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Abstract 

Plant pathogenic bacteria use a type-three secretion system to translocate effector proteins into the 

host cytosol, to colonize and cause disease. In Xanthomonas axonopodis pv.manihotis (Xam), the 

causal agent of cassava bacterial blight, only one effector protein, PthB, has been reported. We 

partially sequenced the genome of the Xam strain CIO151 using Solexa technology. This sequence 

was used to identified and characterize effector genes. Twelve novel effector genes were found 

using a bioinformatic approaches. However, only six of them could be amplified and sequenced. 

These genes were compared with their homologs in other sequenced xanthomonads and other 

related bacteria. Five of them were amplified from 10 genetically different Xam strains in order 

determine the level of conservation in populations of Xam. Among them, xopQ is the most divergent 

at this intra-specific level. xopQ, xopE1, xopX and xcv3786 were characterized using directed 

mutagenesis. Our results suggest that xopQ and xopE1 are not necessary for virulence under our 

experimental conditions. Complementation of ∆hpaF with the wild type gene, confirm that the 

decrease of the virulence was due to the absence of the HpaF protein. Finally, we found that the 

gene that codifies for xopX has suffered a deletion that causes premature termination and hence 

the gene might not be functional in Xam. This is the first approach to characterize the effector 

proteins responsible of Xam pathogenicity. 

Introduction 

Xanthomonas axonopodis pv. manihotis (Xam) is the causal agent of cassava bacterial blight 

(CBB), an economically important disease in Africa and America, which was first reported in 1912 

by Bondar in Brazil (Lozano 1973). The symptoms of this disease in cassava include angular leaf 

spotting and blight, wilting, dieback, gum exudation and vascular necrosis (Lozano 1986). To 



control CBB, bacteria-free cuttings and resistant varieties are used, as well as crop rotation and 

appropriate cultural practices (Msikita, James et al. 2000). However, the disease is still a problem in 

endemic zones. 

Xam possesses a type-three secretion system (TTSS), which translocates effector proteins into the 

host cytosol (Jin and He 2001; Kim, Park et al. 2003). Together, these effector proteins are 

considered the most important pathogenicity factor in most gram-negative plant pathogenic 

bacteria. Xam is expected to have approximately 20 effector proteins, based on reports from its 

close relative, Xanthomonas campestris pv. vesicatoria (Xcv) (Thieme, Koebnik et al. 2005), these 

effectors must fulfill an important function in disease development and in elicitation and suppression 

of plant defenses. However, only one effector protein, PthB, has been described in Xam (Verdier, 

Restrepo et al. 2004). This may be due to the lack of molecular and genomic information for this 

bacterium.  

The first elucidation of the outcome of effector proteins inside the plant cell was performed through 

the detection of the recognition of certain effector proteoms by resistance proteins inside the host 

cell (Flor 1971), which in most cases elicits a hypersensitive response (HR), a rapid local necrosis 

to prevent colonization of pathogenic microorganisms (Hutcheson, Collmer et al. 1989). Because 

this interaction results in the detection of pathogen growth and consequent resistance in the plant, 

this subset of effectors has been called avirulence proteins (Flor 1971). In Pseudomonas syringae 

pv tomato (Pst), one of the most studied bacterial plant pathogen, numerous avirulence genes have 

been reported, including avrPto (Ronald, Salmeron et al. 1992), avrPtoB (Bogdanove 2002) and 

avrRpt2 (Whalen, Innes et al. 1991), which elicit HR in specific hosts. These avirulence effector 

genes were detected searching for the ability of cosmid clones from Pst to convert normally virulent 

strains into avirulent ones on a specific host.  

