 
contains carbon, hydrogen, and oxygen, mostly in a ratio of 1:2:1 (generalized formula 
CnH2nOn, where n is at least 3). Glucose, one of the most important carbohydrates, is an 
example of a monosaccharide. So isfructose, the sugar commonly associated with the sweet 
taste of fruits. Some carbohydrates (especially after condensation to oligo- and 
polysaccharides) contain less carbon relative to H and O, which still are present in 2:1 (H:O) 
ratio. Monosaccharides can be grouped intoaldoses (having an aldehyde group at the end of 
the chain, e. g. glucose) and ketoses (having a keto group in their chain; e. g. fructose). Both 
aldoses and ketoses occur in an equilibrium between the open-chain forms and (starting with 
chain lengths of C4) cyclic forms. These are generated by bond formation between one of the 
hydroxyl groups of the sugar chain with the carbon of the aldehyde or keto group to form 
ahemiacetal bond. This leads to saturated five-membered (in furanoses) or six-membered (in 
pyranoses) heterocyclic rings containing one O as heteroatom. 

Disaccharides 

 
 
Sucrose: ordinary table sugar and probably the most familiar carbohydrate. 

Two monosaccharides can be joined together using dehydration synthesis, in which a 
hydrogen atom is removed from the end of one molecule and a hydroxyl group (—OH) is 
removed from the other; the remaining residues are then attached at the sites from which the 
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atoms were removed. The H—OH or H2O is then released as a molecule of water, hence the 
term dehydration. The new molecule, consisting of two monosaccharides, is called 
a disaccharide and is conjoined together by a glycosidic or ether bond. The reverse reaction 
can also occur, using a molecule of water to split up a disaccharide and break the glycosidic 
bond; this is termed hydrolysis. The most well-known disaccharide issucrose, 
ordinary sugar (in scientific contexts, called table sugar or cane sugar to differentiate it from 
other sugars). Sucrose consists of a glucose molecule and a fructose molecule joined 
together. Another important disaccharide is lactose, consisting of a glucose molecule and 
agalactose molecule. As most humans age, the production of lactase, the enzyme that 
hydrolyzes lactose back into glucose and galactose, typically decreases. This results 
in lactase deficiency, also called lactose intolerance. 

Sugar polymers are characterised by having reducing or non-reducing ends. A reducing 
end of a carbohydrate is a carbon atom which can be in equilibrium with the open-
chain aldehydeor keto form. If the joining of monomers takes place at such a carbon atom, 
the free hydroxy group of the pyranose or furanose form is exchanged with an OH-side chain 
of another sugar, yielding a full acetal. This prevents opening of the chain to the aldehyde or 
keto form and renders the modified residue non-reducing. Lactose contains a reducing end at 
its glucose moiety, whereas the galactose moiety form a full acetal with the C4-OH group of 
glucose. Saccharose does not have a reducing end because of full acetal formation between 
the aldehyde carbon of glucose (C1) and the keto carbon of fructose (C2). 

Oligosaccharides and polysaccharides 

 
 
Cellulose as polymer of β-D-glucose 

When a few (around three to six) monosaccharides are joined together, it is called 
an oligosaccharide (oligo- meaning "few"). These molecules tend to be used as markers and 
signals, as well as having some other uses. Many monosaccharides joined together make 
a polysaccharide. They can be joined together in one long linear chain, or they may be 
branched. Two of the most common polysaccharides are cellulose andglycogen, both 
consisting of repeating glucose monomers. 

 Cellulose is made by plants and is an important structural component of their cell 
walls. Humans can neither manufacture nor digest it. 

 Glycogen, on the other hand, is an animal carbohydrate; humans and other animals use it 
as a form of energy storage. 

Use of carbohydrates as an energy source 
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Glucose is the major energy source in most life forms. For instance, polysaccharides are 
broken down into their monomers (glycogen phosphorylase removes glucose residues 
from glycogen). Disaccharides like lactose or sucrose are cleaved into their two 
component monosaccharides. 

Glycolysis (anaerobic) 

Glucose is mainly metabolized by a very important ten-step pathway called glycolysis, 
the net result of which is to break down one molecule of glucose into two molecules 
of pyruvate; this also produces a net two molecules of ATP, the energy currency of cells, 
along with two reducing equivalents in the form of converting NAD+ to NADH. This 
does not require oxygen; if no oxygen is available (or the cell cannot use oxygen), the 
NAD is restored by converting the pyruvate to lactate (lactic acid) (e. g. in humans) or 
to ethanol plus carbon dioxide (e. g. inyeast). Other monosaccharides like galactose and 
fructose can be converted into intermediates of the glycolytic pathway. 

Aerobic-In aerobic cells with sufficient oxygen, like most human cells, the pyruvate is 
further metabolized. It is irreversibly converted to acetyl-CoA, giving off one carbon atom as 
the waste product carbon dioxide, generating another reducing equivalent as NADH. The 
two molecules acetyl-CoA (from one molecule of glucose) then enter the citric acid cycle, 
producing two more molecules of ATP, six more NADH molecules and two reduced 
(ubi)quinones (via FADH2 as enzyme-bound cofactor), and releasing the remaining carbon 
atoms as carbon dioxide. The produced NADH and quinol molecules then feed into the 
enzyme complexes of the respiratory chain, an electron transport system transferring the 
electrons ultimately to oxygen and conserving the released energy in the form of a proton 
gradient over a membrane (inner mitochondrial membrane in eukaryotes). Thereby, oxygen 
is reduced to water and the original electron acceptors NAD+ and quinone are regenerated. 
This is why humans breathe in oxygen and breathe out carbon dioxide. The energy released 
from transferring the electrons from high-energy states in NADH and quinol is conserved 
first as proton gradient and converted to ATP via ATP synthase. This generates an 
additional 28 molecules of ATP (24 from the 8 NADH + 4 from the 2 quinols), totaling to 32 
molecules of ATP conserved per degraded glucose (two from glycolysis + two from the 
citrate cycle). It is clear that using oxygen to completely oxidize glucose provides an 
organism with far more energy than any oxygen-independent metabolic feature, and this is 
thought to be the reason why complex life appeared only after Earth's atmosphere 
accumulated large amounts of oxygen. 

Gluconeogenesis-In vertebrates, vigorously contracting skeletal muscles (during 
weightlifting or sprinting, for example) do not receive enough oxygen to meet the energy 
demand, and so they shift toanaerobic metabolism, converting glucose to lactate. 
The liver regenerates the glucose, using a process called gluconeogenesis. This process is not 
quite the opposite of glycolysis, and actually requires three times the amount of energy 
gained from glycolysis (six molecules of ATP are used, compared to the two gained in 
glycolysis). Analogous to the above reactions, the glucose produced can then undergo 
glycolysis in tissues that need energy, be stored as glycogen (or starch in plants), or be 
converted to other monosaccharides or joined into di- or oligosaccharides. The combined 
pathways of glycolysis during exercise, lactate's crossing via the bloodstream to the liver, 
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subsequent gluconeogenesis and release of glucose into the bloodstream is called the Cori 
cycle..

 

Proteins A schematic ofhemoglobin. The red and blue ribbons represent 
the proteinglobin; the green structures are the heme groups. Like carbohydrates, some 
proteins perform largely structural roles. For instance, movements of the 
proteins actin and myosin ultimately are responsible for the contraction of skeletal muscle. 
One property many proteins have is that they specifically bind to a certain molecule or class 
of molecules—they may be extremely selective in what they bind. Antibodies are an example 
of proteins that attach to one specific type of molecule. In fact, the enzyme-linked 
immunosorbent assay (ELISA), which uses antibodies, is currently one of the most sensitive 
tests modern medicine uses to detect various biomolecules. Probably the most important 
proteins, however, are the enzymes. These molecules recognize specific reactant molecules 
called substrates; they thencatalyze the reaction between them. By lowering the activation 
energy, the enzyme speeds up that reaction by a rate of 1011 or more: a reaction that would 
normally take over 3,000 years to complete spontaneously might take less than a second with 
an enzyme. The enzyme itself is not used up in the process, and is free to catalyze the same 
reaction with a new set of substrates. Using various modifiers, the activity of the enzyme can 
be regulated, enabling control of the biochemistry of the cell as a whole. In essence, proteins 
are chains of amino acids. An amino acid consists of a carbon atom bound to four groups. 
One is an amino group, —NH2, and one is a carboxylic acid group, —COOH (although these 
exist as —NH3

+ and —COO− under physiologic conditions). The third is a 
simple hydrogen atom. The fourth is commonly denoted "—R" and is different for each 
amino acid. There are twenty standard amino acids. Some of these have functions by 
themselves or in a modified form; for instance, glutamate functions as an 

important neurotransmitter.  

 
Generic amino acids (1) in neutral form, (2) as they exist physiologically, and (3) 
joined together as a dipeptide. 

Amino acids can be joined together via a peptide bond. In this dehydration synthesis, a 
water molecule is removed and the peptide bond connects the nitrogen of one amino 
acid's amino group to the carbon of the other's carboxylic acid group. The resulting 
molecule is called a dipeptide, and short stretches of amino acids (usually, fewer than 
around thirty) are called peptides or polypeptides. Longer stretches merit the 
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title proteins. As an example, the important blood serumprotein albumin contains 585 
amino acid residues. 

The structure of proteins is traditionally described in a hierarchy of four levels. 
The primary structure of a protein simply consists of its linear sequence of amino acids; 
for instance, "alanine-glycine-tryptophan-serine-glutamate-asparagine-glycine-lysine-
…". Secondary structure is concerned with local morphology (morphology being the 
study of structure). Some combinations of amino acids will tend to curl up in a coil 
called an α-helix or into a sheet called a β-sheet; some α-helixes can be seen in the 
hemoglobin schematic above.Tertiary structure is the entire three-dimensional shape of 
the protein. This shape is determined by the sequence of amino acids. In fact, a single 
change can change the entire structure. The alpha chain of hemoglobin contains 146 
amino acid residues; substitution of the glutamate residue at position 6 with 
a valine residue changes the behavior of hemoglobin so much that it results in sickle-cell 
disease. Finally quaternary structure is concerned with the structure of a protein with 
multiple peptide subunits, like hemoglobin with its four subunits. Not all proteins have 
more than one subunit. 

Ingested proteins are usually broken up into single amino acids or dipeptides in the small 
intestine, and then absorbed. They can then be joined together to make new proteins. 
Intermediate products of glycolysis, the citric acid cycle, and the pentose phosphate 
pathway can be used to make all twenty amino acids, and most bacteria and plants 
possess all the necessary enzymes to synthesize them. Humans and other mammals, 
however, can only synthesize half of them. They cannot 
synthesize isoleucine, leucine, lysine, methionine,phenylalanine, threonine, tryptophan, 
and valine. These are the essential amino acids, since it is essential to ingest them. 
Mammals do possess the enzymes to 
synthesize alanine,asparagine, aspartate, cysteine, glutamate, glutamine, glycine, proline,
 serine, and tyrosine, the nonessential amino acids. While they can 
synthesize arginine and histidine, they cannot produce it in sufficient amounts for young, 
growing animals, and so these are often considered essential amino acids. 

If the amino group is removed from an amino acid, it leaves behind a carbon skeleton 
called an α-keto acid. Enzymes called transaminases can easily transfer the amino group 
from one amino acid (making it an α-keto acid) to another α-keto acid (making it an 
amino acid). This is important in the biosynthesis of amino acids, as for many of the 
pathways, intermediates from other biochemical pathways are converted to the α-keto 
acid skeleton, and then an amino group is added, often via transamination. The amino 
acids may then be linked together to make a protein. 

A similar process is used to break down proteins. It is first hydrolyzed into its 
component amino acids. Free ammonia (NH3), existing as the ammonium ion (NH4

+) in 
blood, is toxic to life forms. A suitable method for excreting it must therefore exist. 
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Different strategies have evolved in different animals, depending on the animals' 
needs. Unicellular organisms, of course, simply release the ammonia into the 
environment. Similarly, bony fish can release the ammonia into the water where it is 
quickly diluted. In general, mammals convert the ammonia into urea, via the urea cycle. 

Lipids-The term lipid comprises a diverse range of molecules and to some extent is a 
catchall for relatively water-insoluble or nonpolar compounds of biological origin, 
including waxes, fatty acids, fatty-acid 
derived phospholipids, sphingolipids, glycolipids and terpenoids (e.g. retinoids and stero
ids). Some lipids are linear aliphatic molecules, while others have ring structures. Some 
are aromatic, while others are not. Some are flexible, while others are rigid. Most lipids 
have some polar character in addition to being largely nonpolar. Generally, the bulk of 
their structure is nonpolar or hydrophobic ("water-fearing"), meaning that it does not 
interact well with polar solvents like water. Another part of their structure is polar 
or hydrophilic ("water-loving") and will tend to associate with polar solvents like water. 
This makes themamphiphilic molecules (having both hydrophobic and hydrophilic 
portions). In the case of cholesterol, the polar group is a mere -OH (hydroxyl or alcohol). 
In the case of phospholipids, the polar groups are considerably larger and more polar, as 
described below. Lipids are an integral part of our daily diet. Most oils and milk 
products that we use for cooking and eating like butter, cheese, ghee etc., are composed 
of fats. Vegetable oils are rich in various polyunsaturated fatty acids (PUFA). Lipid-
containing foods undergo digestion within the body and are broken into fatty acids 
and glycerol, which are the final degradation products of fats and lipids. 

Nucleic acids-A nucleic acid is a complex, high-molecular-weight 
biochemical macromolecule composed of nucleotide chains that convey genetic 
information. The most common nucleic acids are deoxyribonucleic acid (DNA) and 
ribonucleic acid (RNA). Nucleic acids are found in all living cells and viruses. Aside 
from the genetic material of the cell, nucleic acids often play a role as second 
messengers, as well as forming the base molecule for adenosine triphosphate, the 
primary energy-carrier molecule found in all living organisms. Nucleic acid, so called 
because of its prevalence in cellular nuclei, is the generic name of the family 
of biopolymers. The monomers are called nucleotides, and each consists of three 
components: a nitrogenous heterocyclic base (either a purine or a pyrimidine), 
a pentose sugar, and a phosphate group. Different nucleic acid types differ in the specific 
sugar found in their chain (e.g. DNA or deoxyribonucleic acid contains 2-deoxyriboses). 
Also, the nitrogenous bases possible in the two nucleic acids are 
different: adenine, cytosine, and guanine occur in both RNA and DNA, 
while thymine occurs only in DNA and uracil occurs in RNA.  

Plant Vectors –Like bacteriophages, even plant viruses can transfer recombinant genes into 
plants. Plant viruses are attractive as vectors for several reasons. 
1. Plant viruses adsorb to and infect cells of intact plants.  
2. Relatively large amounts of virus can be produced from infected plants, leading to the 
prospect of large amount of foreign protein being expressed from recombinant viruses. 
3. Some virus infections are systematic. They are spread throughout the whole plant. In some 
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cases intact viruses are transported through the vascular system of plant. 
Even with interesting characteristics, at present, plant viruses have not been developed to the 
stilge where they are widely used as vectors, but progress has been made only with the two 
groups of plant viruses, cauliflower mosaic viruses (CaMV) and Gemini viruses, both DNA 
viruses. 
Shuttle Vectors - Shuttle vector is that which can multiply in the two different species. 
Shuttle reactors are designed to replicate in the cells of two species, as they contain two 
origins of replication, one appropriate for each species as well as genes that are required for 
replication and not supplied by the host cell Shuttle vector has advantages of replicating in 
diverse hosts. 
For example cloning and isolating DNA segments for structural analysis is most 
conveniently achieved with E. coli host vector. 

