
Durham E-Theses

Identi�cation and characterisation of behavi oural genes

of agrobacterium tumefaciens.

Marashi, Sayyed Hassan

How t o cite:

Marashi, Sayyed Hassan (2000) Identi�cation and characterisation of behavioural genes of agrobacterium

tumefaciens. , Durham the se s, Durham University. Availa ble at Durham E-Theses Online:
http://etheses.dur.ac.uk/4222 /

Use p olicy

The full-text may b e used and/or repro duced, and given to third parties in any format or medium, without prior p ermission or
charge, for p ersonal research or study, ed ucational, or not-for -pro�t purp os es provided that:

� a full bibliographic reference is made to the original source

� a link is made to the metadat a record in Durham E-Theses

� the full-text is not changed in any way

The full-text must not b e sold in any for mat or medium without the formal p ermission of the copyright holders.

Please consult the full Durham E-Theses p olicy for further details.

http://www.dur.ac.uk
http://etheses.dur.ac.uk/4222/
 http://etheses.dur.ac.uk/4222/ 
http://etheses.dur.ac.uk/policies/


Academic Supp ort O�ce, Dur ham University, Univer sity O�ce, Old Elvet, Durham DH1 3HP
e-mail: e-theses.admin@dur.ac.uk Tel: +44 0191 334 6107

http ://eth es es.d ur.ac.uk

2

http://etheses.dur.ac.uk


Identification and characterisation of behavioural genes of 

Agrobacterium tumefaciens. 

By 

Sayyed Hassan Marashi 

A thesis submitted to the Department of Bilogical Sciences 

University of Durham 

In accordance with the requirement for the degree of 

Doctor of Philosophy 

The copyright of this thesis rests with 
the author. No quotation from it should 
be published in any form, including 
Electronic and the Internet, without the 
author's prior written consent. All 
information derived from this thesis 
must be acknowledged appropriately. 

2 S m 2001 



3.000I 



Identification and characterisation of behavioural genes oi Agrobacterium 

tumefaciens. 

Sayyed Hassan Marashi 

Abstract. 

Three behavioural mutants {fla-8, mot-6 and cheL) generated by transposon 

Tn5 mutagenesis and locaHsed on cosmid pDUB1905 were studied. The cosmid 

pDUB1905, f rom a representative genomic hbrary of the Agrobacterium tumefaciens 

C58C1 chromosome has previously been partly mapped and found to contain genes 

concerned with flagella. In this study a region of 5860 nucleotides from a 12 kb 

BamRl fragment of cosmid pDUBI905 was sequenced completely in both directions. 

Homology searches of this sequence with sequence databases and other computer 

analysis revealed two flagellar-related genes (flhA and fliR), a chemotactic gene 

(cheL) and four open reading frames (orfX, orfW, orfY and orfZ) with no significant 

sequence identity to any open reading frame in databases. A putative promoter-like 

sequence was also found upstream of orfZ. The FlhA and FliR are the inner members 

of type I I I flagellum-specific export apparatus which are responsible for delivering 

the flagellar subunits lacking a signal peptide leader to the surface of the cell. These 

have counterparts in the type I I I secretion proteins system responsible for transporting 

pathogen proteins to host cells. The function of CheL has not yet been identified. 

Three ORFs have chaperone characteristics. 

A mutant was created by insertion of a neomycin resistance cassette in the fliR 

homologue to determine the effects of the gene on motility. Phenotype analysis of the 

mutant showed no flagella and motility with small swarming pattern comparing to 

wi ld type, indicating that fliR is indeed a flagellar gene. 

In this study two more members of flagellum-specific export, a chemotactic 

gene, three open reading frames which could have specific chaperon activity, and an 

unknown open reading frame were identified in A. tumefaciens C58C'. 
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1. Introduction 



1.1 Agrobacterium tumefaciens: Characteristics and Classification 

By any means Agrobacterium tumefaciens is one o f the most successful 

organisms. It is one o f the dominant bacterial species in the rhizosphere and it is 

capable o f colonising and pathogenising plant hosts, causing epidemics o f crown gall 

disease. Agrobacteria appear to have a great advantage in their capability for 

pathogenicity; making them one of the best natural vectors for introducing foreign 

genes into higher plants. 

The most important feature o f the pathobiology of this organism is its wide 

host range. Agrobacterium tumefaciens is a pathogen that can infect over 300 genera 

o f dicotyledonous plants, at least four families o f monocots and over 40 species of 

gymnosperms (54, 65). 

Agrobacteria morphologically are aerobic, Gram-negative, short, 

encapsulated, rods, and usually 0.6-1.0 |xm wide by 1.5-3.0 ^im long. They are motile 

and have an unusual flagellation pattern with a polar tuft of two flagella and 2-4 

lateral flagella (see f i g 1.1) (97). They produce copious extracellular polysaccharide 

when grown on carbohydrate-containing medium. Frequently, they produce cellulose 

fibrils which are thinner and longer than their flagella. The colonies of Agrobacteria 

are non-pigmented and smooth. The optimum temperature for growth of 

Agrobacterium tumefaciens is 28°C. 

Agrobacterium together with Sinorhizobium (formerly Rhizobium), 

Rhizobium, Rhodobacter, Caulobacter and Azospirillium are a member o f the a-

subgroup of the class Proteobacteria. The family Rhizobiaceae contains soil bacteria 

which associate with plant cells and carry large plasmids. 