Another method used for the discovery and confirmation of type three effector proteins is the 

purification of secreted proteins from culture supernatants. In order to detect new proteins it is 

necessary to use hrp-inducing medium that stimulates the secretion of those type three-related 



effectors. The extracellular proteins EXP-60, EXP-45, EXP-43, and EXP-22, EXP-10, secreted by 

Pst, were discovered using this approach (Roine, Wei et al. 1997; Yuan and He 1996). In addition, 

this method is useful for establishing if an effector predicted by other methods is really translocated 

to the exterior (Greenberg and Vinatzer 2003; Petnicki-Ocwieja, Schneider et al. 2002). 

The genetic screen of randomly inserted orphan effector genes is a tool that was first used by 

Guttman et al (2002). This consisted on the random integration of a reporter gene encoding the C 

terminus of the AvrRpt2 effector (HR elicitor in Arabidopsis thaliana), lacking its TTSS signal 

sequence, into the P. syringae pv. maculicola genome, and assessed 75.000 independent 

transposon insertions by inoculation into A. thaliana. With this approach, 13 effectors were identified 

in Pst. In a similar approach, Roden et al (2004) identified seven novel effectors in Xcv, using the C-

terminus of the AvrBs2 effector (which elicits HR into pepper plants). 

The recognition of patterns associated with type three effector genes has been the main strategy 

used to look for effector genes using bioinformatics in available genomes of plant pathogenic 

bacteria. The Hrp-regulated regulon promoter is one of those patterns, in which the recognition of 

the promoters and it has been useful to identify many genes on the genomes of R. solanacearum 

(Salanoubat, Genin et al. 2002),  X. c. pv. campestris, X. axonopodis pv. Citri (Xac) (Da Silva, Ferro 

et al. 2002), and P. syringae pv. tomato (Fouts, Abramovitch et al. 2002; Zwiesler-Vollick, 

Plovanich-Jones et al. 2002).  

A considerable proportion of effectors in plant pathogenic bacteria has been identified using a 

combination of methods, the identification of effectors in new genome sequences using sequence 

homology with well-studied plant pathogenic bacteria has been used to quickly enrich the repertoire 

of identified effectors in genomes such as R. solanacearum (Salanoubat, Genin et al. 2002), 

Xcv(Thieme, Koebnik et al. 2005), Pseudomonas syringae pv. tomato  (Buell, Joardar et al. 2003) 

and Pseudomonas fluorescens (Preston, Bertrand et al. 2001). However, the elucidation of 

biochemical function of effector proteins once inside the plant cell has been slower than the mere 

identification of effector proteins. However, in recent years a wealth of information has been 



gathered on this. It has been found that the main activity of many effectors is to suppress basal 

defense responses at different stages (Brown, Mansfield et al. 1995). An easily observable reaction 

in the basal defense responses is the fortification of the cell wall with callose depositions. A number 

of effectors from Pseudomonas have been observed to suppress this reaction. AvrPto, which was 

transgenically expressed in Arabidopsis, suppressed the salycilic acid-independent cell wall 

fortification in Arabidopsis and altered the gene expression related to vesicle transport and cell wall 

fortification (Hauck, Thilmony et al. 2003). AvrE and HopPtoM suppressed salicylic acid-dependent 

cell wall defense, also avoiding callose deposition (DebRoy, Thilmony et al. 2004).  

In addition to suppressing basal defense responses, effectors have also been shown to suppress or 

interfere with specific defenses responses mediated by the recognition of avirulence proteins from 

the pathogen by resistance proteins from the host (Alfano and Collmer 2004).This is the case of the 

gene virPphA that suppresses the specific resistance response in certain bean cultivars to strain 

Pseudomonas syringae pv. phaseolicola race 7 (Jackson, Athanassopoulos et al. 1999). A similar 

function was found for the Pst gene avrRpt2, which interferes with the recognition of the Pst protein 

AvrRpm1 by the resistance protein RPM1, which was evaluated expressing different combinations 

of the avr and resistance genes in Pst (Reuber and Ausubel 1996; Ritter and Dangl 1996). Other 

effector genes have been shown to directly suppress the hypersensitive response at different 

stages. AvrPtoB from Pst suppresses the HR elicited by the action of the resistance proteins Pto 

and Cf9 (Abramovitch, Kim et al. 2003) and hopPtoD2 from Pst was shown to have protein tyrosine 

phosphatase activity to suppress programmed cell death in plants (Bretz, Mock et al. 2003; 

Espinosa, Guo et al. 2003).  