However functional analysis of cloned insert must usually be carried out in species of origin. 
If a researcher requires to study the above problems then it is best to clone the DNA in a 
vector which can be shuttled back and forth between each and every alternate cells and 
replicates in both. Shuttle vector contains two origins of replication, one is specific for host 
and the other is specific for another host (e.g. yeast ad site). 
 
The presence of two replication origins sometimes poses special problems, one portion of 
replication origin of one species is totally unrelated to another and interferes with the 
replication of the other host. Hence in a shuttle vector various types of replication origins are 
to be inserted and checked before experimenting.  

Virus Occurence -The occurrence of viruses in the cells of bacteria and higher plant and 
animals is well established. 

Viruses – They are a cellular, infectious agents. Since they have no associated metabolism 
one can argue whether they are organisms at all. They have no such activity except 
replication, that too only in cytoplasm of live cells. They consist of a fragment of nucleic 
acid (DNA or RNA, never both) surrounded by a layer of protein. They cause important 
diseases. 
 

Viroids are minute infectious agents of plants which are composed of single naked RNA 
molecules.  
The first report of these pathogenic RNA molecules in the early 1970s aroused much 
interest, since it was previously thought that infectious nucleic acids could survive outside a 
cell only if they are encapsulated in a protein capsid.  
 
Viroid RNAs are very unusual: they are circular, uniquely folded and so small that the 
largest one so far described (CEV: citrus exocortis viroid) is only 371 nucleotides long about 
1/10h of the size of the smallest RN A virus. Viroids so far are known to cause diseases in 
plants only. 
Prions (proteinaceous infective particles) or slow viruses are a group of recently discovered 
infectious particles. They are associated with certain degenerative diseases of the central 
nevous system such as kuru, a disease restricted to a few cannibalistic tribes of New Guinea 
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and transmitted by eating uncooked brain, and other diseases such as scrapie of sheep and 
goats and Crutzfeldt Jacob disease of humans and animals. Prions appear to be proteins or 
glycoproteins with no associated nucleic acid of any kind.  
Since replication of the prion protein presumably occurs by normal process, this implies that 
these proteins may be able to bring about the production of their own requisite mRNA  
If this were, so, prions would have revolutionary impact on molecular biology since they 
would constitute the only example:  
where genelic information passes from protein to nucleic acid and not the other way around, 
However, recent evidence shows that scrapie glycoprotein may be a product of a normal host 
gene, indicating that these infectious agents may be more conventional than thought 
previously.  
 
Plant viruses -Most plant viruses have been found in angiosperms (flowering plants). 
Relatively few viruses are known in gymnosperms, ferns, fungi or algae.  
Plant viruses are of great economic Importance, since they cause plant diseases in a variety 
of crops. 
 

Virus Structure and Classification-After the discovery by Louis Pasteur and Robert Koch 
that infectious diseases were caused by minute living organisms or 'germs', it was expected 
that the germs for all infectious diseases would be discovered. However, bacteriological 
techniques failed to demonstrate the causative organisms for many diseases like measles, 
small pox, rabies and mumps.The Russian botanist Ivanovski (lwanowsky) (1892) was the 
first to give clear cut evidence of a virus. Mayer (1886) had demon strated that when juice 
from tobacco plants infected with the 'mosaic' disease was injected into healthy plants, it 
reproduced the mosaic disease. Boiling the juice destroyed the infectivity. Mayer thought 
that, the causative agent was a bacterium. Inoculation of tobacco plants with a variety of 
bacteria, however, failed to produce the tobacco, mosaic disease.Ivanovski confirmed the 
observations of Mayer, and also made another very important one. Even after filtering 
through the finest bacterial filters, the juice still remained infective. Ivanovski concluded that 
the agent was smaller than any known bacterium, but he still considered it to be a bacterium. 
This agent was later called a virus. Bacteriophages ( viruses that parasitise bacteria) were 
discovered by the French scientist d'Herelle (1917), who found that some agent was 
destroying his cultures of bacilli. 
 
Schelsinger (1933) was the first to determine the composition of a virus. He showed that a 
bacteriophage consists of only protein and DNA. 

In 1935 Stanley crystallized the virus causing tobacco mosaic disease, and demonstrated that 
the crystals retained their infectivity when inoculated into healthy plants. He thus showed 
that viruses were not like typical cells. 
 
In 1952 Hershey and Chase studied - the T2 bacteriophage and demonstrated that (1) the 
genetic information is carried in the phage DNA, and that (2) infection is the result of 
penetration of viral DNA into cells. 
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Structure of Viruses-The intact virus unit or infectious particle is called the virion. Each 
virion consists of a nucleic acid core surrounded by a protein coat (capsid) to from the 
nucleocapsid.The nucleocapsid may be naked or may be surrounded by a loose membranous 
envelope. It is composed of a number of subunits called capsomeres.The capsid protects the 
nucleic acid core against the action of nucleases.Viruses occur in three main shapes, 
spherical (actually polyhedral), helical (cylindrical or rod like) and complex.Polyhedral and 
helical viruses may have naked capsids, or the caps ids may be covered by envelopes. 

Size of Viruses -The size of viruses is variable. Most viruses are much smaller than bacteria. 
The larger viruses are, however, as large as some of the smaller bacteria.The virus of 
lymphogranuloma venereum has a diameter of 300-400 mµ, and is thus larger than the 
smallest bacterium. Viruses are only just slightly larger than some of the larger protein and 
nucleic acid molecules.The virus of the foot and mouth disease is smaller than the largest 
protein molecules. Most animal viruses and all plant viruses are invisible under the light 
microscope. 

The size of viruses is determined by electron microscopy, ultracentrifugation, and by 
filtration through collodion membranes of known pore diameter. 

Plant Viruses: The first virus to be discovered was a plant virus. In 1892 Iwanoski showed 
that the tobacco mosaic disease could be transmitted through the sap of diseased plants even 
after the sap was passed through filters fine enough to trap all bacteria. The sap contained the 
particles of the tobacco mosaic virus (TMV) which were ultramicroscopic in size. In 1935 
Stanley crystallized the virus and showed that the crystals were aggregations of 
submicroscopic nucleoprotein complexes. Since then more than 170 plant viruses have been 
visualized. 
The vast majority of the plant viruses have an RNA genome. Small viruses containing 
ssRNA can be considered as picorrnaviruses. This term is, however, used more specifically 
with reference animal enteroviruses and rhinoviruses, and will therefore, not to be used , 
with reference to the plant ssRNA viruses. The vast majority of the ssRNA viruses are rod 
like, sometimes flexous, (helical symmetry). 
 

An ssRNA group characterized by complex bacilliform or bullet shaped lipid membrane 
containing particles has been included in the rhabdoviruses. This group also contains animal 
viruses, e. g. the rabies virus. The large, complex, membrane covered tomato spotted wilt 
virus is a pleomorphic myxovirus. The plant viruses of the Reoviridae, e.g. the wound 
tumour virus, contain a dsRNA genome, and are similar to animal reoviruses. The 
cauliflower mosaic group of viruses are the only viruses to have a DNA genome (dsDNA). 
No ssDNA plant viruses are known. Some plant viruses also infect arthropods, and thus form 
a bridge between plant and animal viruses. 
The vectors of plant viruses belong mostly to the order Hemi ptera of insects. This group 
includes bugs that feed by sucking plant juice. The majority of the plant viruses are 
transferred by aphids, particularly the species Myzus persicae, the potato and peach aphid. 
Other arthropod vectors of plant viruses belong to the order Orthoptera (grasshoppers and 
locusts) and Coleoptera (beetles). 
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Viruses may be rapidly lost by the insect host after feeding (non persistent viruses) or may be 
retained for long periods, often for the rest of the life (persistent viruses). Transfer of non 
persistent viruses may be simply a mechanical process, without any biological relationship 
between the virus and the host. In the case of persistent viruses there may be multiplication 
within the vector. 
The potato leaf roll virus transmitted by aphids and the equine encephalomyelitis virus 
transmitted by the mosquito are examples where there is evidence for the multiplication of 
the virus within the insect host. Evidence for the biological relationship between the insect 
host and the virus is more direct in the case of leafhoppers and the viruses they transmit. 
 
The virus for the dwarf disease of rice is transmitted via the egg of its leafhopper vector 
Nephotettix apicalis. The clover club leaf virus is also transmitted through the egg of its 
leafhopper vector Agalliopsis novela. These two viruses offer clear evidence of 
multiplication of plant viruses in their insect vectors. Several other instances have also been 
recorded. 

Classification of Virus by Casjens and King 
 
The Major groups of virus according to the type of nucleic acid, symmetry presence or 
absence of an envelope and site of assembly. 
 
I.ssRNA VIRUSES 
(A) HELICAL  
a.Rigid rods :  
Tobacco mosaic virus 
Barely stripe mosaic virus  
Tobacco rattle virus  
 
b. Flexous rods :  

Potato X and Y viruses 
Clover yellow mosaic virus.  

(B) ICOSAHEDRAL  
a.Spherical plant viruses  
(i) With 180 identical capsomers (T=3) 
Cowpoa chlorotic mosaic virus 
Cumumber mosaic virus 
Turnip yellow moasic virus 
 
(ii)With 60 subunits of 2 structural proteins (T=1) :  
Cowpa moasic virus 

The LHT System of Virus Classification Based on Chemical and Structural Features 
Family: Microvidae      -12 capsomeres 
Family: Parvoviridae-32 
Family: Paplloviridae-72 
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Family: Adenoviridae-2 
o Family: lridoviridae -812 
Order: Peplovirales (mantle viruses) 
 
Family: Herpesviridae - 162 capsomeres (herpesviruses) 
Class : Deoxybinala (viruses with head and tail) 
Order : Urovirales 
Family: Phagoviridae (bacteriophages) 
 
SUBPHYLUM: RIBOVIRA (RNA viruses) 
Class: Ribohelica (helical symmetry) 
 
Order: Rhabdovirales (rod-like viruses) 
 
Suborder : Rigidovirales Plant viruses 
 
Family: Dolichoviridae 12-13.nm 
 
Family :Protoviridae 15 nm 
 
Family : Pachyviridae 20 nm  
Suborder: Flexiviridales Plant viruses 
Family: Leptoviridae 10-11 nm 
Family:Mesoviridae 12-13 nm 
Family: Adroviridae 15 nm 
Order : Sagovirales 
Family: Myxoviridae 
Family:Paramyxoviridae 
Family:Stomatoviridae 
 

 Classification of Plant Viruses -   

The Plant Virus Subcommittee established in 1966 by the Executive Committee of the 
International Committee on Nomenclature recommended a classification of viruses into 16 
subgroups, including 4 monotypic groups (12-16) (Harrison et. al, 1971). 
 
These groups are 
 
1. Tobravirus group 
2. Tobamovirus group 
3. Potexvirus group  
4. Carlavirus group 
5. Potyvirus group 
6. Cucumovirus group 
7. Tymovirus group 
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8. Comovirus group 
9. Nepovirus group 
10. Bromovirus group 
11. Tombusvirus group 
12. Caulimovirus group 
13. Alfalfa mosaic virus 
14. Pea enation mosaic virus 
15. Tobacco necrosis virus 
16. Tomato spotted wilt virus 

Only the well studied viruses have been placed in these groups. Each group contains a 
collection of viruses and or virus strains sharing the main characteristic with a type member 
of the group. The group is named after the type member, e.g. tobravirus for tobacco rattle 
virus, etc. Viruses whose characteristics have not been adequately determined are not 
included in the groups, may be subsequently included when more data is available. Viruses 
resembling the wound tumour virus (reovirus group) and lettuce necrotic yellows virus 
(rhabdovirus group) have also not been included. These viruses have counterparts in animals. 
Heterogeneity - More than one kind of virus particle may be involved in virus infection. 
Heterogeneity may be due to  
 
(i) differences in the lengths of virus particles, e. g. tobravirus and alfalfa mosaic virus 
 
(ii) differences in sedimentation rates, with the size remaining constant, e.g. comoviruses, 
 
(iii) differences in nucleic acid content, again with the size remaining constant, e. g. 
nepoviruses and  
 
(iv) electrophoretic heterogeneity, which is a reflection in the differences in coat proteins or 
in assembly. 
 

Viruses with heterogeneous particle populations have been  termed 'multicomponent', 
'multiparticulate' or divided genome viruses.  
 
The particles are often called top (T), middle (M) and bottom (B), with reference to their 
position in the density gradient column after centrifugation. When two nucleoprotein 
particles exist for a virus, they are often designated as middle and bottom particles. It is 
assumed that the top particle, which often contains no nucleic acid, is lacking.  
 
In the tobraviruses the functional particles are designated as long (L) and short (S) particles, 
corresponding to the bottom and middle particles, respectively. 

Nature of Viruses-Viruses exist in two different states, the extracellular infectious particle 
or virion and the intracellular state consisting of viral nucleic acid.The virion consists of a 
protein coat or capsid, which encloses a genome of either RNA or DNA. The entire structure 
is called the nucleocapsid. The capsid may be a polyhedron or a helix, or a combination of 
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both (in some phages). Viruses are infective micro organisms that show several differences 
from typical microbial cells. 

1. Size. The size range of viruses is from about 20 to 300 nm. On the whole, viruses are 
much smaller than bacteria. Most animal viruses and all plant viruses and phages are 
invisible under the light microscope. 
2. Simple structure. Viruses have very simple structures. The simplest viruses are 
nucleoprotein particles consisting of genetic material (DNA or RNA) surrounded by a 
protein capsid. In this respect they differ from typical cells which arc made up) of proteins, 
carbohydrates, lipids and nuc1eicacids.The more complex viruses contain lipids and 
carbohydrates in addition to proteins and nucleic acids, e. g. the enveloped viruses. These 
viruses are surrounded by a membranous envelope which is derived from the host cell. It 
protects the virus and also serves for transmission from one host to another. The envelope 
consists of a lipid bilayer and proteins with special functions. 
The membrane proteins are of two types, glycoproteins and matrix: proteins. Glycoproteins 
have a hydrophobic end fixed in the lipid bilayer and a hydrophilic glycosylated end which 
protrudes into the medium. 
The spikes on the outer surface of the virions consist of glycoproteins. In the 
orthomyxoviruses, paramyxoviruses and rhabdoviruses, there is an unglycosylated matrix 
protein layer on the inner surface of the envelope. This layer appears to connect the envelope 
with the capsid.The envelope and capsid proteins are specified by viral genes. The lipid and 
carbohydrate of the glycoprotein are derived from the host cell. Since some viruses can be 
grown in different cell types, they often have different lipid and carbohydrate moieties.The 
surface of the virion may therefore contain polysaccharide-determined cellular antigens. The 
Pseudomonas phage 96 has a lipid envelope, of which the lipid bilayer appears to be 
assembled de novo, and is not budded from the membranes. 
3. Absence of cellular structure. Viruses do not have any cytoplasm, and thus cytoplasmic 
organelles like mitochondria, Golgi complexes, lysosomes, ribosomes, etc., are absent.They 
do not have any limiting cell membrane. They utilize the ribosomes of the host cell for 
protein synthesis during reproduction. 