The classifications of the genus Agrobacterium is divided into four species 

based on their phytopathogenicity (147). The pathogenic species are: A. tumefaciens 

which causes crown galls, A. rhizogenes which produces hairy root, A. rubi, the agent 

inducing cane galls on rubus species and A. radiobacter which is non-pathogenic. 

Each species is further divided upon the production of specific chemicals by the galls 

or infected roots called opines. This method o f classification has been shown to be 

unrealistic since the phytopathogenicity of species is based on the production of 

opines. The genes coding for opine synthesis are on a large tumour- inducing (Ti) or 



Figure 0.1,1.1 Electron micrograph of a wild type A. tumefaciens C58C* 

cell showing flagella. Photograph taken by Dr. C. H. Shaw. 

root inducing (Ri) plasmid that can be transferred easily from pathogenic strains to 

non-pathogenic strains resulting in the recipient strains acquiring the pathogenic 

properties of the donor strains. Therefore, phytopathogenicity is not suitable for 

species identification, hi addition, it has been shown that all known Ti plasmid 

contain a variety of combination of opine catabolic genes and they can catabolise 

more than one opine (236). 

An alternative system to classify the species has recently been established 

using phenotypic, physiological and genotypical differences, chromosomal 

characteristics, comparisons of protein patterns, and other tests such as growth at 

different temperatures and the sensitivity to sodium chloride (99 , 100). In this system 

of nomenclature, the genus Agrobacterium is divided into three biovars (biotypes) 1, 

2, and 3. The three biovars are genetically and phenotypically different from each 

other and they contain both pathogenic and non-pathogenic strains. The strains of 

biovars can clearly be separated based on differences in 16s rRNA sequences. This 



method of classification is more stable and valid for species identification than 

phytopathogenicity. 

Members of the genus all possess two chromosomes, many of which 

demonstrate different topologies such as having linear and circular chromosomes 

(96). Each biovar has also a specific genome size. 

Based on the kind of opines produced in the galls, Agrobacteria are also 

classified as octopine, nopaline, and leucinopine strains. 

Despite of the new system of classification, the old nomenclature is still used 

and wil l be used here. The strains used in this project are derivatives of A. 

tumefaciens C58 which possesses four replicons: one circular and one linear 

chromosome (which is smaller) and two plasmids. This strain contains the Ti plasmid 

pTiC58. 

1.1.2 Soil Ecology 

A. tumefaciens can be isolated from both cultivated and uncultivated soils 

around the world and especially found in association with the rhizosphere. The 

numbers of bacteria present around the roots are vastly greater than those found in 

nearby soil (148). Pathogenic strains are usually only isolated from galls and soils 

surrounding the infected roots. Generally the populations of avirulent bacteria are 

much higher than the virulent strains in the soil (98). Since the Ti plasmid, the means 

of pathogenicity, is easily lost without selection, however many reports have shown 

that certain factors can affect the proportion between virulent and avirulent strains. In 

an experiment carried out to isolate Agrobacterium strains from a field with loamy 

soil that had not been cultivated for five years, the virulent number of Agrobacteria 

were much higher than expected (31). It was proposed that the loamy soil possibly 

increased the number of pathogenic strains according to its capacity for water 

retention and acid pH. The presence of weeds could also have a positive effect on 

virulent strain populations. Data from experiments on other related bacteria suggests 

that the soil type affects survival of the bacterial strains, the stability of plasmids, 

motility, growth and pathogenicity (31, 91). The number of virulent strains also can 

be affected by opines, which can be used by Agrobacterium but not by the host plant 

or majority of other microorganism. This capability of Agrobacterium to utilise 



opines provides an environment favouring growth of the pathogen and transfer of the 

Ti plasmid. This hypothesis, is called the opine concept (175). 

1.1.3 Crown Gall Tumours 

The crown gall is characterised by uncontrolled and rapid plant cell 

proliferation at the wound site following infection by Agrobacterium. ]n nature 

invasion by Agrobacterium usually occurs at ground level near the junction of the 

stem and roots. The size of galls may vary in diameter from pea-size to 5-15 cm and 

can be up to 22.7 kg in weight (54). 

The gall is composed of a mass of undifferentiated cells resulting from 

unlimited division and an increase in size of the vascular and parenchyma tissue 

(146). 

Gall formation by Agrobacterium on dicot plants requires wounding which 

produces a wound meristem. Deeper wounds facilitate infection and usually result in 

large galls. Development of a tumour in a particular species of plant is dependent on 

the type of Ti plasmid possessed by the pathogenic Agrobacterium strains. 

The cells of the gall synthesise specific compounds formed by condensation of 

an amino acid, a keto acid or a sugar and generically called opines which are absent 

from non- transformed cells. These compounds are specific growth substrates for 

Agrobacterium. Since growth of gall tumour is a benefit to virulent bacteria, the 

process has been named "genetic colonization". 

After the induction of a tumour by the pathogenic Agrobacterium, the tumour 

cells continue to proliferate in the absence of bacteria. Also tumours induced by 

Agrobacterium, carrying wild -type Ti plasmids generally remain undifferentiated 

following transfer to culture. Analysis has shown that gall cells contain auxin and 

cytokinin sufficient for growth and cell division (54, 239, 242). The level of indole 

acefic acid in tumour cells is 2-500 fold higher than in non-transformed cells. The 

ratio between auxin and cytokinin in tumour tissue is likely to be a major determinant 

of the gall's phenotype. The proliferafion of transformed plant cells results mostly 

from the expression of iaa and cyt genes, located on the Ti plasmid and responsible 

for the biosynthesis of auxin and cytokinin respectively. 