In addition to their ability to suppress local defenses, it has been shown that effector proteins can 

suppress systemic acquired resistance via induction of Induced systemic resistance: The presence 

of both, the toxin coranatine and some type three effectors of P. syringae, such as AvrB, AvrRpt2, 

AvrPphB, HopPtoK, and AvrPphEPto, are necessary in order to stimulate JA signalling through the 

activation of the RAP2.6 gene (He, Chintamanani et al. 2004).  



Some effectors have been identified in Xanthomonas, with Xcv being used as a model system. A 

virulence function has been shown for a subset of these effectors. AvrBs2, for example, is a major 

virulence factor in Xcv, strongly contributing to growth and symptom development in pepper 

(Swords, Dahlbeck et al. 1996). XopQ is a putative inosine-uridine N-ribohydrolase widespread in 

plant pathogenic bacteria, but its targets in the plant are not known. HopQ, its homolog in Ralstonia 

solanacearum, acts as an avirulence determinant in disease in pepper and tomato (Roden, Belt et 

al. 2004). XopX manipulates host defence by eliciting a cell death that does not negatively 

compromise the virulence of the pathogen but instead facilitates the infection in a recognition-

competent host (Metz, Dahlbeck et al. 2005). XopE1, from Xcv, triggers a cell death reaction in 

Nicotiana benthamiana, but due to its membrane localization it delays the recognition by the plant 

(Thieme, Szczesny et al. 2007). Xcv3786, shares homology with HopK1 from Pst which elicits HR in 

N. benthamiana (Schechter, Roberts et al. 2004). HpaF mutants, from X. axonopodis pv. glycines, 

have a significant decrease in virulence (Kim, Park et al. 2003). However, no difference in virulence 

was observed with the ∆hpaG mutant of from Xcv (Noel, Thieme et al. 2002) or HpaF from X. 

oryzae pv. oryzae (Sugio, Yang et al. 2005), suggesting that the virulence effect is host-specific or 

redundant with other effector genes in the genomes of Xcv and X. oryzae pv. oryzae (Xoo). None of 

these effectors have been extensively studied and their biochemical activity in the host cell remains 

to be elucidated. 

To have a better understanding of the interaction of Xam with cassava, it is important to identify and 

characterize the array of effector proteins present in the bacterium. Here, we report the identification 

of a subset of effector genes by homology with genes reported in other Xanthomonas in a partial 

genomic sequence of Xam recently obtained by Solexa technology. Additionally, to detect possible 

virulence functions among the genes identified, they were characterized by directed mutagenesis in 

Xam and by transient expression in planta.  

 

 



Methodology 

Strains and growth conditions 

X. axonopodis pv manihotis strains CFBP 1851 and CIO 151 were grown on LPGA (solid) and Phi 

(broth) at 30oC. The DNA extraction was done with phenol-chloroform protocol. Escherichia coli 

strain DH5α was used for plasmid conservation and Gateway technology manipulations, and was 

always grown on LB with the corresponding antibiotics.  

Finding and amplification of effector genes 

A Blastn, using the default parameters, of all the effector genes reported in other Xanthomonas was 

performed against the partial genome of Xam, strain CIO151, obtained by Solexa technology. For 

which 2840 contigs were obtained, from 100 bp to 15526 bp of length with an approximate 

coverage of 0,5X. Based on the Blastn results, the criteria for selection of genes for subsequent 

procedures were: subject sequences should cover the beginning and the end of the Open Reading 

Frame (ORF) of the query, an e-value lower than E-20 and the resulting hits should cover a 

minimum of 80% of the query. Genes that fulfilled these criteria were used to design primers to 

amplify the sequence present in Xam, once the contigs had been assembled, using sequencher 

software. (Figure 1). To amplify each one of the genes, a 1:4 mixture of Pfu (Fermentas, USA) and 