4. No independent metabolism. Viruses cannot multiply outside a living cell. No virus has 
been cultivated in a cell-free medium. Viruses do not have an independent metabolism. They 
are metabo lically inactive outside the host cell because they do not posses enzyme systems 
and protein synthesis machinery. 
 
Viral nucleic acid replicates by utilizing the protein synthesis machinery of the host. It codes 
for the synthesis of a limited number of viral proteins, including the subunits or capsomeres 
of the capsid, the tail protein and some enzymes concerned with the synthesis or the release 
of virions. 
5. Nucleic acids. Viruses have only one nucleic acid, either DNA or RNA. Typical cells 
have both DNA and RNA. Genomes of certain RNA viruses can be transcribed into 
complementary DNA strands in the infected host cells, e. g. Rous Sarcoma Virus (RSV). 
Such RNA viruses are therefore also called RNA-DNA viruses. 
 
6. Crystallization. Many of the smaller viruses can be crystallized, and thus behave like 
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chemicals. 
 
7. No growth and division. Viruses do not have the power of growth and division. A fully 
formed virus does not increase in, size by addition of new molecules. The virus itself cannot 
divide. 
Only its genetic material (RNA or DNA) is capable of reproduction and that too only in a 
host cell. 
It will thus be seen that viruses do not show all the characteris tics of typical living 
organisms. They, however, possess two funda mental characteristics of living systems. 
Firstly, they contain nucleic acid as their genetic material. 
The nucleic acid contains instructions for the structure and function of the virus. Secondly, 
they can reproduce themselves, even if only by using the host cells synthesis machinery. 
 
The debate as to whether viruses are living or non-living is actually superfluous. A decision 
on this matter would ultimately depend upon the criteria adopted to distinguish between 
living and non-living. 
Tobacco Mosaic Virus – TMV:In 1936 Stanley isolated the tobacco mosaic virus in 
crystalline state from the sap of infected tobacco plants.Since then much work has been done 
to elucidate the structure of the TMV. The virus is rod shaped, about 300nm long and 15-18 
nm in diameter.X-ray diffraction studies have shown that the virus consists of a protein tube 
with a lumen of 2oA enclosing a single strand of helically coiled RNA. The tube is made up 
of a number of identical subunits (monomers) of protein arranged in a helical manner. 
Studies by Watson (1954), and more recently by Franklin and her co workers, have shown 
that there are 49 subunits of protein for three turns of the helix, thus giving a total of 2,130 
subunits for the rod. 
Each subunit has a molecular weight of 17,500, and consists of a single polypeptide chain 
made up of 158 amino acids whose sequence has been established.The RNA is a single 
stranded molecule coiled into a helix BOA in diameter. It follows the pitch of the protein 
helix. Each turn of the RNA helix contains about 49 nucleotides, and has a pitch of 23°. The 
RNA is infective by itself, although much less so than the intact virus.This is because 
unprotected RNA is subjected to the action of enzymes (nucleases), and is thus destroyed. 
The protein functions as a protective tube around the RNA. 

Virus in Eukaryotic Microorganisms – There is also evidence that cells of eukaryotic 
microorganisms may contain viruses. 
Some of these viruses may be associated with prokaryotic endosymbionts living in 
eukaryotic cells Virus like particles have been observed in species of Protozoa, algae and 
fungi. 

Plant Viruses (Cauliflower Mosaic Viruses OR CaMV and Geminivirus)-Cauliflower 
mosaic virus (CaMV), tobacco mosaic virus (TMV) and geminiviruses are three groups of 
viruses that have been used as vectors for cloning of DNA segments. CaMV infects 
particularly the members or cruciferac and has a double stranded DNA molecule, 8 kbp in 
size, whose sequence is now known. 
Following infection, the virus spreads systematically throughout the plant ill a very high 
copy number reaching upto 105 virus particles per cell. These features make CaMV a 
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suitable vector for transformation of higher plants although there are instances of the use or 
other viruses also as vectors leading to the production of transgenic plants. 
 
Geminiviruses comprise a group of single stranded DNA plant viruses causing important 
diseases in cassava, maize and other cereals. They replicate via double stranded DNA forms 
and have been subdivided into two groups, one infecting monocots and transmitted by 
leafhoppers and the other infecting dicots and transmitted by whitefly. 
The dicot geminiviruses have two DNA segments in their genome, DNA A and DNA B, 
both essential for infection by mechanical inoculation. DNA A carries all genes responsible 
for replication. 

It has been shown that deletions in coat protein gene do not destroy infectivity of the virus, 
which means that long deletions in this region can be used to insert foreign DNA to obtain 
gene constructs that will be extremely useful as amplification and expression vectors in 
plants. 

Further, since the coat proteins are the most abundant proteins synthesized by the virus, 
promoters of coat protein genes can be used for high level expression of cloned genes. CL V 
and TGMV have already been tested for their ability to allow multiplication and expression 
of a cloned gene. 

Potexvirus Group - Potato Virus X - PVX – Potato virus X (PVX) Potato virus X has a 
helical symmetry, but unlike TMV is a flexous rod    it has a length of 515 nm and is 11.2 
nm wide. The protein component consists of identical subunits (MW 22,300':'23;000) 
arranged in a helical manner. The pitch of the helix is 3.3 nm. In contrast to the condition in 
TMV, the number of subunits per turn is an integer 10. PYX is a hollow cylinder with an 
outer diameter of 11.2 nm and a cavity diameter of 3 nm. Four or possibly three nucleotides 
interact with each subunit. 
PYX is also called potato latent virus, potato mottle virus or Solanum virus 1. It causes mild 
mosaic of potato, the symptoms of which are slight or negligible.There may be slight 
dwarfing of the plant or deformation of foliage. Interveinal mottling or mosaic are also seen.  

Tomato Spotted Witt Virus (TSWV) – Tomato spotted wilt virus is a pleomorphic 
myxovirus. It infects both monocotyledon and dicotyledon plants, and has a host range of at 
least 160 plant species. It is the only plant virus that is transmitted by thrips. Of which four 
species of vectors have been found. The virus can be transmitted only in the larval stages of 
the thrips. It is injested during feeding, and after an incubation period of several days the 
vector becomes infective for the rest of its life.TSWV contains 5% ssRNA, 19% lipid, 7% 
carbohydrate and the rest protein. It has a particle weight of 1I x 10' daltons, and sedi ments 
at about 500-520'S.  
There is, however, considerable controversy about the particle size and S value. The particle 
is about 70 nm in diameter in infected tissue, and is surrounded by a SOA thick membrane. 
The first sign of infection in infected tissues is the appearance of dark staining granular areas 
in the cytoplasm. This is followed by the appearance of structures consisting of two 
concentric rings (110 nm outer and 85 nm inner). After this the mature particles become 
visible. 
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Rice Dwarff Virus (RDV) – This virus is the causative agent of a serious rice disease in 
Japan. 
It infects rice plants and other members of the Graminae, and results in stunting of the plants. 
It is transmitted by leaf hoppers through the ovary. The icosahedral virion is 70 nm in 
diameter and consists of 180 structural units organised into 92 capsomeres. (A model based 
on 32 capsomeres has also been proposed for RDV). Each capsomere is composed of, 5 or 6 
structural units. They are in the form of hol1ow tubes about 6 nm in diameter and 9.5 nm in 
length. The RNA content is 12% and the G+C content 44%. RNA exists in the from of 12 
segments ranging from 2.8 - 0.44 x 106. The virus particles have an outer envelope of lipid 
which appears to be derived from the cell membrane of the host cell. 

Maize Rough Dwarf Virus (MRDV) –MRDV causes severe disease in maize. Galls 
develop on the undersurface of leaves; along the veins.There is also dwarfing and restriction 
of root development. MR DV multiplies in some 16 species of Graminae, and also in several 
species of plant hoppers, which act as vectors. 
MRDV is a large spherical virus 66 nm in diameter. It has a double capsid shell. The outer 
shell is probably made up of 92 morphological units, with 12 projections or spikes (A-
spikes) about II Dm in length. 
Each spike is situated at an axis of fivefold symmetry. Removal of the outer capsid yields 
subviral particles 53 nm in diameter with 12 B-spikes. These are coaxial with the A-spikes 
and about 0 nm long. 
Each spikes is implanted on a baseplate of the inner capsid shell. The B-spikes penetrate the 
outer capsid shell into the A-spikes. Each B-spike is composed of 5 morphological units 
surrounding a central hole. MRDV contains 10 dsRNA segments. 

Abiotic stress is defined as the negative impact of non-living factors on the living organisms 
in a specific environment. The non-living variable must influence the environment beyond 
its normal range of variation to adversely affect the population performance or individual 
physiology of the organism in a significant way. Whereas a biotic stress would include such 
living disturbances as fungi or harmful insects, abiotic stress factors, or stressors, are 
naturally occurring, often intangible, factors such as intense sunlight or wind that may cause 
harm to the plants and animals in the area affected. Abiotic stress is essentially unavoidable. 
Abiotic stress affects animals, but plants are especially dependent on environmental factors, 
so it is particularly constraining. Abiotic stress is the most harmful factor concerning the 
growth and productivity of crops worldwide. Research has also shown that abiotic stressors 
are at their most harmful when they occur together, in combinations of abiotic stress factors. 

 In plants: A plant’s first line of defense against abiotic stress is in its roots. If the soil 
holding the plant is healthy and biologically diverse, the plant will have a higher chance of 

surviving stressful conditions. Facilitation, or the positive interactions between different 

species of plants, is an intricate web of association in a natural environment. It is how plants 

work together. In areas of high stress, the level of facilitation is especially high as well. This 
could possibly be because the plants need a stronger network to survive in a harsher 

environment, so their interactions between species, such as cross-pollination or mutualistic 
actions, become more common to cope with the severity of their habitat. This facilitation will 

http://en.wikipedia.org/wiki/Biotic_stress
http://en.wikipedia.org/wiki/Fungi
http://en.wikipedia.org/wiki/Agricultural_productivity
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not go so far as to protect an entire species, however. For example, cold weather crops like 

rye, oats, wheat, and apples are expected to decline by about 15% in the next fifty years and 
strawberries will drop as much as 32% simply because of projected climate changes of a few 

degrees. Plants are extremely sensitive to such changes, and do not generally adapt 
quickly. Plants also adapt very differently from one another, even from a plant living in the 
same area. When a group of different plant species was prompted by a variety of different 

stress signals, such as drought or cold, each plant responded uniquely. Hardly any of the 

responses were similar, even though the plants had become accustomed to the exact same 

home environment. 

What is plant water stress? Plant water stress, often times caused by drought, can have major 
impacts on plant growth and development. When it comes to crops, plant water stress can be 
the cause of lower yields and possible crop failure. The effects of plant water stress vary 
between plant species. Early recognition of water stress symptoms can be critical to 
maintaining the growth of a crop. The most common symptom of plant water stress is wilt. 
As the plant undergoes water stress, the water pressure inside the leaves decreases and the 
plant wilts. Drying to a condition of wilt will reduce growth on nearly any plant. 

From an irrigator's perspective, managing water to minimize stress means knowing plant 
water availability, recognizing symptoms of water stress, and planning ahead. This article 
outlines how water stress impacts plant growth and development and how to anticipate plant 
water stress to minimize negative consequences. 

How does water stress impact plant growth and development? Plants take in water through 
their roots. The amount of force needed for a plant to remove water from the soil is known as 
the matric potential. When soil moisture is low, plants have to use more energy to remove 
water from the soil, thus the matric potential is greater. When the soil is dry and the matric 
potential is strong, plants show symptoms of stress. This is known as the matric effect. 

Plants can also have difficulties extracting water from the soil if salts are present in the root 
zone. Generally, when the soil solution is more saline than the plant, more energy is needed 
to uptake water than if the soil solution is not saline. Plant water stress caused by saline 
conditions is known as the osmotic effect. Stress from the osmotic effect will cause the same 
symptoms as stress from the matric effect. 

Salinity as a stress factor -In places where both salinity and drought are present, plants must 
overcome matric and osmotic forces to uptake water. If the osmotic effect is strong (high 
salinity), then the matric force (how dry the soil is) needs to be minimized to reduce the 
combined effect of matric and osmotic forces. Simply stated, more water needs to be added 
to the soil to minimize the effects of plant water stress in saline soils. 

Most water for irrigated crops is extracted from shallow soil depths where the majority of the 
roots are. In the first few days following irrigation, 40% or more of plant water comes from 
the top twelve inches of soil. Plants use roots to uptake water from the soil, so adequate root 
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density, distribution and conditions conducive to root growth are important in aiding plant 
utilization of water. 

Why does water stress impact plant growth and development? The main consequence of 
moisture stress is decreased growth and development caused by reduced photosynthesis. 
Photosynthesis is the process in which plants combine water, carbon dioxide and light to 
make carbohydrates for energy. Chemical limitations due to reductions in critical 
photosynthetic components such as water can negatively impact plant growth. 

Low water availability can also cause physical limitations in plants. Stomates are plant cells 
that control movement of water, carbon dioxide, and oxygen into and out of the plant. During 
moisture stress, stomates close to conserve water. This also closes the pathway for the 
exchange of water, carbon dioxide, and oxygen resulting in decreases in photosynthesis. Leaf 
growth will be affected by moisture stress more than root growth because roots are more able 
to compensate for moisture stress. 

How can plant water stress be managed? Crop selection can be a key component when 
dealing with or anticipating moisture stress. Generalizations about plant groups and how they 
behave under moisture stress can be used to guide decisions about crop selection for drought 
and saline conditions. 

 Determinate crops: Resistant to moisture stress during vegetative stages, determinate 
crops are grown for harvest of mature seed and include small grains, cereal crops, 
peas, beans, and oil seed crops. Determinate crops show a linear relationship between 
water stress and seed production. These crops are most sensitive to stress during seed 
formation including heading, flowering, and pollination. Each has a minimum 
threshold growth and water requirement for seed production. This process can be 
interrupted by stress and generally can't be recovered with removal of the stress. 

 Indeterminate crops: Indeterminate crops include tubers and root crops such as 
potatoes, carrots, and sugar beets. These crops are relatively insensitive to moisture 
stress in short intervals (4-5 days) throughout the growing season and have no specific 
critical periods. If and indeterminate crop is subject to moisture stress, quality will be 
affected rather than yield. Harvestable yield increases as water use increases. 
Indeterminate crops are more directly related to climatic demand and cumulative water 
use during the season than to stress during any particular growth stage. 

 Forages: Forage crops are grown for hay, pasture, and biomass production. In 
comparison to determinate and indeterminate crops, perennial forages are impacted 
least by moisture stress. Perennials usually have deep well established roots systems. 
Forage yields are typically in response to climatic conditions. Forages that have 
undergone moisture stress will have lower yields than those that have not. Annual 
forages are an effective way to take advantage of early season moisture and cooler 
temperatures. In general, as water stress is increased, forage nutritional value is 
increased, yet overall yield and harvestable protein is decreased. 

Table 1. Crop selection for water stress management. 
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Crop type Water stress limitations Management tips 

Determintate 

crops 
Resistant to water stress during 
vegetative stages. 

Avoid water stress during 
reproductive stages. 

Indeterminate 

crops 
No specific critical periods. 