1.1.4 Opines 

One of the most significant characteristics of tumour cells is that they 

synthesise low molecular weight metabolites called opines. More than twenty opines 

have been identified, comprising nine structural famiUes. Most opines are 

condensation products of amino acids with hexose sugars or with carbonyl 

compounds. A crown gall tumour synthesises only a limited number of opine 

molecules. 

Based on the kind of opine produced by tumours, Agrobacterium tumefaciens 

strains are classified into different groups, octopine and nopaline being the most 

studied opine families. Octopine (N2-[l-D-carboxyethyl]-L-arginine) is synthesised 

by reductive condensation of a basic amino acid such as arginine, and pyruvate within 

plant tumours and degraded by octopine oxidase to arginine and pyruvate. This family 

consists of opines: octopine, lysopine, histopine, octopinic acid and mannitylopines 

(54). 

Nopaline (N2-[l,3-D-dicarboxypropyl]-L-arginine) is formed by reductive 

condensation of 2-ketoglutarate with L-arginine, and similar to octopine, nopaline is 

degraded by nopaline oxidase to arginine and a-ketoglutarate. This family comprises 

of nopaline, nopalinic acid, and agrocinopine A and B (102). 

The genes required for formation, utilisation and degradation of opines are on 

the Ti plasmid. According to the kind of opine synthesised by tumours, Ti plasmids 

are categorised into different types. Octopine and nopaline formation is carried out by 

octopine-type and nopaline-type Ti plasmids respectively. 

Based on the effect of opines on the bacteria, opines often have been classified 

into two classes; the nutritional opines, which are used as carbon and energy sources, 

and the conjugal opines, which are used as inducer molecules for conjugation (61). 

Opines as energy sources are specifically metabolised by the virulent Agrobacterium 

strains, but not by most other soil bacteria or plant itself Although the transformed 

plant cells produce these compounds. This ability creates an advantage for growth in 

the opine-rich environment by the tumour for those bacteria able to catabolise opines 

over non-catabolisers. 

Producfion and utilisation of opines are binary in nature. The genes for 

biosynthesis of opines are located on a part of Ti plasmid called the T-DNA that is 

transfered to plant cells, and integrated into plant genome, driven by plant-active 



promoters, while the genes that are on the Ti plasmid and allow the bacteria to use the 

specific opines, are activated by Agrobacterium promoters. 

Occ and noc are the regions that encode octopine and nopaline utilisation 

respectively. Each region consists of different genes. The occ region carries the genes 

required for opine transportation, catabolism and also chemotaxis to opines (234, 

235). Induction of these genes are carried out specifically by their cognate opines and 

are under control of proteins that have positive and negative regulatory fimctions 

called OccR and NocR for octopine and nopaline strains respectively (234). However 

the opine is not the direct inducer of these genes, involved in transport but is 

converted to the direct inducer during catabolism. The occ region encodes the 

regulator OccR and the transport proteins OccQ, M , P and J which allow the bacteria 

to uptake specific opines and then catabolise them (216). 

In the octopine-type opine only one gene is required for synthesis of the opines 

while several genes encode enzymes involved in opine catabolism (ooxAB which 

converts octopine to arginine and pyruvate, orcA converts arginine to omithine) 

(103). 

Some opines acting as a conjugation inducer, stimulate Ti plasmid conjugation 

by enhancing expression of the tra gene which in turn activates other tra genes that 

are necessary for conjugation converting non-pathogenic strains into pathogenic 

strains. Opines, therefore seem to influence bacterial communities in the immediate 

vicinity of the tumour. 

It has been shown that opines can translocate from tumour to non-transgenic 

part of the plant and released into the rhizosphere (175). This exuded opine can then 

be utilised by those Agrobacteria that have not induced the tumours but are present in 

the rhizosphere or on a part of the plant far from the site of the gall. Interestingly, 

certain soil isolates of Pseudomonas and Gram-positive corjTieforms can utilise 

opines as sole sources of carbon and energy as well (175). 

There is some evidence showing that opines can be beneficial to the galled 

plant in plant protection via antagonistic effect on insects and allelopathy against 

weed seeds (175). 

Some opines are chemoattractants, and this chemotaxis is specific to the type 

of Ti plasmid present in the cell (103). Functions for chemotaxis require the regions 

encoding catabolism of that opine, occ and noc loci confer chemotaxis to their 

cognate opines. Chemotaxis to opines might be important in the interaction between 



Agrobacteria and their plant hosts, and can play an important role in determining the 

distribution of Agrobacteria in the tumour. Opines play a fiandamental role in 

recognition of plant hosts. 

1.1.5 Ti plasmid 

Ti plasmids are extra chromosomal elements whose host range is restricted to 

the rhizobiaceae. Ti plasmids are generally 190-240 kb in size and present at a low 

copy number (1-3 copies per cell) but can be fransferred to other bacteria (90). 

Although tumourigenic strains usually possess Ti plasmid but many non-tumourigenic 

Agrobacterium, possessing plasmids, have also been isolated from soil (140). 

Pathogenic Agrobacterium tumefaciens carries a specific Ti plasmid. 