Taq polymerases (Invitrogen Corp., Grand Island, New York, USA) was used in a final volume of 

25µl, including: 1X PFU buffer, 2mM MgSO4, 4%DMSO (when the annealing temperature between 

the primers was considerably different or if there was presence of secondary structure at 

temperatures lower than the annealing temperature), 0.3 µM dNTPs, 0.2µM of each primer and one 

unit of PFU/Taq (4:1). The reaction conditions were 5 min at 95oC; 35 cycles of 15 sec at 95oC, 45 

sec at the annealing temperature indicated in table 3, and 2 min per kib of the expected product at 

72 oC. In all cases a temperature gradient PCR was carried out to determine the best annealing 

temperature to amplify the fragment. In cases where multiple bands were observed even after a 

temperature gradient, the PCR product was purified from the agarose gel using Wizard SV Gel and 

PCR Clean-Up System following the manufacturer’s specifications (Promega, Madison, WI, USA) 



Primers shown in table 3 were designed for amplification of the complete gene, sequencing and 

directed mutagenesis. Some of the primers to amplify the complete gene did not fulfill the essential 

criteria for primers designing: Close annealing temperature and absence of secondary structure. In 

those cases it was necessary to use dimethyl sulfoxide (DMSO), which avoids formation of 

secondary structures and unwraps the DNA. The optimal annealing temperature, after the 

standardization of the PCR protocol, is shown in table 3.  

Directed mutagenesis 

An approximately 400 bp DNA fragment, from the central region of each of these genes xcv3786, 

xopE1, xopX and xopQ, was amplified. They were cloned in pCR® 2.1-TOPO® (Invitrogen Corp., 

Grand Island, New York, USA), a suicide vector in Xam, in order to mutate the specific gene 

through single homologous recombination. The kanamycin resistant colonies were confirmed by 

amplifying and sequencing an amplicon using M13 Fw and a Rv primer on the gene, and a Fw 

primer on the gene and M13 Rv primers.  

To establish if there was any growth defect in the mutants, a growth curve was performed. 200µL of 

a suspension at an OD 0.2 at 600nm were inoculated in 7.5 ml of Phi medium, and the optical 

density was measured every certain time for 4 hours. 

Cloning Procedures 

Each gene was cloned in pENTR™/D-TOPO®, following manufacturer’s instructions, transforming 

them into E. coli DH5α electrocompetent cells at 12.5 KV, selecting on LB + Kanamycin (50 µg/ml) 

and checking for positive clones with M13 Fd and M13 Rv primers (Figure 5). Once the 

transformants were confirmed, the gene was sequenced from it, in order to confirm the absence of 

mutations and the correct orientation of the ORF, as well as if there was any difference in the 

sequence between the strains. LR reactions were performed to subclone the genes from 

pENTR™/D-TOPO® into pBAV226 tetR (Vinatzer et. Al, 2006), a broad host range and low copy 

number vector for expression of genes from the npt2 promoter. Colonies were plated in a medium 



with tetracycline and selected using the forward primer of the gene and the reverse of the vector. In 

order to clone the genes in pBAV139 KanR, an eukaryotic expression vector with a 35S promoter to 

perform stable and transient transformation assays, a BP reaction between pBAV226, with each 

one of the genes, and pDONR™207, was performed to firstly subclone each gene in pDONR™207 

GenR. This was necessary because of the high background when doing an LR reaction between 

pENTR™/D-TOPO® and pBAV139, both kanamycin resistant. Consequently, with this approach it 

was possible to generate an entry clone with a different resistance that enables the detection of the 

genes in pBAV139, after the LR reaction, in a medium with kanamycin. This methodology is 

summarized in Figure 10. Once in this vector it will be possible to done a transient expression assay 

inoculating Agrobacterium tumefaciens C58C1 harboring the vector into N. benthamiana leafs. 