Sugarbeets are more stress tolerant 
than potatoes, carrots, and onions. 

Forages 
Perennial forages are least 
affected by moisture stress in the 
long run. 

Concentrate irrigation efforts early 
in the season to maximize 
production. 

How can the consequences of plant water stress be minimized? Producers can minimize 
the consequences of plant water stress by learning how to manage it ahead of time. Water 
stress timing and crop selection choices can be very important details. If one had to prioritize 
to deal with moisture stress, the list might look a lot like this: 

Natural Stress-Abiotic stress is stress produced by natural factors such as extreme 

temperatures, wind, drought, and salinity. Man doesn’t have much control over abiotic 

stresses. It is very important for humans to understand how stress factors affect plants and 

other living things so that we can take some preventative measures. Preventative measures 

are the only way that humans can protect themselves and their possessions from abiotic 

stress. There are many different types of abiotic stressors, and several methods that humans 

can use to reduce the negative effects of stress on living things. 

 

Salt stress 

 
   
   

  

 

 

http://en.wikipedia.org/wiki/Abiotic_stress


172 

 

 

 

A variety of sorghum, sensitive to salinity, growing in sand culture and watered with a 

nutrient solution containing increasing concentrations of sodium chloride. All the plants 

have grown for the same length of time. 

 

When soils in arid regions of the world are irrigated, solutes from the irrigation water can 
accumulate and eventually reach levels that have an adverse affect on plant growth. Current 
estimates indicate that 10 - 35% of the world's agricultural land is now affected, with very 
significant areas becoming unusable each year. It is a world-wide problem, but most acute in 
North and Central Asia, South America and Australasia. Although careful water 
management practices can avoid, or even reclaim damaged land, crop varieties that can 
maintain yields in saline soils also have an important role. 

In contrast to crop plants, there are wild plants that thrive in the saline environments along 
the sea shore, in estuaries and saline deserts. These plants, called halophytes, have distinct 
physiological and anatomical adaptations to counter the dual hazards of water deficit and ion 
toxicity.  

Salinity can affect any process in the plant's life cycle, so that tolerance will involve a 
complex interplay of characters. Research projects at Liverpool have investigated details of 
the physiology and biochemistry of salt tolerance and also looked at methods to screen 
overall plant performance that could be used in breeding programmes.  

One recent project investigated  two species of sorghum (Sorghum bicolor and S. sudanense) 
represented by 21 accessions. Although increasing sodium chloride concentrations 
significantly reduced all aspects of growth, there was considerable variation between the 
accessions. Root and shoot length measurements of the accessions, and the progeny of a 
cross between four of them, indicated that a great proportion of the differences was 
genetically determined.  

  
Mean relative total fresh weight of 21 accessions of two sorghum species after growing in 

200mM NaCl for 14 days.  

Measurements of internal solutes indicated that there was a physiological basis to these 
differences. The more tolerant accessions tended to select against uptake of sodium ions, and 
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to synthesise increased amounts of organic solutes (such as proline) for osmotic adjustment. 
Synthesis of organic solutes appears to be a common strategy for osmotic adjustment by 
plants despite the fact that it channels photosynthetic resources away from other aspects of 
growth 

  
Proline accumulation in one accession of sorghum grown for 14 days in saline solutions 

(from LHS: control, (one-tenth Long Ashton culture medium) supplemented with 100, 150 

and 200 mM NaCl) 

The results of this project indicate that there is scope within the sorghum gene-pool to 
increase the salt tolerance of commercial varieties, as well as indicating the physiological 
traits that are advantageous. 

Drought stress 

 

 

 

 

Fields of oilseed rape in flower in the UK. This crop is a major source of edible oils in 

many parts of the world. 

Drought is one of the most serious world-wide problems for agriculture. Four-tenths of the 
world's agricultural land lies in arid or semi-arid regions. Transient droughts can cause death 
of livestock, famine and social dislocation. Other agricultural regions have consistently low 
rain-fall and rely on irrigation to maintain yields. In both circumstances, crop plants which 
can make the most efficient use of water and maintain acceptable yields will be at an 
advantage.  

One recent research project at Liverpool has investigated the potential  within oilseed 
brassicas for breeding for drought tolerance. These plants are a closely related group of 
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species within the Brassicaceae (cabbage family). They are the main edible plant oil crop in 
Europe, and a major crop in other parts of the world, including North America and Asia.  

There is considerable genetic variability within and among brassica species. To exploit this 
to breed more tolerant cultivars requires assessment methods capable of screening large 
numbers of plants. This project examined  the effects of drought from germination to seed set 
on 5 species of oilseed brassica, covering a total of 120 varieties.  

The parameters assessed ranged from the percentage of seeds that germinated through 
morphological characters to measurements of intracellular solutes.   

 
The dry weight of seedlings rises as they are subjected to increasing water stress, as they 

accumulate increased amounts of solutes.  

This study showed that drought tolerance is a complex trait where several characters 
influence plant success during the life-cycle. Many characters are highly heritable, and 
additive, indicating that there is considerable scope for improvement of drought tolerance 
even in modern brassica cultivars. 

 
 

Trichomes on the surface of young drought-stressed leaves of oilseed brassica. More 

tolerant varieties may retain more trichomes on older leaves, so reducing water loss. 

Cold Stress 
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Seedlings of two varieties of rice after exposure to -2 degrees Celsius for 6h. The seedlings 

have had 1 week in a growth room to recover from the cold stress (LHS: three cold 

tolerant varieties; RHS: three cold sensitive varieties. 
 
Plants living in temperate climates require tolerance to the seasonal advent of cold. However, 
tropical or sub-tropical species may also experience sudden cold spells, in unseasonal 
weather or at higher altitudes. 

Rice is a tropical crop where growth is checked by chilling. A recent project at Liverpool 
developed a method to subject rice seedlings to cold under controlled conditions. The 
objective was to develop methods to screen rice varieties for cold tolerance. It was important 
to know that brief exposure to cold in the laboratory was a true guide to the plant's potential 
to recover from a real frosty night. Analyses of   biochemical changes in the seedlings 
revealed characteristics typical of plants exposed to cold weather. This suggested that the 
laboratory method was measuring a real parameter of cold tolerance.  
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Southern blot against genomic DNA from two parental rice varieties (two LHS lanes) and 

their F-9 progeny. Note RFLP in parental varieties allowing progeny to be distinguished 

by this probe. 

In parallel, a series of inbred rice lines were screened for restriction fragment length 
polymorphisms (RFLPs). This method is used in breeding programmes to allow detection of 
desirable traits within individual plants. It relies on knowledge that a particular RFLP, or 
other genetic marker, is linked to a particular trait. This in turn requires appropriate methods 
and plants to test for the trait as well as application of molecular biology. Even for a plant 
like rice with a small genome, it can take considerable time to build up this information. In 
this study, one RFLP was identified that appeared in more cold tolerant than cold sensitive 
lines. By building up a series of these correlations, the position of the gene contributing to 
this trait could be identified. 

History and Progress of Vaccine Development -Vaccine production and immunization or 

vaccination is the most important application of immunotechnology, as far as human welfare 

is concerned. The first experiment in immunization was performed by Louis Pasteur, a 

French chemist turned biologist, on July 6, 1885, when he treated a young boy against 

rabies.He extracted fluid from the spinal cord of a rabid dog and injected it in small amount 
to the boy, who was bitten several times by a rabid dog. Apparently the extract from the 

spinal cord had stimulated the production of antibodies against the rabies virus.The science 

and application of the vaccine technology, however, has made significant progress in recent 
decades, so that the period 1950-70 is considered to be the golden age for vaccine 

development. 

During this period, vaccines for poliomyelitis, measles, mumps and rebella were developed. 
In majority of the vaccine recipients there is no significant ill effects and mortality rate 

among vaccines varies from about one per 200,000 to one in 3,000,000. Thus the vaccines 

are quite safe and cost effective. 

However, productions of vaccines against certain important infectious agents have been 
difficult. The problems involved in the production of vaccine in such cases include the 
following:  

(i) Antigenic variation or presence of many serotypes as in influenza, rhinovirus and in 

human immunodeficiency virus (HIV). 
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(ii) Integration of viral DNA/cDNA in the host cell genome as in hepatitis B and retrovirus.  

 
(iii) Large animal reservoirs as in influenza and human HIV. 

 
(iv)Infection transmitted by cells which mayor may not express viral antigen as in HIV. 

 
(v) Crucial cells of the immune system are infected as in HIV.  

 

If a pathogen has most or all of these characteristics, it is difficults to produce an effective 
vaccine. The HIV causing AIDS at present seems to fit this description. 

Nature of Vaccines – In broader sense, the term vaccine is used for any biological material 

injected in the body to stimulate the active immunity. Immunization of the body through 
vaccination is generally done for the prevention of disease. 
 

The vaccine is administered in advance so as to give the body time to set active immunity, 

before invasion by the pathogen occurs. The objective of vaccination is to stimulate the 

production of antibodies without the person actually having to develop the disease. 

(ii) After 20 yeas, in June 1992, United Nations Conference on Environment and 

Development (UNCED), popularly described as ‘Rio Earth Summit, was help in Rio de 

Janeiro (Brazil), where heads of the states from 166 countries participated to examine the 

issues involved and the solutions possible. 

(iii) The latest conference, the World Summit on Sustainable Development (WSSD) was 

held in Johannesburg (South Africa) during August 26 to September 4, 2002 to assess global 

change since the above Rio Earth Summit.  

While on the one hand, there is an increasing problem of the conservation of nature and 
natural resources. Both these problems are receiving constant attention of environmentalists. 

Among implications, there is also an alarm due to release of genetically engineered 

organisms in the atmosphere and due to release of effluents from biotechnological 

companies, so that the environmentalists are having a debate on the effects of developments 

in biotechnology on the environment. There is also a debate on the safety of the use of the 

products of biotechnology, an area described as biosafety. Among application, on the other 

hand, efforts are also being made to use biotechnology to protect the environment from 
pollution and to conserve natural resources. At a time, when the gap between those who have 
plenty and those who do not have even the minimum is widening, both ends of this 

spectrum, i.e. plenty and poverty, are contributing to environmental degradation. It is, 

therefore, necessary that the developing and developed countries jointly find a path of 
development which meets the needs of the present without compromising the ability, of 

future generations to meet their needs (World Commission on Environment and 

Development). Efforts are being made to achieve this objective through a variety of 
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approaches, and biotechnology is certainly one of them. In this chapter and the next four 

chapters, environmental; implications and applications of biotechnology for environment 
will be discussed. 

In recent years, we have witnessed a debate on the environmental implications of 
biotechnology. In this debate, risks involved in the use of biotechnological approaches have 
often been emphasized (or even overemphasized) and the adequate guidelines for safety have 

been suggested ad enforced by law. However, there have also been rapid developments in the 

applications of biotechnology, which may help in controlling environment pollution, thus 

giving a cleaner and sustainable environment in future. According to one estimate in USA, 
the US market for environmental clean-up applications was expected to grow at an average 

rate of 17%, while that for microbes and enzymes was expected to grow by only 7% every 

year. Besides others, these applications for environment clean-up include biotreatment 

methods for effluents and toxic wastes (this subject is described as bioremediation and is 

discussed in the next). However, these bioremediation treatments, it is feared, could be 

problematic, where they involve deliberate or accidental release of genetically modified 

microbes to the environment. These applications of biotechnology in environment 

management. 

Plant Derived Vaccines - Conventional vaccines consist of attenuated or inactivated 
pathogens. In case of many pathogens, the gene encoding a critical antigen has been isolated 

and expressed in bacteria/animals, and the recombinant protein so produced is used as a 

vaccine; such vaccines are called recombinant vaccines. 

 

Recombinant vaccines are produced through bacterial fermation or in animal cell cultures, 

which often makes their cost prohibitively high. In addition, storage and transport of 

vaccines, especially in developing countries, presents many problems, e.g., cold storage. 

 

Therefore, plants are being developed as an alternative vaccine production and delivery 
systems. There are two basic objectives of such efforts:  
(1)development of edible vaccines, and  
(2) production of recombinant antigenic proteins to be used as vaccines 

   

Conditions for Ideal Vaccines- 

 

1. It should not be tumorigenic, toxic or pathogenic, i.e., it should be safe. 
 

2. It should have very low levels of side effects in normal individuals.  
 

3. It should not cause problems in individuals with impaired immune system. 



179 

 

 

4. It should not spread either within the vaccinated individual or to other individuals (live 
vaccines). 

 
5. It should not contaminate the environment. 
 

6. It should be effective in producing long lasting humoral and cellular immunities. 

 

7. The technique of vaccination should be simple 
 

.8. The vaccine should be cheap so that it is generally affordable. So far, such an ideal 

vaccine has not been developed. 

 

Virus Resistance in Transgenic Plants 
 

There have been many reports about the development of transgenic plants which have 
become resistant to virus infections. These plants showed resis tance to virus infections when 

they were transformed with sequences re lated to several gene functions. 

 

Some of the areas where successes have been seen related to sequences concerning viral 
capsid protein, viral move ment protein, antisense RNA, antibody-mediated resistance, 

interferon-related genes and host genes involved in plant protection. 

Viruses are biochemical complexes consisting of a RNA or a DNA genome packaged into a 
protein capsid which mayor may not be sur rounded by a membrane envelope. The protein 

coat 'covered genome is referred to as the nucleocapsid. The proteins on the surface of the 

capsid and envelope determine the interaction of the virus with the host and elicit the 

protective immune response against the virus. Some virus particles also contain enzymes 
required to facilitate the replication of the virus.  

The tobacco mosaic virus (TMV) is an example of a virus with helical symmetry whose 

capsomeres (many protein subunits of the capsid) appear as projections that are assembled 

on the RNA genome into rods extending to the length of the genome.  
In other viruses the capsomere arrangement is cubical or icosahedral enclosing its nucleic 

acid component. Engineering resistance in plants involves either countering the capsid 

properties or dis rupting the virus replicating mechanisms in the hot. 

 

Vaccines 
Viral vaccines consist of either virulent virus particles that have been in activated, or of live 
particles of virus strains that have been weakened or attenuated, so that they no longer cause 
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disease but immunize against the disease causing virulent strains. 

 
The disadvantage of such conventionally made vaccines is that there is a small chance, that 

one or more virus particles have survived inactivation and vaccination with such a vaccine 
could therefore lead to isolated cases of disease. 
Such accidents have indeed hap pened more than once, for example in cowherds vaccinated 

against foot (hoof) and mouth-disease virus.  

A. Callus B. Callus showing profuse rooting C. Callus with many shoot buds 

 
  

 

D. Same as after another three weeks. Note that 
the shoot buds have grown into plants 

E. The Plant formed in cultures has 
developed a floral spike 

  

Moreover, the viruses used to make vac cines are grown in animal cells and therefore the 
vaccines are very often contaminated with cellular material that can cause adverse 
immunological reactions in certain people.  
 

Diagram of steps involved in micropropagation (aseptic multiplication) of plants. shoot 

multiplication is achieved through forced axillary branching adventitious budding from 

pieces of plants parts or callused tissue 
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Since the proteins forming the coat of virus are the major antigens that induce antibody 
formation, it should be pos sible to use only the protein part and not the whole virus (which 
contains the genetic material, capable of causing the disease), to make a vaccine. This is 
where recombinant DNA techniques could be used by producing viral proteins from 
genetically engineered yeast and E. coli which in prin ciple should be less expensive and 
might lead to the production of safer vaccines. 