According to the kind of opines produced by tumours, there are five Ti plasmid types: 

1-Octopine t3^e, 2-Nopaline type, 3-Agropine type, 4-Succinamopine type and, 5-

grapevine type(p) (54). 

Despite differences between Ti plasmids, they each consist of five distinct 

areas including three regions essential for tumourogenesis of bacteria (see fig. 1.4.1). 

The regions are vir region, T-DNA region and opine catabolism region plus a region, 

for conjugation containing tra and trb loci, and the rep region for replication 

incompatibility (see figure 1.1.5.1). The plasmid also contains genes for conjugation 

stimulated by opine, and sensitivity to the bacteriocin agrocin 84 in the nopaline and 

succinamopine plasmids. Nopaline plasmids, such as pTiC58, also have a T-DNA-

independent locus, tzs which encodes an enzyme that produces the phytohormone 

cytokinin in the bacteria under v/r-inducing conditions. 

One part of the Ti plasmid is occupied by T-DNA which contains the genes 

that are responsible for tumour formation (oncogenes) on the infected plants. T-DNAs 

of different Ti plasmids have different compositions. Nopaline Ti plasmids carry T-

DNA as a contiguous stretch of ~ 22 kb, whereas the T-DNA in an octopine-type Ti 

plasmid is composed of three independently transported segments that are left (TL) 

with 13 kb, central with 1.5 kb, and right (TR) with 7.8 kb size (54). The borders that 

flank and define the transferred region to the infected plant cells consist of a 

conserved 25bp imperfect direct repeat sequence (86, 231). They serve as a target for 

cleavage by the VirD2 endonuclease and play an important role in T-DNA 

transformation (233). Experiments showed that the T-DNA borders can be replaced 
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Figure 1.1.5.1 Genetic map of an octopine-type Ti plasmid. Figure adapted from 

(124) 

by a bacterial origin of transfer (239). Mutation analysis showed that the right border 

is absolutely required for Agrobacterium pathogenicity, whereas the left border is not 

(179). Inversion of the right border has been shown to reduce virulence and result in 

transfer of nearly the entire Ti plasmid instead of the T-DNA region (239). These 

results suggest the polarity of T-DNA transformation from right to left, as determined 

by the orientation of the T-DNA border repeats. On the other hand, only the TL region 

is oncogenic and contains all the genes are necessary for tumour formation, while the 

TR region has no genes for phytohormone production and is not oncogenic. 

Interestingly, the T-DNA itself (the sequences between the borders) has no effect on 

the efficiency of transfer (181, 239). Consequently, T-DNA sequences can be replaced 

by DNA sequences of interest for engineering plants. Now a days, non-oncogenic 

(disarmed) Ti plasmids are used widely as vectors for genetic transformation. 



The T-DNA contains 8 to 13 genes, including a set for production of 

phytohormones, which are responsible for formation of the characteristic tumours on 

infected plants. These genes have features of plant genes rather than bacterial genes; 

e.g. they contain polyadenylation signals, are transcriptionally controlled by plant 

promoter and activator sequences and can be expressed in most dicot and some 

monocot plants. These genes encode enzymes which catalyse the initial steps in the 

conversion of adenine to zeatin and tryptophan to auxin, two plant hormones critical 

for cell growth, and also convert amino acids to opines. The TL region of octopine-

type Ti plasmid contains the genes auxA and auxB that are responsible for auxin 

biosynthesis, cyt encodes cytokinin biosyntesis, and oc^ controls octopine synthase. 

The TR region of these plasmid lacks the genes coding phytohormones and contains 

genes responsible for synthesis of further opines such as agropine and mannopine. In 

some cases, T-DNA transfer is enhanced by the so-called "overdrive sequence", a 

24bp sequence, located to the right of the right border in octopine Ti plasmids. 

The vir region which is 35-40 kb, consists of eight vir operons, virA to virG. 

Unlike octopine Ti plasmids, the nopaline type lacks the virF and virH operons but 

instead contains another accessory gene called tzs. The product of these genes, termed 

virulence (Vir) proteins, encode proteins involved in the detection of compounds that 

are released from wounded plants in the rhizosphere and mediate transfer of T-DNA 

into the host cells. Mutations in the virA, B, D, and G operon abolish tumour 

formation on all plant species, while mutation in the other vir genes reduces 

tumourgenicity and restricts the range of plant hosts. 

The opine catabolism region, occ region, consists of genes that allow virulent 

Agrobacterium to take up opines and utilise them. The region contains the genes that 

are involved in the transportation and metabolism of octopine. These genes are under 

the control of an opine-inducible promoter, activated by the product of occR acting as 

as a positive regulator. Likewise octopine type Ti plasmids, a similar set of genes are 

on the nopaline type Ti plasmid in the noc region. Another gene, ons, encodes a 

protein reqiured for transportation of octopine across the plant cell membrane. 

Chemotaxis to opines is also carried out by function of the opine catabolism operon. 

In nopaline-type A. tumefaciens noc also confers chemotaxis to their cognate opines. 

Replication and incompafibility region also maps to the Ti plasmid. In terms 

of compatibility, there are two Ti plasmid groups: mcRH-1 and wcRH-2. Another 
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gene which is responsible for replication is ein. Al l octopine plasmids belong to the 

same ein-group, whereas nopaline plasmids belong to one of two different groups. 