Innoculation Assays 

Cassava leaves were inoculated with 15 µL of a liquid culture of Xam at an OD600nm of 0.2 

(~3,94E+09 CFU/ml) to determine if there were differences between the wild type strain and the 

mutants. The inoculation point, a 2 mm of diameter orifice, was between two veins and over the 

midrib near the apex of the leaf. The lesion area in the inoculated leaflet, either chlorotic halo or 

necrotic tissue, was measured at days 7, 14 and 21 using Image J software. For those mutants that 

showed a difference in the lesion area, a growth curve was performed in planta. For this, the 

bacterial suspension was deposited in an orifice performed in the midrib of a leaflet using a 

corkborer. Bacterial growth was measured at days 4, 9 and 12 after inoculation in three 1cm-long 

adyacent regions, starting 1 cm below the inoculation point (see Figure 7A). The data was 

normalized taking the base-10 logarithm of the each data. Consequently, a Tukey test was 

performed to determine whether or not there was any difference in growth between the mutants and 

wild type bacterium.  

 

 



Bioinformatic analysis of genes and proteins  

Proteins were aligned using T-coffee software (Notredame, Higgins et al. 2000),  the alignments 

were then analyzed using CIPRES software (Berman, Moret et al. 2004), in which the tool RaxML 

bootstrapping was used (Stamatakis, Hoover et al. 2008), choosing a maximum likelihood analysis, 

using the substitution matrix BLOSUM62, in which the number of bootstrapping runs was 

automatically determined. The trees released by this program were then visualized with the 

program FigTree v1.2.2. Besides, the alignments were analyzed using the Gene-Doc software 

(Nicholas, Nicholas et al. 1997), to determine the percentage of identity between the proteins. An 

outgroup was used for those genes for which a homolog was found in a bacterium not belonging to 

the genus Xanthomonas. This was the case of xopQ (hopQ1-1, from Pst), xopE1 (hopPmaB, from 

Pseudomonas syringae pv. maculicola (Psm)), and Xcv3786 (hopK1, Pst) 

In order to determine the percent of G+C at the third nucleotide of the codons and the G+C content 

from the genes FREQSQ software (Centre de Ressources INFOBIOGEN, France, available at 

http://bioinfo.hku.hk/services/analyseq/cgi-bin/freqsq_in.pl) was used. The results obtained from it 

were compared with the Codon Usage Database from Kazusa DNA research institute. 

 Results 

In order to identify effector genes present in the partial genome sequence of Xam, a Blastn was 

performed against this partial sequence, using 34 effector genes reported for other Xanthomonas, 

preferring the genes from Xcv as it was the closest relative to Xam in the analysis performed with 

the partial genome and in most recent studies based on Gyrase B (Parkinson, Cowie et al. 2009). 

Twelve effector genes, which presented an e-value lower than E-20 with one or more contigs, and 

an alignment length with a significant coverage, were found in the partial genome. Three of them, 

the homologs of xopF1/hpa4, xopF2 and xopE2, did not include either the start or the end of the 

gene, consequently those were not used for further analyses. Nine genes, the avrBs3 family 

member (pthB), already reported in Xam, and the Xam homologs of xopE1, xopN, xopQ, xopP1, 



xcv3786, hpaF, avrBs2 and xopX, were covered by the same or various contigs at least at the 

beginning and the end of the subject gene. These genes were selected for further analyses. The 

number of contigs that compose each gene, which were assembled using Sequencher software 

(Figure 1) were: one contig for avrBs2, xcv3786, xopN and xopE1; two contigs for xopX, xopQ and 

hpaF; four contigs for avrBs3 and seven contigs for xopP1. Blastn results for genes are shown in 

table 1. In the case of xcv3786, where the corresponding contig was assembled against the gene in 

Xcv, there was not a match with the contig at the beginning of the sequence, so it was necessary to 

assemble the gene from other Xanthomonas to determine the start position in Xam. The start codon 

of this gene appears to match the start codon reported for Xac. In the case of xopX the stop codon 

was found 203 nucleotides upstream of the stop codon of the gene in other Xanthomonas. 