In this regard much work has been done on the cloning of the major antigenic viral protein 

(VPI) of the foot- and mouth-disease virus (FMDV) of cattle. The complementary DNA 

(cDNA) copies of the single -stranded genomic RNA (MW 2.6 x 108) of FMDV have been 

cloned in plasmid vectors of E. coli and synthesis of the VPI has been achieved in quantity of 

1 to 5 million molecules per bacterial cell. 

In addition to FMDV, there is also intensive work going on to use this technology to make 
vaccines for flu causing influenza virus (G.D. Searle), hepatitis B virus (Biogen/Merck) and 
Herpes simplex virus not only using E. coli but also potato tubers. One hurdle that has to be 
overcome in this approach is that the purified protein vaccines may be less immunogenic 
than the macromolecular assemblies of the same protein on the intact virus. Recent work on 
the expression of surface antigen particles in yeast has been promising in overcoming the 
above mentioned deficiencies in the E. coli expression of the antigenic protein.  

 Transgenic Plants – We discussed a variety of methods which can be used for transfer of 
foreign genes to plant cells, tissues or organs. This transformation has been achieved at the 
level of protoplasts or cells in many plant species although the ultimate objective should be 
the production of transgenic plants following regeneration of whole plants from transformed 
protoplasts/cells. 
Not in all cases, the success in transformation could be combined with success in 
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regeneration. However now there are more than 50 plant species, where transgenic plants 
have been successfully produced. Initially, the production of transgenic plants was restricted 
to dicotyledons, but it has now been extended to several monocotyledons like wheat, maize, 
rice and oats. 
 
Progress in this exciting area of research for production of transgenic plants has been so 
spectacular that by the turn of the century, we hope to be growing crops which have been 
tailored to market specifications by the addition, subtraction or modification of genes. 
Transgenes will also be important in increasing the efficiency of crop production systems. 
For instance, transgenic plants resistant to herbicides, insects, viruses and a host of other 
stresses have already been produced. Transgenic plants have also been produced, which are 
suitable for food processing (e.g. bruise resistance and delayed ripening in tomato). 
 
Another exciting example is the production of male sterile (due to barnase gene) and fertility 
restorer (due to barstar gene) plants in Brassica napus, so that hybrid seed in future will be 
conveniently produced without manual emasculation and controlled pollination as practiced 
in maize. 
 
This has also eliminated the need for a search of cytoplasmic male sterility (cms) and fertility 
restoration system in crops, where hybrids are intended to be produced for higher yields. 
Another major goal for production of transgenic plants, is their, use as bioreactors or 
factories for production of speciality chemicals and pharmaceuticals. This area is described 
as molecular farming or molecular pharming. The transgenic plants have also been produced 
for identification of regulatory sequences for many genes, using gene constructs with 
overlapping deletions. 
 

Application of Transgenic Plants - 1. They have proved to be extremely valuable tools in 

studies on plant molecular biology, regulation of gene action, identification of 
regulatory/promotary sequences, etc. 

2. Specific genes have been transferred into plants to improve their agronomic and other 

features. 
3. Genes for resistance to various biotic stresses have been engineered to generate transgenic 

plants resistant to insects, viruses, etc. 

4. Several gene transfers have been aimed at improving the produce quality. 

5. Transgenic plants are being used to produce novel biochemicals like hirudin, etc. which 
are not produced by normal plants. 
6. Transgenic plants can be used vaccines for immunization against pathogens; this is fast 

emerging as an important objective. 

Genetic Engineering in Plants – The ability to isolate and clone genes, coupled with the 
development of reliable techniques for introducing genes into plants, has opened a new route 

to genetic improvement of plants that can circumvent the limitations of conventional 

breeding methods. 
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Once a useful gene is isolated, it can be transferred to many different crops without a lengthy 
breeding program. 

Such useful traits as resistance to herbicides and disease have been identified and by gene 
transfer herbicide resistant and disease-resistant plants have been produced. Gene transfer 
into dicot plants can generate varieties with improved agricultural qualities and novel traits. 

Genetic engineering of monocot plants, which include the world's major cereal crops, 

involves certain difficulties.However, these difficulties are now being resolved at a quicker 

pace by developing other biotechnological methods such as electroporation through a 
tailored vector. 

Nevertheless, the long-standing inability to regenerate whole plants from transformable cells 

of monocots and legumes still remains an obstacle to successful genetic engineering 
programs. A model genetic engineering of a plant comprises the following general steps: 

(1) selection of a plant gene whose introduction in other plants would be of positive 

agricultural value; 

 
(2) identification and isolation of such genes; 

 

(3) transference of isolated genes to the plant cell; and 

 
(4) regeneration of complete plants from transferred cells or tissues. 

 

Successful attempts at introducing disease, herbicide and pesticide resistance in plants 
following the aforesaid steps have already been reported from several laboratories. Some of 

the goals of plant genetic engineers include production of plants that are 

 

(a) resistant to herbicide, insect, fungal and viral pathogens, 
 

(b) improved protein quality and amino acid composition, 

 

(c) improved photosynthetic efficiency, and 
 

(d) improved post harvest handling. 

 
But why do we wish to clone plant genes? Firstly, molecular cloning of genes allows the 
investigation of gene structure and the sequences which control gene expression. Cloning 
provides the basic information which forms the starting point for many more sophisticated 

studies. 
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Further, gene cloning technology may find a place in the manipulation of plants for 

exploitation by human beings. 
 

This technology could provide an additional tool for the plant breeder who is trying to 
improve crops by traditional methods. In addition, plants can be viewed as a genetic 
resource, genes being cloned into, and expressed in bacteria. 

 

These bacteria may then be used to produce desirable plant products on an industrial scale 

using fermenters. 
 

The first transgenic plants expressing engineered foreign genes were recovered in 1984. 

 

Dramatic progress has been made in the last few years in the development of a gene transfer 

system for higher plants. 

 

About 20 crops can be genetically engineered at present. 

Rapid progress is being made in the genetic manipulation of many species and almost every 

month another successful plant transformation is reported. 

 

Cereals (wheat, rice, maize, barley, sorghum, millets) are clearly the most important group of 

food plants. 

 

Taken together they provide 52% of the food consumed by people. It is not surprising that 

cereals are a major target for cellular and molecular genetic manipulation, with particular 
focus on recovering fertile transgenic plants. 

Current interest in genetic engineering centres on its various applications, such as:  

 

(1) isolation of a particular gene, part of a gene, or region of a genome;  
(2) production of particular RNA and protein molecules in quantities formerly thought to be 

unobtainable;  

(3) improvement in the production of biochemical’s (such as enzymes and drugs) and 

commercially important organic chemicals;  
(4) production of varieties of plants having particular desirable characteristics (for example, 

requiring less fertilizer or being resistant to disease);  

(5) correction of genetic defects in higher organisms; and 

(6) creation of organisms with economically important features (for example, plants capable 
of maturing faster or having greater yield). 
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Gene Cloning Strategies in Plants –Gene cloning strategies in plants are more or less 

basically similar to the strategies discussed earlier but with some variations.The most 
promising method of transforming plant cells makes use of a plasmid called the Ti plasmid, 

which is found, within the bacterium Agrobacterium tumefaciens. 
Fraley et al. (1983) and An et al. (1985) exploited the natural ability of Agrobacterium 

tumefaciens to transfer DNA into plant' chromosomes.This gram negative, rod shaped, 
motile bacterium lives in soil and invades many dicotyledonous plants and some 

gymnosperms when they are damaged at soil level.The bacterium enters the fresh wound and 

attaches itself to the wall of an intact cell, after which it transfers a relatively small part of its 
Ti plasmid into the nucleus of the cell.This plasmid integrates some of its DNA; (T-DNA) 
into the chromosome of its host plant cells. This is a unique morphogenetic phenomenon 

wherein a permanent incorporation of a portion of bacterial genome completely diverts the 

host cells from their predetermined path of development. 

This infection results in a crown gall, i.e., a lump or callus of tumor tissue that grows in an 
undifferentiated way at the site of infection. The cells of the crown gall acquire the properties 

of independent, unregulated growth. 

When crown gall cells are cultured, they grow to form a callus even in media devoid of the 
plant hormones that must be added to induce normal plant cells to grow in culture.Ti 

plasmids have evolved solely for the benefit of the bacterium. The potential of the 

Agrobacterium Ti plasmid as a vector arises from the ability of the bacterium to somehow 

transfer and stably integrate a piece of the plasmid DNA into the plant nuclear genome; here 
is a case of a natural vector system.The transferred DNA is known as T-DNA and carries 

several genes which are expressed within the plant and which have dramatic effects on its 

metabolism. One gene codes for an enzyme which catalyzes synthesis of an opine from 
amino acids and other common metabolites found within the plant cell. 

 

Opines are never found in normal plants and cannot be metabolized by them, but they can 
and are used as sources of carbon and nitrogen and the ability both to induce and to 
metabolize opines is encoded by plasmids in the bacteria. 

 

Two types of opines are produced, namely octopine and nopaline; accordingly there are two 

kinds of plasmids, namely octopine plasmid and nopaline plasmid. The two have very 
similar physical and genetic structures. They are large circles, measuring 140-235 kilobase 

pairs. 

The two plasmids have genes for transfer of the plasmid between bacteria, for opine and 

arginine catabolism, to ensure that there will not be two types of plasmids in the same cell 

and to exclude a certain bacteriophage. 

 
They also have genes outside the T-DNA that are necessary for virulence.It is not known 
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exactly what these control, but it might be attachment of bacteria to plant cell walls, transfer 

of the plasmid into a plant cell, or integration of the T-DNA into the plant genome.The two 
plasmids have the T-DNA itself. 

The genes which determine oncogenicity (one) are distributed over wide segments of the 
plasmids and can also be found as chromosomal markers in the host bacterium.The genes 
responsible for the biosynthesis of opines (octopine, ocs: nopaline, nos) as well as genes 

specifying their degradation (occ: ncc) are found at well defined regions.  

Another gene found in nopaline synthesizing plasmids but not in octopine synthesizing 

plasmids, directs the synthesis of another opine, agrocinopine.The system for utilization of 
opines by the bacterial cell requires their active transport into the cell and subsequent 

cleavage to give the parent amino acid and an a keto acid, both being plasmid-encoded 

functions.  

 

Either octopine and nopaline plasmids also encode one or more unidentified enzymes in the 

pathway for the degradation of arginine (arg), the parent amino acid for these opines. 

Mutants unable to catabolize octopine have been selected as cells resistant to toxic analogues 

of octopine. 

 
These mutants synthesize normal levels of octopine, showing that the biosynthetic and 

degradative processes are independent. 

 

In addition, the plasmid carries genes (tra) which promote plasmid transfer from one 

bacterial strain to another: genes which confer on the host sensitivity to the antibiotic agrocin 

produced by certain avirulent strains of Agrobacterium. 

 
Genes which affect the host range of plants that Agrobacterium is able to infect; genes (ape) 

which give the ability to exclude the bacteriophage API; and genes which confer 

incompatibility (inc) on the plasmid and which therefore govern the ability to coexist with Ti 
plasmids of other types. 

The T-DNA represents a single contiguous region of the plasmid. This region is often moved 

into the plant genome as a single piece but in some tumors the T-DNA is split in two and 
integrated into the plant DNA in two separate places. 

 

There are at least four T-DNA genes that influence tumor morphology. The first two, called 
tms or Shi genes, apparently inhibit shoot formation since mutants of these genes induce 
tumors that form shoots. The third gene, called tmr or Roi, apparently inhibits root 

formation. 
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Mutants in a fourth tumor-morphology gene, called tml, produce unusually large tumors. 

Studies of these mutants confirm the hypothesis that the balance of hormones determines 
growth and development in these tumors. 

 
Tumors from mutants of the tms genes have a tenfold higher ratio of cytokinin to auxin than 

do wild tumors. 
 

These tumors need auxin for optimum growth in culture. Tumors from tmr mutants require 

cytokinin for optimal growth in culture. 
 
The tmr gene codes for the enzyme isopentenyl transferase, the first enzyme in the cytokinin 

pathway. 

 

From the point of view of someone wanting to insert genes into a plant cell genome, the 
genes that control integration of the T-DNA into the plant DNA are among the most 

interesting. 

Studies with modified Ti plas mids show that the border regions of the T-DNA are necessary 

for integration (especially the right region). 

There is a 25 base-pair sequence directly repeated at the right ends of the T -DNA and this 

sequence may be involved in the mechanism of integration. 

Direct repeats in a 25 bp box occurring at either end of the T-DNA region is common to both 

octopine and nopaline plasmids. 

 

The DNA sequence for the nopaline boxes is as follows. 
 

Nopaline left TGTGGCAGGATATATTGTGGTGTAAACAA 

 
Nopaline right TTTGACAGGATATATTGGCGGGTAAACCT 

 

Consensus nopaline . . . tGCAGGATATAT tg . . . gCTA aac . . . 

 
Experiments have shown that one 25 bp box at either end suffices to direct the interaction 

between Ti plasmid DNA and plant DNA. Up to 50 kb foreign DNA can replace the central 
part of the. T -region and then integrate into the plant genome. 

The internal genes of the T-DNA are not necessary for integration although they are 
necessary for tumor formation. The internal genes can be replaced with foreign genes, which 

are then integrated under control of the border regions. This provides a mechanism for 

transforming cells with a wide variety of genes. 



188 

 

 

Even though Ti plasmid DNA is an ideal vector, it poses several problems. Firstly, the 
plasmids are large and this does not allow for easy manipulation of their DNA; also, they 

have a large number of restriction sites which are not usefully distributed. 
 
Secondly, the plasmids transfer functions on the T-DNA which specify production of 

substances which effectively convert the infected cells into tumor cells and these cannot be 

readily regenerated into whole plants. Thirdly, only dicotyledonous plants are infected. 

 
In spite of these problems, the potential of Ti plasmid as a vector for the genetic 

manipulation of plants was quickly recognized. The genes in T-DNA are eukaryotic in 

nature, even though derived from a bacterial plasmid, and are transcribed by the plant's RNA 

polymerase; they contain introns, which are excised correctly during maturation of the 

mRNA. 

Two properties of the T-DNA of Ti plasmids make them virtually ideal vectors for 

introducing foreign genes into plants. First, the host range of Agrobacterium is quite broad; 

they are capable of transforming cells of virtually all dicotyledonous plants. 

Whether the range can eventually be broadened to include monocotyledons remains to be 

seen. Secondly, the integrated T-DNA is inherited in a Mendelian way and its genes have 

their own promoters to which foreign genes can be coupled and expressed. 

The Agrobacterium cell is in effect a miniature genetic engineer that can bring the stable 

insertion of foreign genes into the plant cell genome. The bacterium does not cause tumors 
on cereal plants but there is indirect evidence that it can introduce DNA into some 

embryonic tissues of cereals. 
Plant molecular biologists have now taken advantage of this ability and have adapted the Ti 

plasmid as a vector for accomplishing the long envis aged goal of introducing functional new 

genes into plants. 

Before the Ti plasmid could be developed as a successful vector, however, investigators had 

to learn a great deal about the basic molecular biology of the plasmid and of plant gene 
expression. 