1.2 Virulence in Agrobacterium tumefaciens 

Agrobacteria infect their hosts at wound sites (109), which exude specific 

compounds into the rhizosphere. These chemicals switch on the virulence engine of 

pathogenic Agrobacterium tumefaciens which possess a Ti-plasmid to infect the 

plants. Although, wounded cells are necessary for bacterial attachment, however there 

is evidence showing that Agrobacteria are able to interact with unwounding plant 

cells and eventually to transform them (67). Agrobacterium can enter leaves using 

their stomata. The normal invasion process occurs in three levels. Those carried out in 

the rhizosphere, resulting in attachment of the bacteria to plant cells, those that occur 

in Agrobacterium itself, including preparation of the T-DNA for transformation, and 

finally the processes that happen in the host plant, leading to transformation and 

integration of the T-DNA into the plant genome. The virulence process can also be 

divided into different steps, as discussed in the next section. 

1.2.1 Host-pathogen contact 

Cell-cell contact between pathogen and host cells is necessary for many 

diseases including gall tumour formation. The first step in plant infection is 

attachment of pathogenic Agrobacterium to the surface of wounded plant cells. Non-

attaching mutants are avirulents (54, 115). 

The attachment process consists of two stages: 

1. Direct attachment of bacteria to plant cells. This initiates a loose binding and is 

mediated by a bacterial Ca^"^-binding protein called Rhicadhesin. This protein is a 

major determinant of attachment and virulence. Câ "̂  plays a role in anchoring, 

stabilizing and for activation (130, 186). 

2. Anchoring of bacteria to each other and to the plant cell surface using bacterial 

cellulose filaments, cellulose fibrils, stabilizes the initial binding. This generates a 

tight irreversible binding between the bacteria and the host cells (129). In this stage 

other bacteria not directly attached to the plant cell, create a large aggregation of 

bacteria and fibrils around plant cell surfaces. In fact only a small fraction of the 
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bacteria are directly bound to the host cell. The cellulose fibrils have an important role 

in pathogenesis. Mutants which cannot synthesise cellulose are reduced in virulence 

to 1/lOth to 1/lOOOth that of the wild-type bacteria. Cellulose synthesis in 

Agrobacterium tumefaciens involves two operons of the bacterial chromosome, 

containing five genes (eel genes). Cellulose fibrils are produced at random by 

Agrobacterium tumefaciens from all sides of the cell surface (130). 

Direct attachment of only a few numbers of bacteria to the host cell, suggests 

that plant cells could have specific receptor sites. There is evidence showing that the 

plant cells have a receptor of protein and pectin located on their surface, and a second 

binding site of unknown composifion, on the plasma membrane (167). The bacteria 

also have a binding site composed of protein and lipopolysacchride, a component of 

the cell wall, located on their outer membranes (115). 

The genes involved in attachment are located in the Agrobacterium 

chromosom, and include chvA, chvB,pscA (or exoC) a n d ^ « (181). 

The success of interaction between Agrobacterium tumefaciens and the host 

cells depends on the ability of the bacteria to go through the plants defenses. In the 

rhizosphere, Agrobacterium tumefaciens also must compete effectively with other 

microorganisms as it attaches to the plant cell. 

1.2.2 Plant Signals 

The next step in the virulence process is induction of the vir genes which 

brings about transfer of the T-DNA into the plant cell. Activation of the vir genes 

requires the presence of specific inducers which are released from wounded plants 

into the rhizosphere (177). The sap from wounded plants has a characteristic acidic 

pH of 5.0-5.8, and contains a high amount of different aromatic and aliphatic 

chemicals such as phenolic compounds, which serve as plant signals, and specifically 

stimulate Agrobacterium vir gene expression. Phenolics also serve as attractants, 

activating chemotaxis in Agrobacterium (182, 187, 188). In addition, thousands of 

healthy somatic cells, with intact cell walls, which are released from the roots of many 

plant species into the rhizosphere everyday, are capable of producing extra cellular 

signals that induce microbial gene expression (237). 

Phenolic structures alone are sufficient to induce the expression of the vir 

genes. Acetosyringone, a monocyclic aromatic hydrocarbon and a-hydroxy-
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acetosyringone, which are released naturally from injured plants, but are not found in 

undamaged plants, are examples of effective phenolic inducers. Other phenolic 

inducers are lignin precursors coniferyl alcohol, sinapyl alcohol, ferulic acid, and 

sinapinic acid (187). Some of these inducers are intermediates in cell repair 

biosynthetic pathways and for cell wall repair (181). So far, more than 40 low-

molecular-weight phenolic inducers have been identified. Most of the monocots do 

not release such phenolic compounds; hence the virulence by Agrobacterium cannot 

be processed in these plants. 

It is worth noting that most of the compounds released from wounded plants 

are bactericides at high concentrations and many also contain inhibitors of vir 

induction. Monocots also release some of these inducer compounds suggesting that 

Agrobacterium is able to recognise monocot wound sites, but fiirther steps in the 

infection process might be blocked (13). Induction of the vir genes is dependent on a 

number of environmental factors including pH, presence of some phenolic 

compounds, presence of some monosaccharides, phosphate levels and presence of 

some heavy metals. The optimal conditions required by various strains for vir-

induction are slightly different, however all require particular phenolic compounds 

andapH of 5.0-5.8 (214). 

1.2.3 Signal transduction 

Detection of the plant signals that induce the vir genes is mediated by a two-

component sensory regulatory system. The microorganisms use this kind of system to 

monitor their surroundings and make appropriate responses as they face high 

competition for limited resources and have little ability to change their environment. 