Downstream of this stop codon, the alignment of the contig with the other xopX homologs was not 

good.  Besides, although hpaF in Xcv suffered a fragmentation that gave rise to two different ORFs, 

hpaF and hpaG, in the rest of Xanthomonas, including the hpaF reported in this study, it is only one 

ORF, called hpaF . However, in Xam, there were two possible start codons for this gene, one, 

named hpafxcv hereafter, that coincides with the start codon of hpaF from Xcv and another, named 

hpafxac hereafter, whose start codon lies 313 bp upstream, that coincides with the start codon of 

Xac and Xoo. The accession numbers of the genes will be available once they have been submitted 

to the GenBank. The genes xopE1, xopN, xopQ, xcv3786, hpaF, and xopX were amplified (Figure 

4A). However it was not possible to standardize a PCR protocol for genes avrBs2 xopP1 and 

xopP2, due to the presence of multiple bands when the PCR was performed. Each one of the 

genes was amplified, from strains of Xam CFBP-1851 and CIO-151. 

The degree of identity of the proteins from Xam CIO151 with other species of Xanthomonas was 

evaluated by aligning them using T-Coffee software, and determining the degree of identity 

observed with the same species of Xanthomonas (table 2). For example, in XopQ, the highest level 

of identity was observed with Xoo, while in XopX showed the lowest identity with Xoo. Aditionally a 

phylogenetic  tree was created from the alignments in order to visualize the proximity between the 

proteins in the different species of Xanthomonas and compared the data obtained with the 



phylogenetic tree created for the Xanthomonas genus based on the conserved gene gyrB 

(Parkinson, Cowie et al. 2009) (Figs2-7). According to that study Xam, Xcv, Xac, X. fuscans pv. 

fuscans (Xff), X. axonopodis pv. glycines (Xag), Xoo and Xoc are in a cluster (called 1 hereafter) 

and Xcc is in another cluster. In cluster 1, there are two sub groups, in one Xoo and Xoc are 

included and in the other are the rest, which are Xff, Xag and Xac  subdivided in a taxa and Xcv and 

Xam in another taxa. According to this, it was possible to see some discrepancies of the 

genealogies of the proteins in relation to the pylogenetic tree reported made up based on gyrB: For 

HpaF (Figure 2B) the HpaF of Xcv is closer to the one of Xoo and Xoc, than to the same protein in 

Xac, Xag, and Xff, and the HpaF from Xam is in a cluster apart from the rest; for XopQ (Figure 2C), 

an interesting result was seen, XopQ from Xcc was closer to its homologous (HopQ1-1) in Pst than 

to the proteins from Xanthomonas, besides the protein from Xcv was apart from the rest of the 

XopQ proteins from Xanthomonas; in XopN (Figure 2D) the proteins from Xac, Xam and Xcv were 

closer to the protein of Xcc than to XopN from Xoo and Xoc; finally, in the case of XopX (Figure 2A), 

XopE1 (Figure 2E) and Xcv3786 (Figure 2F) the only one inconsistency is that the protein from Xam 

was in a cluster apart from the one composed by the proteins from Xcv and Xac. 

The codon usage can be evaluated indirectly by determining the GC content at the third position of 

the codons (Sueoka and Kawanishi 2000). This estimation was performed to determine if there was 

any difference in GC content between the gene and the rest of the genome of a specific species, 

both at the third position (%GC3) and in the whole sequence. In Xam, the %GC3 was lower for the 

gene than for the overall of genes for xcv3786, xopE1 and hpaF.  In contrast, the %GC3 was higher 

for xopN, xopX and xopQ than for the rest of genes in the genome. These differences were also 

observed for the genes in other genomes such as Xcv. The exception was for xopX from Xcv, in 

which there were no apparent differences. Genes that had a homologous sequence outside of 

Xanthomonas showed the same tendency. However, XopQ in Pst, showed a more prominent in 

%GC3 compared to the rest of the genes (figure 3). Together, these results suggest that there is an 

external origin of these genes, by an horizontal transfer mechanism.  