Biotechnological Problems Associated with Plants- From a biotechnological point of 
view, if genes are to be modified and correct genes returned to plants, we have to have a 

clear understanding of the various problems specific to plant material. 

Plant tissue can present a number of practical problems for the isolation of nucleic acids. 

Tough cell walls can make effective homogenization of the tissue difficult and this fact 
coupled with the large amount of nucleases (in particular ribonuclease) present in many plant 

tissues, makes for very low yields of nucleic acid per gram of tissue. 
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This is especially true if mRNA must be extracted from a difficult tissue such as mature 

leaves or certain seeds. RNA extraction is much easier if young seedlings can be used. Purity 
of RNA preparations can also be a problem. 

 
Plant cells contain large quantities of polysaccharide which, being a negatively charged 

polymer can sometimes copurify with RNA. Persistent polysaccharide contamination is a 
difficult problem to solve. 

Isolation of DNA from the nucleus requires removal of both chloroplast and mitochondrial 

DNA, although chloroplast DNA is quantitatively the larger problem. 

This problem, coupled with that of low yield of DNA, can be circumvented to some extent 

by careful choice of tissue. 

 
Nuclear DNA is often isolated from embryonic axes which have a high proportion of nuclear 
to organelle DNA; collecting the embryonic axes can, however, be a tedious process. 

None of these problems are insoluble but it is important that they be considered when 

planning plant genetic engineering experiments. 

Gene Constructs – (Gene construct signifies the assembly of various DNA sequences 
designed for easy identification of the construct and its efficient expression in transgenic 

individuals. In addition to the gene and its regulatory sequences, gene constructs usually 

have reporter genes for an easy identification or selection of the transgenic individuals.) 

 Gene transfers into animal cells are done either for producing transgenic cells/animals or for 

molecular biology investigations. The objectives of studies in molecular biology may be to 

obtain an understanding of roles of various genes in animal development and the regulation 

of their action.Such studies are conveniently performed using Xenopus laevis oocytes as host 

cells. The approach to carry out genetic analyses using an organism or cell different from 

that whose genes are being studied is called surrogate geneticsA transgene must be 

integrated into the host genome for obtaining transgenic cells/animals, while for molecular 
biology studies the transgenes are ordinarily present in an extrachromosomal state. But in 

either case, the transgene must be present in proper orientation in relation to and in 

association with the various sequences required for its efficient transcription and translation 
in the host cells. 

The various sequences that are needed may be listed as follows: 

(1) an efficient promoter/enhancer, 

(2) the translation initiation codon (AUG in mRNA, and ATG in DNA),  

(3)the chain termination codon(s) 
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(4) transcription termination sequence, including  

(5) polyadenylation cleavage addition site. 

In addition, some marker genes have to be used for identification and selection of the 
transfected cells; such genes are caned reporter genes. 

List of Some of the Marker Genes Used For Gene Transfers Into Plants -  

 

Gene Source Characteristic 

Scorable Markers 

lux (Luciferase) Bacteria, firefly Phosphorescence 

lacZ (β-Galactosidase) E. coli Blue colour 

uidA (β -Glucuronidase) E. coli Blue colour (substrate X-glue) 

Green fluorescent protein 
(GFP) 

Jelly fish (Aequorea 
victoria) 

Fluoresces bright green under UV 
light (long wavelength) or blue light 
due to the presence of a β -hydroxy 
benzy lidine imidazolinone 
chromophore 

Selectable Markers 

Antibiotic resistance     

nptII (Neomycin 
phosphotransferase) 

Tn5 
Kanamycin, neomycin and G418 
resistance 

hptIV (Hygromycin 
phosphotransferase) 

E. coli, Streptomyces 
hygroscopicus 

Hygromycin B resistance 

Kan r [Aminoglycoside 
3'phosphotransferase II; 
APH(3')II] 

Bacteria Resistance to kanamycin 

Herbicide resistance 

bar (Phosphinothricin 
acetyltransferase) 

Streptomyces 
hygroscopicus 

Phosphinothricin or bialaphos 
resistance 

ALS (Mutant acetolactate 
synthase) 

Arabidopsis 
thaliama, tobacco (N. 
tabacum), E. coli, 
yeast 

Resistance to sulfonyl ureas and 
imidazolinones 

Unusual GR/Substrate Utilization Markers 

β -Glucuronidase (uidA) E. coli 
Releases BAP from benzyladenine N -
3-glucuronide, which is used in 
selection medium 

Mannose-6-phosphate   Converts mannose-6-phosphate to 
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isomerase fructose-6-phosphate; selection 
medium has mannose as a carbon 
source 

Xylose isomerase   
Isomerises xylose to xylulose; xylose 
used in selection medium. 

 

Gene Repression - Binding of the repressor to the regulatory molecule either prevents 

interaction of the positive regulator with the regulatory sequence or increases the affinity of 

the negative regulator for the operator sequence (negative regulation) and thus stops 
transcription. 

cDNA Library – #(A cDNA library is a population of bacterial transformants or phage 

lysates in which each mRNA isolated from an organism or tissue is represented as its cDNA 
insertion in a plasmid or a phage vector. 

The frequency of a specific cDNA in such a library would ordinarily depend on the 

frequency of the concerned mRNA in the tissue/organism in question.)# 

Genomic library is the total representative of total genes present in an organism, whereas a 

cDNA library is representative of genes, which are expressed during a particular stage of the 

cell. cDNA library is a collection of clones containing an insert obtained from cDNA 

cloning. 

 

An insert in a cDNA library can express a protein under the presence of a promoter. 

 

Genomic library contains introns which are not represented in the mRNA. 

 
It also contains inserts, which do not code for any product or protein. Such inserts are 

obtained from the extragenic DNA 

DNA Libraries –  

The isolation of genes that encode proteins is often the goal of genetic engineering 
experiments. 
 
In prokaryotic organisms, each of these structural genes have a continuous coding domain in 
the genomic DNA, whereas in eukaryotes coding regions (exons)                                              
of structural genes are separated by non coding regions (introns). 
 
Consequently, different cloning strategies have to be used for prokaryotic and eukaryotic 
genes. 
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In animals or plants, the desired sequence (target DNA) is frequently (presently in a very 
small portion), roughly less than 0.02% of the total chromosomal DNA. 
 
The problem lies in how to clone and select the targeted DNA sequence. 
 
To do this, the complete DNA of an organism is cut with a restriction  endonuclease and 
each fragment is inserted in a vector. 
 
Then, the specific clone that carries the target DNA sequences must be identified, isolated 
and characterized. 

Preparation of Cdna-cDNA is the copy or complementary DNA produced by using mRNA 

(usually) as a template. In fact, any RNA molecule can be used to produce cDNA. DNA 

copy of an RNA molecule is produced by the enzyme reverse transcriptase (RNA dependent 

DNA polymerase; discovered by Temin and Baltimore in 1970) generally obtained from 
avian mycloblastosis virus (AMV).  

This enzyme performs similar reactions as DNA polymerase, and has an absolute 

requirement for a primer with a free 3' -OH. 

When eukaryotic mRNA is used as a template, a poly T oligonucleotide (more specifically, 

oligodeoxynucleotide) is conveniently used as the primer since these mRNAs have a poly-A 

tail at their 3' ends. But special tricks are required to utilize primers for other RNAs, e.g., 

prokaryotic mRNA, rRNA, RNA virus genomes, etc.  

 

For example, a poly A tail may be added to 3' end of the RNA to make it analogous to 
eukaryotic mRNA (oligo-T is now used as primer); this reaction is catalyzed by the enzyme 

poly A polymerase. 

The appropriate oligonucleotide primer (oligo- T for eukaryotic mRNA) is annealed with the 

mRNA; this primer will base-pair to the 3'-end of mRNA. Reverse transcriptase extends the 

3'-end of the primer using mRNA molecule as a template. This produces a RNA.DNA hybrid 

molecule, the DNA strand being the cDNA. 

 

The RNA strand is digested either by RNase H or alkaline hydrolysis; this frees the single-
stranded cDNA. Curiously, the 3'-end of this cDNA serves as its own primer and provides 

the free 3'-OH required for the synthesis of its complementary strand; therefore, a primer is 
not required for this step. 

The complementary strand of cDNA single strand is synthesized by either the reverse 
transcriptase itself or by E. coli DNA polymerase; this generates a hairpin loop in the cDNA. 

The hairpin loop is cleaved by a single strand specific nuclease to yield a regular DNA 

duplex. 
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Problems in cDNA Preparation-Usually the double strand cDNA preparations are always a 

mixture of different kinds of molecules due to problems in copying of the RNA and also 
because even highly purified mRNAs are never absolutely pure. Physical and chemical 

methods are incapable of resolving these mixtures. Therefore, the cDNA mixture itself is 
used for cloning and the desired cDNA is identified and isolated in pure form from the 

appropriate bacterial clone. 

cDNA Probes - A DNA sequence corresponding to a part of a specific gene(s) (an 

oligonucleotide) can be obtained by reverse transcription of mRNA. cDNA thus obtained can 
be cloned and used as a probe. 

cDNA Library From mRNAs – Complementary DNA (cDNA) libraries can also be 

prepared by isolating mRNAs from tissues which are actively synthesizing proteins, like 

roots and leaves in plants, ovaries or reticulocytes in mammals, etc. The mRNA is used for 
copying it into cDNA through the use of reverse transcriptase. 
 

A cDNA molecule can be made double stranded, and cloned and discussed later. However 

cDNA clones will differ from genomic clones in lacking the introns present in split genes, 

but may have the advantage of being capable to be expressed in bacteria, which do not have 

the machinery to process the HnRNA (obtained from split genes) into mRNA. 

cDNA Synthesis – Methods of analysing RNA are laborious and critical when compared to 

methods of DNA analysis. Renee it is best to convert the RNA into DNA molecule. DNA 

molecule synthesized enzymatically by copying an RNA template are called cDNAs or 

complementary DNA. 

cDNA can be used as DNA insert in gene cloning experiments. The first step in cDNA 

synthesis is isolation of the mRNA from the tissue where they are produced in high 

quantities. These mRNA are placed in tubes containing reverse transcriptase enzyme, a small 
primer or oligo(dT), and dNTPs. 

The oligo(dT) binds to the mRNA at its 3 -OR end, as mRNA (especially eukaryotic) 

contains a poly(A) tail at its 3 -OR end. The oligo( dT) acts as a primer and provides 3 -OR 

end for the reverse transcriptase enzyme. Reverse transcriptase enzyme adds dNTPs to new 

complementary DNA by taking RNA molecule as template strand. 

 

In the second step, using RNase H or alkali treatment, RNA molecule is degraded. Then the 
newly synthesized cDNA are separated and added to a fresh tube containing DNA 
polymerase and dNTPs. No primer is required at this step because the variable length of 

hairpin loop is formed transiently at the 3' -OR end of the first strand, which serves as a 

primer for the second strand DNA synthesis. 

After the second strand is synthesized, the hairpin structure is removed by using SI nuclease 

enzyme. This cDNA, which is double stranded, is used as insert in most of the experiments. 
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cDNAs have their own special uses, which is derived from the fact that they lack the intron 

sequence that are usually present in the corresponding genomic DNA. cDNA clones find 
application or use when bacterial expression of the foreign DNA is necessary as a 

prerequisite for detecting either the clone or the polypeptide product. 
 
The second step in gene cloning is the joining together of the vector molecule and the DNA 

to be cloned. This process is referred to as ligation. The enzyme which catalyses the reaction 

is DNA ligase. The optimum temperature for ligation of nicked DNA is 37°C, but at this 

temperature the hydrogen bonding formed between the sticky ends is unstable. 
 

Hence, the ligation reaction is carried out at 4°C. Even though the rate of reaction is slow 

and takes a long time to complete, this temperature is preferred, as the success rate is high. 

The ligation reaction of vector and inserts generate 3 types of products 

1) the insert gets circularized without ligating to vector  

2) The vector recircularizes without insert and  

3) the vector-insert gets ligated.  

The last combination is important. To favour the formation of recombinants, various 

strategies have been devised. Firstly, performing the reaction at a high DNA concentration 

can increase the population of recombinants, Le., the ratio of vector and insert is kept at 1 : 2 
so that there is maximum chance of vector and insert collision. 

 

Secondly, by using alkaline phosphatase, the 5 -end of the plasmid DNA is removed, thus the 

vector cannot religate itself. But the insert can supply 5 -PO4 to the 3 -OH of vector. Thus a 

phosphodiester bond will form only when the insert and vectors get circularized, but one 
nick will exist as the 3 ' -OH of insert cannot ligate to vector as it does not have a 5 -end. 

This nick is repaired by host cellular repair mechanism after recombinant molecule enters 

into the cell. Generation of recombinant molecules or vector insert is very high when the 

vector and insert have compatible cohesive ends, Le., when vector and insert are subjected to 

same restriction enzyme, e.g. Eco RI, which generates cohesive ends of same complementary 

ends. 

The cohesive end of the complementary sequence can form hydrogen bonds and can hold 

vector insert DNA together temporarily, so that DNA ligase can form the phosphodiester 
bond. The efficiency of recombinant molecule formation is a bit less when both the insert 

and vector or one of them has a blunt end.  
 

Inserting DNA segments into vectors are always more efficient if the vector and insert have 
matching cohesive ends. There are two methods to convert the blunt ended DNA fragments 



195 

 

into cohesive ends. 

 

Expression cDNA Library – Expression cDNA library is constructed when we want to 
know the proteins that are made during a particular stage of cell. 
 
cDNA molecules generated are cloned into vectors that are specially designed                           
to permit transcription and translation of the cDNA coding region. 
 
The clones thus produce the protein of our interest or  particular to the cell from which the 
mRNA is isolated. 
The desired clone can be identified by immunological screening or by non stringent 
hybridization method. 
This method is helpful in cloning when nothing is known about the structure of the gene or 
the protein. 

Selective cDNA Library – Normally during development of multicellular organisms, 
different genes are  expressed (turned on) or suppressed (turned off) in a regulated way. 
 
Some genes are expressed only once or in limited cell types or only during some particular 
stage. 
 
As a result, the cytoplasmic mRNA in different tissues  and cell types contain distinctive 
populations of molecules. 
 
This differential gene expression can be used to clone cDNAs corresponding to the 
regulated genes. 

Even if nothing is known about their gene products, the cDNA library prepared by mRNA 
isolated from cells present in the gastrula stage and that of muscle cells are different. 
 
Each of them represents a different set of genes or clones. 
 
Such a cDNA library is called as selective cDNA library. 

 

Use of cDNA OR Synthetic Probes –  

We have already discussed the synthesis of cDNA probes above. However if protein, 

purified using the technique of two dimensional gel electrophoresis, is used for micro 

sequencing of 5-15 consecutive amino acids, this information can be used for the synthesis 
of oligonucleotides (using automated DNA synthesizers). 

 

These oligonucleotides may then be directly utilized for screening of cDNA or genomic 

libraries for isolation of specific genes. These can also be used for designing primers for the 
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amplification of a gene in DNA extracted from a tissue. 

 
A 32 kilo Dalton (KD) glycoprotein (isolated from style) associated with the S2 

incompatibility allele of Nicotiana alata, was used for synthesis of an oligonucleotide leading 
to the isolation of a related gene. 
 