These systems respond, with a high sensitivity and efficiency, to changes in chemical 

environments around the bacteria. Changes in chemical composition are translated to 

signaling pathways often involving two families of signal-transducing proteins. One 

family is a membrane sensor protein that is responsible for recognising the changes in 

extracellular signals and transduced into appropriate intracellular events. These 

compounds surrounding the bacteria, and the other member that is a cytoplasmic 

protein, that transduces information from the membrane sensor to the cell. It has been 

suggested that a bacterium contains about 50 pairs of these sensors that regulate many 

of ftindaraental fiinctions, such as motility and pathogenicity (197). The key fiinction 
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of signal transduction involves phosphorylation of the membrane sensor protein that 

is a protein kinase. 

Agrobacteria employ a two-component signal transduction system, composed 

of the virulence proteins VirA and VirG, to regulate infection of plants (223, 224, 

226). Both VirA and VirG are the Ti-plasmid encoded genes required for chemotaxis 

and virulence induction mediated by phenolic compounds. The YirANkG system is 

thought to have multifianctional role, since at different phenolic concenfrations it is 

known to affect both chemotaxis and Vir-induction. Low concentration (nonomolar) 

trigger chemotaxis alone, higher concentration (micromolar) also bring about Vir-

induction and can sppress chemotaxis, thereby restricting the bacteria to the wound 

site abnd hence increasing, the infection likelihood. In Agrobacterium therefore, 

compounds released from plants trigger two specific activity, chemotaxis and 

virulence. 

VirA is a sensor protein acting directly or indirectly as a receptor for phenolic 

compounds, like acetosyringone and specific monosaccharides, which are plant 

metabolites or monomers of plant cell wall polysaccharides (13). It has autokinase 

and phosphotransferase activity in vitro, resulting in autophosphorylation on amino 

acid histidine 474 (93, 226). It is an inner membrane protein, composed of four 

structural and functional domains: i) a receptor domain consisting of an N-terminal 

periplasmic domain and two transmembrane regions, designated T M l and TM2, ii) a 

linker domain (cytoplasmic domain), iii) a transmitter domain that contains protein 

kinase activity, and iv) a phosphoryl receiver domain (40, I I I , 133). Investigation 

into the properties of VirA have revealed that the periplasmic domain may not be the 

sensor domain for phenolics and direct interaction between VirA and acetosyringone 

requires that this metabolite diffuse through the outer membrane to reach VirA, which 

lacks extracellular domains (226). The periplasmic domain has a role in the detection 

of changing of pH and temperature of the invironment. It has been suggested that 

VirA itself may not bind phenolics, rather plant phenolics may initially interact with 

chromosomally encoded protein of 10 and 21 kDa called plO and p21. Binding to 

these complexes of phenol-binding proteins then activates VirA (166). 

Some sugars, in particular the acidic monosaccharides D-galacturonic acid and 

D-glucuronic acid (both monomers of major plant cell wall polysaccharides) and 

other sugars such as glucose, arabinose, and galactose enhance vzr-induction when 

acetosyringone are absent or present in small amounts (<10|am) in the environment. 
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The product of the chromosomal chvE gene is required to interact with these sugars 

and in turn interact with the periplasmic domain of VirA (51). This reaction resuhs in 

supersensitivity of VirA binding to phenolic compounds. Transcription of chvE is 

regulated by the gene gbpR which lies adjacent to chvE on the chromosome. (64) In 

contrast, low amount of opines that are attractants for certain Agrobacterium, enhance 

vir gene expression in the presence of acetosyringone in the environment. This 

process is Ti-plasmid dependent and requires fimctions encoded by the opine 

catabolism operons of the Ti-plasmid. 

As a general rule, conditions appropriate for vir gene induction are unsuitable 

for bacterial growth, whereas conditions that support bacterial growth are insufficient 

for vir gene induction. Therefore, it has been proposed that in low opine 

concentrations, Agrobacterium stay in the optimal state for vir gene induction, 

whereas at high levels of opine (produced in mature tumours) Agrobacterium are able 

to grow and use the opines as an energy source (181). 

Interaction between plant signals and VirA leads to autophosphorylation of 

VirA at its histidine 474 residue in the transmitter domain. The phosphohistidine 

high-energy phosphate bond is then transferred to the ASP-52 or possibly the ASP-8 

residue of VirG. The phosphorylated VirG is very stable, this is thought to facilitate 

maximal levels of vir gene induction (181). 

The VirG protein is a cytoplasmic protein, but may also be partially associated 

with the Agrobacterium membrane. It acts as a transcriptional regulator of the other 

vir genes. To activate expression of the other vir genes, the C-terminus of VirG 

interacts with the vir-hox, a conserved 12-bp sequence, which is located in the 5'-

non-coding regions of all vir operons including virA and virG (94, 158). Each vir 

operon possesses up to five v/r-boxes. The absence of a v/r-box from the virA 

promoter is one factor restricting the number of plant species on which this strain can 

produce tumours (215). Specific nonconserved sequences downstream of the vir-

boxes are required for perfect VirG fiinction. These sequences prevent interference 

from other transducer proteins (165). Phosphorylated VirG is thought to have a high 

binding affinity for vzr-boxes. There is also a possibility that VirG-P interacts with 

RNA polymerase, increasing RNA polymerase efficiency to recognise the vir 

promoter, or to open the closed DNA complex (89). The presence of vir inducers 

enhances the expression of virA and virG. Phosphate starvation also upregulates 
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expression of virG. In addition, the virG promoter is pH-inducible through a second 

promoter (17, 128, 225). 