Isolation of mRNA-For isolation of mRNA, total RNA is first extracted from a suitable 

organism/tissue. The amount of desired mRNA in this sample is then increased by using one 

of the several procedures, some of which are listed below. 
 

1. Chromatography on poly U sepharose or oligo T cellulose enriches the reparation with 

mRNAs of all kinds. 

2. When the protein produced by a gene is known, it is purified and used to produce 

antibodies specific to it. These antibodies are used to precipitate the polysomes (mRNAs 

associated with ribosomes. and newly synthesized polypeptide chains), and the mRNA is 

isolated from them. 

3. Some genes are expressed only in specific tissues, e.g., seed storage proteins in developing 

seeds, chicken ovalbumin gene in oviduct, etc. Therefore, mRNA preparations from such 

tissues are exceptionally rich in the concerned mRNA or may even contain only this mRNA. 

Use of cDNA is absolutely essential when the expression of an eukaryotic gene is required in 

a prokaryote, e.g., a bacterium. This is because eukaryotic genes have introns, which must be 

removed from their transcripts to yield mature mRNA, and bacteria do not possess the 

enzymes necessary for removal of introns.  

For example, cDNAs for interferon, blood clotting factor VIIIC (both human) and several 
other mRNAs have been expressed in bacteria. 

Genomic Library – A genomic library is a collection of plasmid clones or phage lysates 
containing recombinant DNA molecules so that the sum total of DNA inserts in this 

collection, ideally, represents the entire genome of the concerned organism. However, inspite 

of all the care taken in the production of genomic libraries. 
 

Certain DNA fragments should be expected to be under or over represented or even missing. 

There are several possible reasons for this, and at present they cannot be taken care of. 

Construction of A Genomic Library :( For preparation of a genomic library, the total 
genomic DNA of an organism is extracted. The DNA is broken into fragments of appropriate 
size either by mechanical shearing (this generates blunt ended fragments), sonication, or by 

using a suitable restriction endonuclease for partial digestion of the DNA. Complete 
digestion is avoided since it generates fragments that are too heterogeneous in size. 
For partial digestion, restriction enzymes having 4-base (tetrameric) recognition sequences 

are employed in preference to those having 6-base (hexameric) target sites.  
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This is because a given 4-base recognition site is expected to' occur every 44 (= 256) base 

pairs in a DNA molecule, while a 6 base target site would occur only after every 46 (= 4096) 
base pairs. (It is assumed here that the arrangement of the 4 bases in DNA molecules is 

random). 
 
Therefore, the fragments produced in partial digests with enzymes having 4 base recognition 

sites are more likely to be of appropriate size for cloning than those generated by enzymes 

having 6 base recognition sites. 

 
Single or mixed digestions with the enzymes AluI, HaeIII or Sau3A have been used for 

constructing genomic libraries. The use of restriction enzymes has the advantage that the 

same set of fragments are obtained from a DNA each time a specific enzyme is used, and 

many of the enzymes; produce cohesive ends.  

The partial digests of genomic DNA are subjected to agarose gel electrophoresis or sucrose 

gradient centrifugation for separation from the mixture of fragment of appropriate size. 

These fragments are then inserted into a suitable vector for cloning.  

 

This constitutes the shotgun approach to gene cloning. In principle, any vector can be used, 

but A vectors and cosmids have been the most commonly used since DNA inserts of upto 

23-25 kb (kilobase pairs) can be cloned in these vectors. The vectors containing the inserts 

are cloned in a suitable bacterial host.)# 

The idea of amplifying very large mixtures of DNA fragments and then trying to find the 
single segment of interest was dramatic. Now it is almost common to use this strategy.The 
process of subdividing genomic DNA into clonable elements   and inserting them into host 
cells is called creating a library.A complete library, by definition, contains all of the genomic 
DNA of the source organism and is called as genomic library. 
 
A genomic library is a set of cloned fragments of genomic DNA. 

The process of creating a genomic library includes four steps. 

In the first step the high molecular weight genomic DNA is separated and subjected to 
restriction enzyme digestion by using two compatible restriction enzymes. 
 
(Le., Eco RI and Sal E1). In the second step fragments are then fractionated or separated by 
using agarose gel electrophoresis to obtain fragments of required size. 
 
These fragments are then subjected to alkaline phosphatase treatment to remove the 
phosphate. In the third step, the dephosphorylated insert is ligated into vector which could 
be a plasmid, phage or cosmid, depending upon the interest of the researcher. 
 
In the last step, the recombinant vector is introduced into the host by electroporation and 
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amplified in host. 

In principle, all the DNA from the source organism is inserted into the host,                                         
but this is not fully possible as some DNA sequences escape the cloning procedure. 
 
Genomic library is a source of genes and DNA sequences.                                                                     
A genomic library is a set of cloned fragments of genomic DNA. 
 
Prior information about the genome is not required for library construction for most 
organisms. In principle, the gDNA, after the isolation, is subjected to RE enzyme for 
digestion to generate inserts. 
 
Depending upon the vector type and genome size of the source, the size of insert is selected. 

For example, if genome is 2.8 x 106 kb and if it is broken down into fragments of size 4 kb 

then we require 7 x 105 recombinant clones for the work. 

 

If the same genome is broken down into fragments of size 20 kb then we require 1.4 x 105 

recombinants. 

 

Thus the fragment size will influence the number of clones to be formed, so that there is 99% 

probability of success when a desired clone is searched. 

 

In reality, the number of clones (f) required for 99% probability is not calculated just by 
dividing the genome size by size of insert. 
 

The number of independent recombinants required in the library must be greater than n. 
When a library is constructed, some sequences may be over represented or totally lost due to 

unknown reasons. 

Tp construct an ideal library where all the sequences are equally represented                              
with equal probability, Clarke and Carbon equation is applied. 
 
This formula relates the probability (P) of any DNA sequence in a random library of N 
independent recombinants. 
 
N = In(I - P)/In(l -l/f) where, 
 
N = number of clones required to represent an ideal library 
 
P= probability 
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f= genome size/size of insert 
 
Large insert vectors have the advantage that libraries                                                                
containing fewer clones are needed in order to cover an entire genome. 
 
Apart from the advantages, they have some disadvantages also. Larger inserts are prone to 
deletions or rearrangements.  

Also, the vectors with large inserts are normally maintained at                                                    
low copy number even when the vector by itself has high copy number. 
 
The other problem has the requirement of high quality, high molecular weight insert DNA, 
of constant size. Hence, the fragments of size 30-50 kb are generated by RJE, which                
are then purified by sucrose gradient or by gel electrophoresis. 
 
Later these fragments are cloned into vector for amplification. Before ligation to the vector, 
the digested genomic DNA is treated with alkaline phosphatase to prevent the coligation of 
two inserts (totally unrelated or non continuous in genome) to a single vector molecule. Even 
size fractionation eliminates these artefactual products because they exceed the capacity of 
the vector. 

When a genomic library is constructed, the choice of vector should be carefully considered. 
Normally phages are used for constructing the genomic                                                                      
library when compared to cosmids and plasmids. 
 
Phages can be used for repeated amplification, thus once a genomic library is                    
constructed, it can be used for generations or years together. 
 
Secondly, phage recombinants give better and cleaner results when desired clones are 
identified by colony hybridization. Phages usually give less of background hybridization 
than do bacterial colonies. Bacterial populations cannot be stored as readily as phage 
populations. There is often an unacceptable loss of viability when the bacteria are stored. 
 
An important problem in genomic library is distortion. Not all recombinants in a population 
will propagate equally well, as the insert size or sequence may affect the replication of a 
recombinant phage. 
 
Hence when a library is put through an amplification step, particular                                   
recombinants may be increased in frequency or decreasing or totally lost. 
 
With the technological development in genomic library construction methods, most of the 
researchers prefer to create a new library for each screening rather than take the risk of using 
previously amplified ones. 
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Genomic DNA Probes –  

Genomic DNA probes. Simple, reproducible methods have been devised for the preparation 
of molecular probes. A random or specific DNA sequence (probe) can be isolated from the 
genomic DNA (DNA extracted from cell nuclei), using following steps:  

(i) extract DNA from plant or animal tissue 

(ii) digest extracted DNA with a restriction enzyme (e.g. EcoRI or Hind III), which cuts 

DNA on specific sites or positions where a specific sequence recognized by the enzyme is 
found 
(iii) run the digested DNA on an agarose or polyacrylamide gel for. electrophoresis, to 

separate fragments of different sizes 

(iv) isolate DNA of specific fragment size from a particular band identified through southern 

blots by hybridization with specific labelled mRNA or cDNA molecules, if available. If 

random probes are needed, no hybridization of Southern blots is required; Southern blots are 

DNA bands transferred from gel to nitro cellulose membrane with the help of a buffer rising 

through capillary action  
 

(v) clone this DNA in a vector  

 

(vi) allow chimeric vector to infect bacteria for multiplication, where it can make billions of 

copies. The steps (ii) to (vi) above are also used for preparing cDNA probes. From the 

transformed bacteria, the chimeric vector can be obtained and used in one of the following 

ways: 

(i) It may be used directly as probe (the presence of vector DNA will not interfere in probe 

assays, so that it is not really necessary to remove it). 
 

(ii) The cloned segment maybe separated (or retrieved), by using the same enzyme which 

was used for cloning. In the latter case, cleaved chimeric vector DNA will be again 

electrophoresed for separating the inserted segment on the gel. This inserted segment thus 

retrieved can now be used as a probe. 

 

(iii) The chimeric DNA may be used for PCR, using flanking sequences as primers; the PCR 
product can be separated and used as a probe 
 

Genomic Library by Shotgun Experiment –  

Cloning an entire genome in the form of a library of random genomic clones (without 

identifying them) is often called a shotgun experiment. In this experiment, genomic DNA is 

extracted, broken into fragments of reasonable size by a restriction endonuclease and then 
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inserted into a cloning vector to generate a population of chimeric vector molecules. 

 
A set of fragments cloned in this manner is called a genomic library. Once such a library is 

available, then clones can be perpetuated indefinitely in a plasmid vector and retrieved 
whenever needed for a variety of purposes, including identification and isolation of a gene, 
when a specific probe is available. 

 

Genomic libraries can be prepared by using a number of restriction endonucleases, one at a 
time, so that fragments of varying sizes having cuts at different places of the genome will be 

available. However this may lead to cuts at inconvenient places, including sites within a 

gene, so that fragments having complete genes will be difficult to obtain.  

 
In order to overcome this difficulty, we use the following strategy in the shotgun 

experiment:  

 

(i) We use restriction endonucleases, which have short (4 bp) recognition sequences, so that 

such a sequence may be frequently distributed.  

(ii) Conditions are used which give only partial digests, so that a particular restriction site is 
only occasionally cleaved, and long fragments without having any breaks on recognition 

sites available within a gene can be easily obtained. 

 

This technique of shotgun experiment leads to the construction of a random genomic library, 

in which all fragments have same fragment ends thus helping retrieval of a fragment from 

the vector with the help of the same enzyme. 

 
The number of fragments representing every sequence of the genome increases with genome 

size. For instance, for a parobability level of 99% that all sequences are present in our library 

of a species, we may need 1,500 cloned fragments for E. ,coli, 4,600 for yeast, 48,000 for 
Drosophila melanogaster and 8,00,000 for a mammal like human being. Libraries reaching 

these desired limits have been prepared in all these cases. 

Applications of Genomic Library - 

1. Genomic library construction is the first step in any DNA sequencing projects. 
 

2. Genomic library helps in identification of the novel pharmaceutically important genes. 

 

3. Genomic library helps in identification of new genes which were silent in the host. 
 

4. It helps us in understanding the complexity of genomes. 
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Identification of the Desired Clone-Identification of the bacterial colony containing the 
desired DNA fragments from among those making up the library. 

Construction and Screening of Genomic and cDNA Libraries –  

In order to isolate one or more related genes from a genome, we like to prepare a mixture of 

clones each carrying DNA derived either from the genomic DNA or from cDNA (derived 

from the mRNA isolated from a specific metabolically active tissue of an organism).  

This mixture may contain thousands of clones, which when derived directly from the 

genomic DNA are collectively called a genomic library. Similarly when these clones are 

derived from cDNA, they are collectively called a cDNA library. Construction and use of 

these libraries will be discussed in this section. 
 

Types of Sequences Present in Nucleotide Sequence Databases 

The databases on DNA sequences contain a variety of sequence types, viz.,  

(i) cDNA sequences,  

(ii) genomic DNA sequences,  

 

(iii) expressed sequence tag (EST) sequences, 

 
(iv) genome sequence tag (GST) sequences 

 
,(v) organellar DNA sequences (mtDNA and cpDNA), and 

(vi) sequences of RNAs.  

 
EST sequences are obtained by sequencing only a part of the cDNA molecules produced 

using mRNA. These sequences are dubbed as tags because they can be used as probes for the 

isolation of the concerned genes from the genomic DNA.  

 

This approach was used by J. Craig Venter and his group for obtaining the sequence of 

expressed portion of human genome. The EST technique generated enormous sequence data 

that permitted the construction of a preliminary transcript map of the human genome. GSTs 
were developed for identifying the genes of Plasmodium falciparum. It was observed the 

enzyme mungbean nuclease (Mnase) cuts P.falciparum genomic DNA between genes. GSTs 
are developed by sequencing the DNA on either side of the points of cuts generated by 

Mnase.  
Molecular Breeding:The development of molecular biology and bioinformatics offers 



203 

 

substantial opportunities for enhancing the effectiveness of classical plant breeding 

programmes. These tools can be integrated into breeding workflows in order to be able to 
efficiently analyse high numbers of crosses at the early seedling stage. Through this 

approach, both the phenotype (observable identity of an individual) and the genotype 
(genetic identity of an individual) of new varieties can be analysed and the performance of 
new specific introgressed traits can be predicted. The goals of this integration of technologies 

in classical breeding are to create genotype-to-phenotype trait knowledge for breeding 

objectives and to use this knowledge in product development and deployment for the 

resource poor farmer. 

With this molecular breeding (also called Marker Assisted Breeding, MAB), the transfer of 

multiple genes of interest and genomic regions (Quantitative Trait Loci, QTL) involved in 

polygenic traits, has been successfully used in many crops in the industrial countries, but 
more rarely in developing countries. The reason is that the needs of these technologies are 

underestimated. There is a shortage of trained personnel, inadequate access to genotyping, 

inappropriate phenotyping infrastructure, unaffordable bioinformatics systems and a lack of 

experience of integrating these new technologies with traditional breeding. But recently, 

initiatives have been started in many developing countries to make the new technologies 

available, for example, for eastern and central Africa with the new technology platform 
BecA (Biosciences for eastern and central Africa), which is in cooperation with the CGIAR 

centre ILRI in Nairobi, an initiative of NEPAD and the Canadian government, and actively 

supported by the Syngenta Foundation. 

 Large bioinformatics systems have been developed for breeding programmes in the course 
of the last two decades. The availability of molecular data, linked to pedigrees and 
phenotypic evaluation, now makes breeding analysis a reality. Over the last decade, several 
international research centres in developing countries (e.g. CGIAR centers and others), 
together with National Agricultural Research Systems (NARS) and modern technology 
platforms like BecA, have started to develop bioinformatics programmes to handle genetic 
resources and crop improvement information. 
 The increased development of genomics and associated DNA technologies in recent years 
represents a quantum jump in our molecular understanding of important plant breeding traits. 
More advanced marker technologies, such as Single Nucleotide Polymorphisms (SNPs) or 
more recently the paradigm shift with second generation massive parallel DNA sequencing 
technologies (genome wide scanning), open totally new ways to improve the efficiency of 
breeding programmes. It is now realistic to consider the possibility that for the first time 
developing countries can also benefit from these developments. 
  
Plant breeding: Plant breeding is the art and science of changing the genetics of plants for 
the benefit of humankind. Plant breeding can be accomplished through many different 

techniques ranging from simply selecting plants with desirable characteristics for 

propagation, to more complex molecular techniques (see cultigen and cultivar). 

http://en.wikipedia.org/wiki/Plants
http://en.wikipedia.org/wiki/Cultigen
http://en.wikipedia.org/wiki/Cultivar
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Plant breeding has been practiced for thousands of years, since near the beginning of human 

civilization. It is now practiced worldwide by individuals such as gardeners and farmers, or 
by professional plant breeders employed by organizations such as government institutions, 

universities, crop-specific industry associations or research centers. 

International development agencies believe that breeding new crops is important for 
ensuring food security by developing new varieties that are higher-yielding, resistant to pests 
and diseases, drought-resistant or regionally adapted to different environments and growing 
conditions. 

1. Increased quality and yield of the crop 

2. Increased tolerance of environmental pressures (salinity, 
extreme temperature, drought) 

3. Resistance to viruses, fungi and bacteria 

4. Increased tolerance to insect pests 

5. Increased tolerance of herbicides 

Selectable marker: A selectable marker is a gene introduced into a cell, especially 

a bacterium or to cells in culture, that confers a trait suitable for artificial selection. They are 

a type of gene used in laboratory microbiology, molecular biology, and genetic 
engineering to indicate the success of a transfection or other procedure meant to introduce 

foreign DNA into a cell. Selectable markers are often antibiotic resistance genes; bacteria 

that have been subjected to a procedure to introduce foreign DNA are grown on a medium 

containing an antibiotic, and those bacterial colonies that can grow have successfully taken 

up and expressed the introduced genetic material. 

An alternative to a selectable marker is a screenable marker, which allows the researcher to 
distinguish between wanted and unwanted cells. 

Examples of selectable markers include: 

 the Abicr gene. 

 Neo gene from Tn5, which confers antibiotic resistance to geneticin. 

 Selectable Marker Genes in Vectors Used for Gene Transfer  

Selectable marker gene Substrate used for selection 

  I. Antibiotics 

1. Neomycin phosphotransferase (npt II) G418, kanamycin, neomycin 

2. Hygromycin phosphotransferase (hpt) Hygromycin B 

3. Dihydrofoate reductase (dhfr) Methotrexate trimethoprim 

4. Gene ble (enzyme not known) Bleomycin 

5. Gentamycin acetyltransferase Gentamycin 

http://en.wikipedia.org/wiki/Government
http://en.wikipedia.org/wiki/Food_security
http://en.wikipedia.org/wiki/Quality_(business)
http://en.wikipedia.org/wiki/Crop_yield
http://en.wikipedia.org/wiki/Physiological_tolerance
http://en.wikipedia.org/wiki/Salinity
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Drought
http://en.wikipedia.org/wiki/Virus
http://en.wikipedia.org/wiki/Fungus
http://en.wikipedia.org/wiki/Bacterium
http://en.wikipedia.org/wiki/Insect
http://en.wikipedia.org/wiki/Herbicide
http://en.wikipedia.org/wiki/Gene
http://en.wikipedia.org/wiki/Cell_(biology)
http://en.wikipedia.org/wiki/Bacterium
http://en.wikipedia.org/wiki/Cell_culture
http://en.wikipedia.org/wiki/Artificial_selection
http://en.wikipedia.org/wiki/Microbiology
http://en.wikipedia.org/wiki/Molecular_biology
http://en.wikipedia.org/wiki/Genetic_engineering
http://en.wikipedia.org/wiki/Genetic_engineering
http://en.wikipedia.org/wiki/Transfection
http://en.wikipedia.org/wiki/DNA
http://en.wikipedia.org/wiki/Antibiotic_resistance
http://en.wikipedia.org/wiki/Colony_(biology)
http://en.wikipedia.org/wiki/Gene_expression
http://en.wikipedia.org/w/index.php?title=Screenable_marker&action=edit&redlink=1
http://en.wikipedia.org/wiki/Gene
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6. Streptomycin phosphotransferase Streptomycin 

  II. Herbicides 

7. Mutant form of acetolactate synthase (als) Chlorosulfuron imidazolinones  

8. Bromoxynil nitrilase Bromoxynil 

9. Phosphinothricin acetyl transferase (bar) 
L - phosphinothricin (PPT; also 
known as bialaphos) 

10. S. enolpyruvylshikimate -3 –phosphate 
(EPSP) synthase (aro A) 

Glyphosate (Roundup)            

Molecular marker:In medicine, a molecular marker can be a substance that is introduced 

in an organism as a means to examine something. For example, rubidium chloride is used as 

a radioactive isotope to evaluate perfusion of heart muscle. In biology and medicine, a 

molecular marker (biomarker) can be a substance native to the organism whose detection 
indicates a particular disease state (for example, the presence of an antibody may indicate 
an infection). In genetics, a molecular marker (identified as genetic marker) is a fragment 

of DNA sequence that is associated to a part of the genome. 

Molecular markers are used in molecular biology and biotechnology experiments where they 

use to identify a particular sequence of DNA. As the DNA sequences are very highly 

specific, they can be identified with the help of the known molecular markers which can find 

out a particular sequence of DNA from a group of unknown. 

Promoter Gene –Promoter gene is present between the regulator and operator gene. RNA 

polymerase binds to promoter gene and initiates the transcription of the structural genes. 

RNA polymerase can initiate the transcription if the operator gene is free, i.e, repressor is not 
bound to the operator. 

A binding site of another protein called catabolite activator protein (CAP), functions such 
that the lac operon is not transcribed in the presence of glucose at concentrations sufficient to 

support optimal growth. 

Promoters - A promoter sequence is the site to which RNA polymerase first binds during 
the initiation of transcription. Therefore, a promoter sequence is absolutely essential for the 

transcription of a DNA segment; the promoter must be located at that end of the gene, which 

has the initiation codon AUG, i.e., upstream of the coding region of the gene. 

In contrast, an enhancer sequence is itself not the site of RNA polymerase binding, but it 

enhances the activity of promoter located in its neighbourhood often up to several kilobases 
away. The promoter sequence determines not only the level of transcription of a gene but 

also the tissue or cell type where the gene will be expressed; it also determines the 
developmental stage at which the gene will be expressed and, if applicable, to which stimuli 

the expression will respond. 
For example, SV40 early promoter is a constitutive promoter, i.e., is expressed in a wide 
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variety of mammalian cells. Similarly, RSV (Rous sarcoma virus) promoter is also 

constitutive, but it is much more powerful than the SV 40 promoter. 
 

In contrast,β-lactoglobulin promoter/enhancer is a mammary gland tissue specific promoter 
so that genes driven by this promoter are expressed only in the mammary glands and the 
proteins encoded by them are secreted in milk. Obviously, a great deal of thought and care 

goes into the selection of a suitable promoter to be used in a gene construct, depending 

mainly on the objectives to be achieved. 

A suitable enhancer sequence may also be used along with the promoter either to enhance 
the promoter activity or to achieve a degree of specificity in terms of the tissue in or the 

conditions under which the gene is expressed. 

 

Some enhancers are quite general in their effects, e.g., SV40 enhancer. SV40 enhancer 

increases the activity of all the promoters transcribed by RNA polymerase II located in either 

direction upto several kilobases away. 

 

Some other enhancers are either tissue specific or stimulus specific in their action; this 

property can be used to achieve enhanced expression of a trans gene in specific tissues/under 

specific conditions. 

 

Promoters OR Enhancers - It is needless to emphasize that for an efficient expression in 

plant cells, foreign genes (more particularly, prokaryotic genes) must have an appropriates 

promoter, 5'-leader and 3/-terminator sequences. A suitable enhancer sequence will also be 

needed if the gene is required to be expressed either in a specific tissue, during a specific 

developmental stage or in response to a specific stimulus.  
 

A variety of promoter sequences have been used to drive genes in plant cells. These include 

the nos (nopaline synthase), ocs (octopine synthase) and mas (mannopine synthase) 
promoters from Agrobacterium, and 35S RNA gene promoter of cauliflower mosaic virus 

(CaMV). 

35S promoter is the most commonly used constitutive promoter both in dicots and monocots; 
it is 10-40-fold more efficient than the nos promoter. The maize alcohol dehydrogenase 1 

(Adh1) promoter shows anaerobic induction, i.e., expression in roots. The Adh1 promoter 

activity in monocots is either comparable to or higher than that of 35S promoter, which is not 
an efficient promoter for the monocot species.  

The Adh1 intron 1 and maize shrunken 1 locus intron I, when placed between the promoter 

and the gene, enhance the efficiency of CaMV 35S promoter, the shrunken gene intron 1 

being, in some cases, upto 10-fold more effective than the Adh1 intron. 



207 

 

Expression of many genes is confined to specific tissues and/or is induced by specific 

stimuli; such genes are called tissue-specific or stimulus  responsive genes, respectively. 
Such specifities in gene expression are due to certain DNA sequences, called 

enhancers/silencers, either lying within or at a considerable distance (up to several kilobases) 
away from the promoters they affect.  

An enhancer may be defined as a DNA sequence, which increases the activity of promoter of 
a gene, while DNA sequences suppressing promoter activity are called silencers. Thus 

enhancer/silencer sequences regulate the activity of promoters but are not themselves 
involved in the promoter activity perse. 

 

These sequences act on promoters located on their either side, vary considerably in size, and 

can exert positive (promotory) or negative (inhibitory) effects on promoter action. Clearly, 
the first intros of Adh1 and shrunken 1 genes of maize act as enhancers of 35S promoter of 
CaMV. An example of a negative regulating element, i.e., silencer, is the sequence 

associated with the gene alcohol dehydrogenase (Adh1) of maize. This gene is expressed 

only under anaerobic conditions, and, hence, only in roots. The Adh1 enhancer sequence 

seems to suppress Adh1 expression under aerobic conditions.  

The anaerobic conditions do not seem to induce Adh1expression; Adh1 is expressed simply 

because the enhancer is unable to suppress its expression in the absence of O2 stimulus. A 

number of other tissue specific or stimulus responding regulating sequences have been 

identified. 

Reporter OR Marker Genes – A reporter or marker gene produces a phenotype, which is 

either easily and specifically detected or which allows a differential multiplication of the 

cells; the former are called scorable markers, while the latter are known as selectable 
markers. Scorable markers are used for studying promoter/enhancer activity, while selectable 

markers are utilized to select for transfected cells. 

 

Examples of scorable markers are chloramphenicol acetyltransferase (CAT) gene from E. 

coli transposon Tn9, β-galactosidase gene from E. coli and bacterial luciferase gene. The 

selectable reporter genes are briefly described below. 

Reporter Genes – Some genes being transferred produce enzymes whose activities can be 

easily detected or used as a basis of selection for the transformed cells, e.g., genes for 

herbicide resistance.  
 
However, most genes need to be tagged with another gene, called reporter gene, whose 
expression is easily detected either through highly sensitive enzyme assays (scorable reporter 

genes) or through expression of resistance to a toxin (selectable reporter genes).  

Some commonly used easily detectable enzyme producing genes are, nos (nopaline synthase, 
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from Agrobacterium), lux (luciferase from bacteria or firefly), cat (chloramphenicol 

acetyltransferase from bacteria), and gus (β-glucuronidase from bacteria), etc.Activities of 
the enzymes produced by scorable reporter genes are determined either in situ, i.e., in the 

transformed tissues, or by in vitro assays using plant tissue extracts. In addition, 
immunological methods may also be used to detect the protein products of marker genes 
either in situ, in plant extracts or by western blotting.The essential features of an ideal 

reporter gene are:  

(1) lack of endogenous activity in plant cells of the concerned enzyme,  

(2) an efficient and easy detection, and 

(3) a relatively rapid degradation of the enzyme. 

Each reporter gene has some advantages and some disadvantages and none of them are 

ideally suited for all plant species. For example, there is little or no endogenous luciferase 
activity in plant cells, the enzyme serves as a visual marker, the assay is quite sensitive, but 

the enzyme is highly stable. 

Similarly, the Gus enzyme serves as visual marker and the assay is highly sensitive so that 
expression in individual cells can be monitored, but the enzymes is highly stable and many 

plant species show variable endogenous Gus activity.  

 

Reporter genes, more particularly, scorable reporter genes have been extensively used to 
assay the function of promoters and other regulatory sequences, and also to demonstrate the 

transformation of plant cells. 

 

A key step in gene transfer is the selection of few transformed cells from among the 

nontransformed ones. This is usually achieved by the use of selectable markers, which are 
genes that confer resistance to various compounds toxic to normal plant cells. The best 

selection agents are those that either inhibit growth or slowly kill the nontransformed cells so 

that the dying cells do not overwhelm the transformed ones.  

 

The commonly used selectable marker genes include those conferring resistance to the 

antibiotics kanamycin (nptII, encoding neomycin phosphotransferase) and hygromycin 
(hptIV, encoding hygromycin phosphotransferase, isolated from E. coli); and broad range 

herbicides glyphosate (modified versions of the enzyme EPSPS, 5-enolpyruvate shikimate-3-
phosphate synthase, isolated from E. coli or Salmonella typhimurium), phosphinothricin 

(bar, isolated from Streptomyces hygroscopicus, codes for phophinothricin 
acetyltransferase), etc.  

 
Each selectable marker presents some favourable and some unfavourable features. Therefore, 
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the choice of a marker should be based on the plant species and other considerations in the 

study. The marker gene of choice is fused with a suitable plant promoter and is placed in a 
suitable vector along with the gene being transferred. 

 

Plasmids of one bacterium may be spliced with genes from other bacterium. For example it 

is found that plasmids of Pseudomonas will function in other Gram-negative bacteria as 

Escherichia, Proteus or Rhizohium and those staphylococcal plasmids can be transferred to 

Bacillus subtilis cells, where they will replicate and express themselves.The bar gene confers 
resistance to the herbicide phosphinothricin, which inhibits the enzymes glutamine 

synthetase and, thereby, leads to an accumulation of ammonia to lethal levels. The bar 

product, phosphinothricin acetyl transferase, catalyzes acetylation of phosphinothricin 

leading thereby to its inactivation. 
Transformed cells expressing bar gene almost normally grow on lethal concentrations of 

phosphinothricin, while nontransformed plant cells stop to grow, gradually become necrotic 

and die within 10-21 days. Phosphinothricin is used at 1- 10 mg/l for selection of 

transformed cells.The nptII gene from transposon Tn5 confers resistance to the 

aminoglycoside antibiotics kanamycin, neomycin and G418. The nptII gene product, 

neomycin phosphotransferase, inactivates these antibiotics through their phosphorylation. 
Kanamycin resistance due to nptII has been widely used as a selectable marker in many dicot 

plant species.  

But this gene is of limited value in monocots due to their tolerance to relatively high levels 

of kanamycin. The selection of transformed cells is done on a medium containing 50-350 

mg/l of kanamycin sulphate in case of tobacco. 
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