It is not known whether VirG is phosphorylated before or after binding to the 

vir-hox. The actual role of phosphorylation is not clear, since unphosphorylated VirG 

can specifically bind vir promoters, however in vivo, VirG phosphorylation is 

required for vir gene expression. Phosphorylation of VirG may increase its DNA 

binding affinity (83). 

The levels of expression of the vir genes are determined by the pool size of 

VirG. VirG also activates virA and virG transcription and therefore forms a positive 

feedback loop enhancing the infection process. Regulation of the vir regulon is also 

temperature dependent. The levels of expression decrease significantiy when the 

temperature is raised above 22°C. 

In conclusion, the compounds that are released from wounded plants in to the 

rhizosphere act as a plant signals and inducers. These signals are detected and 

transduced by A. tumefaciens activating vir gene expression. Sensing and transducing 

of the signals are mediated by VirA and VirG members of two-component regulatory 

system. 

1.2.4 T-strand generation 

The T-DNA carries all the information necessary for tumourgenesis. 

Preparation of the T-DNA is carried out by the vir genes and involves isolation of the 

T-DNA from the Ti- plasmid. A linear, single-stranded DNA molecule, called the T-

strand is generated (181, 193). This process occurs in the bacterial cell. The T-strand 

is transferred into the plant cell in a form called a T-complex. 

The first step of T-strand formation is isolation of the T-DNA region from the 

Ti-plasmid. Two VirD proteins, VirDl and VirD2, encoded by the virD operon are 

together responsible for nicking the 25-bp border repeats that serve as nick site for 

cleavage of the T-DNA (193, 239). The virD operon contains four open reading 

frames. VirDl encodes a topoisomerase enzyme that catalyses the conversion of 

supercoiled DNA to relaxed DNA (72, 89, 181). virD2, encodes an endonuclease that 

recognises the right T-DNA border. These two proteins act as a specific border repeat 

nickase and cut at specific sites, between the third and forth base pairs of the bottom 

strand of the borders (181) Excision is thought to occur in a 5' to 3' direction, starting 
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at the right T-DNA border and terminating at the left border. This initiates a free 

single-stranded T-DNA molecule or T-strand. Following cleavage VirD2, but not 

V i r D l , remains tightly attached to the 5' end of the nicked T-strand at the right border 

nick and to the 5' end of the remaining bottom strand of the Ti-plasmid at the left 

border nick (47, 235). VirD2 possibly binds via the tyrosine 29 residue (181, 218, 

239). This binding is thought to protect the T-strand from exonucleolytic degradation 

and probably prevents closure of the nick by ligase activity. In addition the bound 

VirD2 is thought to act as a pilot protein and direct the T-DNA to the plant nucleus. 

When the T-strand is removed, the resulting gap in the Ti-plasmid will be 

repaired by generation of single-stranded copies. The replacement process removes 

the VirD2 molecule attached to the 5' end of the left border, allowing reformation of 

the circular DNA molecule of the Ti-plasmid. Recent data also suggests that VirD2 

may have a role in ligation of the left border (154). 

The final step in T-strand formation involves a 26 kDa protein from virC 

operon, called Vi rCl . This protein binds specifically to the overdrive sequence, which 

is a natural enhancer, located adjacent to the right border repeat. Overdrive sequence 

functions effectively in an inverted orientation and up to about 7 kb away from the 

right border repeat in either directions. This sequence is necessary for optimal T-

strand formation when Vi rDl and VirD2 are limited. VirCl is thought to facilitate 

nicking of the T-DNA border and may play a role in T-strand export (236). 

1.2.5 T-complex formation 

There is some evidence indicating that the T-strand is transferred from the 

bacterium into the plant cell in a nucleoprotein form, called the T-complex. The T-

complex is composed of at least three components. The single-stranded T-DNA 

molecule, carrying all the information for tumourgenesis, associated with two types of 

Vir proteins, VirD2 and VirE2 (64). 

The endonuclease activity of VirD2 lies entirely within the N-terminal of the 

protein, since this domain of the VirD2 protein is sufficient to cut the border repeat 

and T-strand formation, but is unable to import the T-DNA into the host cells. It 

seems that the C terminus of VirD2 must be involved in a step after T-strand 

generation. Genetic analysis has shown that this domain contains a bipartite nuclear 
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localization signal (NLS) and conserved sequence called omega (DGRGG), located 

adjacent to the NLS. They are shown to be important, but not essential for 

tumourgenesis (88). The omega sequence may interact with other Vir proteins 

involved in transport of the T-DNA-VirD2 complex into the plant nucleus or may 

involve in the integration process (32). 

The virE operon encodes a 7.0 and a 60.5 kDa polypeptide in octopine Ti-

plasmids and a 64 kDa polypeptide in nopaline Ti-plasmid. VirE2 is a single-stranded 

DNA binding protein that attached at its 5'-end to the VirD2 protein. It is thought to 

protect the DNA against degradation by bacterial and plant exonucleases and 

endonucleases during transformation, and shape the T-complex into a thin and 

unfolded structure (transferable form). It may also provide specific targeting signals. 

Based on electron microscopy data, the nopaline-specific T-complex is proposed to be 

3600nm long and 2nm wide. This suggests that the T-complex would contain 

approximately 600 molecules of VirE2 (47)and only one of VirD2, with a molecular 

mass of 50,000 kDa (181). It was reported that ssDNA-binding protein, AcvB (or its 

functional homologue VirJ), may also associates with the T-complex (59) 

It is thought that the T-complex is formed in Agrobacterium and then all 

components of the T-complex together transfer to a recipient plant cell. The T-

complex model proposes that the 5' end of the T-strand is associated with the VirD2 

molecules, whereas the 3' end probably has a VirE2 protein attached in its proximity. 

It has also been suggested that VirE2 and the T-strand are transported independently 

from Agrobacterium into the plant cell, and that VirE2 functions inside the host cells 

(49, 77,181). 

Recently, data indicated involvement of another VirE product, named VirEl , 

in transportation of VirE2 from the bacterium into the plant cell. VirEl acts as an 

export chaperone for VirE2 (58, 202). Vi rEl , which is located adjacent to its targeted 

protein with no identified enzymetic activitylt, belongs to a new class of chaperones 

required for the export of virulence factors via a typelll secretion pathway. It shares a 

number of properties with the typelll secretion chaperones (for more details about 

chaperones see section 1.4.3 and Deng, 1999). This small protein is specifically 

required for the export of the VirE2. VirEl prevents VirE2 to bind to T-strand by 

forming VirE2-VirEl complex (24), inhibits VirE2 from aggregation, enhances the 

stability of VirE2 and perhaps maintain VirE2 in an export-competent state. This 

means that within Agrobacterium, VirEl may not bind to the T-strand to form the T-
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complex; rather may VirE2 enter the plant cell with assistance from VirEl 

independently from the bacterium and formation of the T-complex and then bind to 

the T-strand-VirD2 complex. Another possibility is that VirEl may facilitate export 

of the entire T-complex (77, 110, 202). 

1.2.6 T-DNA transformation to the plant cell 

It is not clear exactly how the T-DNA leaves the bacterium, crosses the 

membrane barrier, and enters the plant cell. Transportation of the T-DNA from donor 

bacterium into recipient cells (see fig 1.2.6.1) requires a passageway between the two 

cells. It is thought that the T-complex crosses the bacterial membrane and plant cells 

through a channel built by protein-protein connection of vir gene products (see fig. 

1.2.6.2). It seems that some of the proteins encoded by the virB operon are involved in 

this bacterium-plant cell channel. The virB operon is the largest vir operon and 

contains 11 genes (44). It has recently been shown that the vir genes belong to a 

family of export system, called typelV secretion system. The function of this system, 

which have members in a, P and £ subgroups of proteobacteria, is direct transport of 

protein or DNA-protein complex across the cell envelops of bacteria to host cells 

(239). Ten of them have been shown to associate with the bacterial membrane, where 

they may form a structure, a pilus/pore, necessary for transfer of the T-complex. The 

typelV secretion system comprises two major structural components: a filamentous 

appendage or pilus, and a membrane associated complex that translocates substrate 

across both bacterial cell membranes and possibly across the host cell membranes. 

Based on recent studies, it has been shown that the T-DNA transfer machinery is 

homologous to bacterial conjugal DNA transfer system. This has been supported by 

the fact that most of the VirB proteins show homology with different Tra proteins of 

the bacterial conjugal transfer systems. In fact vir genes belong to a family of export 

system, called typelV secretion system. The fianction of this system, which have 

members in a, s and y subgroup of proteobacteria (108), is direct transport of protein 

or DNA-protein complex across the cell envelops of bacteria to bacteria or from 

bacteria to eucaryotic cells (35, 45). 

The products of two vir genes, virB9 and virB 10, are known to form a high 

molecular-weight complex with other membrane proteins. VirB9 is thought to 

stabilize or facilitate formation of a VirB 10 complex. VirB7 and VirB8 stabilize 
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VirB9 in turn. The stabilization of some VirB proteins, in the presence of other VirB 

proteins, suggests that the stabilized proteins may form a multiprotein channel 

structure necessary for T-DNA departure. 

T-complex transformation is likely to require energy. Two proteins, VirB4 and 

V i r B l l , are associated with energy supplement activity. VirB4 has a nucleotide-

binding site, whereas V i r B l l is an ATPase and a protein kinase, both are inner 

membrane proteins (44, 181). Vi rBl a low molecular-weight protein, is thought to 

interact with the recipient plant cells facilitating anchorage of the VirB channel at the 

infection site on the cell surface. Recent data has shown that a protein from the VirD 

operon, VirD4, is required for T-DNA transfer and tumourgenesis. This protein which 
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1.2.6.1 Diagram showing main steps of transfer of T-DNA to plant cell. Figure 

adapted from (68). 
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Figure 1,2.6.2 Diagram showing the basic structure of typelV secretion system 

(Ti pilus). Figure adapted from (208) 

is anchored in the inner membrane of Agrobacterium, may play a role in the 

transformation of the T-complex by forming a link between the T-complex and the 

VirB channel. It contains a possible ATPase consensus sequence and therefore could 

generate the energy for T-complex transportation through the channel (114, 151). 

Briefly, the T-complex is thought to be transferred from Agrobacterium to 

plant cell via a membrane pilus/pore channel (perhaps T-pilus) made up of the VirB 

and VirD4 proteins (108). 
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