When the genes were sequenced to confirm the absence of mutations and the correct orientation of 

the ORF, single nucleotides changes were detected for xopN and hpaF, which were synonymous 

changes, but not for xopE1, xopX, xcv3786 and xopQ. The gene in pENTR™/D-TOPO® (Figure 4B) 

was recombine, through a LR reaction, with pBAV226 to obtain the genes in this prokaryotic 

expression vector. In order to clone the genes in pBAV139, an eukaryotic expression vector, a BP 

reaction between pBAV226 and pDONR™207 was performed to firstly clone each gene in 

pDONR™207 (Figure 10) and following that recombine it, through a LR reaction, with pBAV139. 

Once in this vector it will be possible to done a transient expression assay inoculating 

Agrobacterium tumefaciens C58C1 harboring the vector into N. benthamiana leaves. 

In order to test their importance in the pathogenicity of Xam, we generated mutants using single 

crossovers for xopE1, xopQ, xopX and xcv3786 genes (Figure 5A). For the other genes, xopN and 

hpaF a mutagenesis based on conserved sites among the genes in other Xanthomonas, had been 

performed by Trujillo et. Al. (2008). A 400 bp region at the center of each gene was amplified 

(Figure 5B) and cloned into PAC 3.1, using EcoRI restriction enzyme, however, when the clones 

were transformed into Xam CFBP 1851, no transformants were obtained. For this reason, the 

fragments were cloned into another suicide vector, pCR® 2.1-TOPO® (Invitrogen Corp., Grand 

Island, New York, USA) and transformed into Xam CFBP-1851 electrocompetent cells to obtain the 

mutants ∆xopQ, ∆xopE1, ∆xcv3786, and ∆xopX. All mutants grew in liquid medium in a manner 

comparable to the wild type (Figure 6), except for ∆hpaF, which showed a slight decrease in growth 

over 2,5 hours. 

The importance of the isolated effector genes for virulence was assessed by inoculations of the 

corresponding mutants into susceptible cassava plants MCOL1522. Three weeks-old cassava 

plants were inoculated as shown in Figure 7A to establish if there was any difference between the 

lesions caused by the mutants and those caused by wild type, Xam CFBP 1851. ∆xcv3786, and 

∆xopX did not show any symptoms in cassava, while the lesion caused by ∆xopQ and ∆xopE1 was 

not significantly different from the lesion caused by the wild type, based on a Tukey statistical test 



(Figure 7B and 7C).  In addition, a previous study showed that a mutation in hpaF caused a 

reduction in bacterial virulence. 

In order to assess if the reduction in symptoms observed for mutants ∆hpaF, ∆xcv3786, and ∆xopX  

was reflected in a reduction in bacterial growth, we measured bacterial titer in susceptible cassava 

MCOL1522 plants over 12 days and at different distances from the inoculation point (Figure 7A).  

Bacteria with mutations in xcv3786 and xopX were not detected even at the inoculation point. 

However, at 12dpi, a sample was also taken in the centimeter immediately adjacent to the 

inoculation point (asterisk in Figure 7A). The two mutants were detected at very low levels in the 

inoculation point (∆xopX and ∆xcv3786 reached an average titer of 1,96 x 104  and 2 x 103, 

respectively). In the case of the ∆hpaF mutant, there was a considerable variation in growth and 

dispersal between replicates. Therefore, a significant difference in growth between wild type 

CFBP1851 and ∆hpaF was not observed. 

The mutants that showed a significant difference in symptoms compared to the wild type (∆hpaF , 

∆xcv3786, and ∆xopX) were transformed with the corresponding wild type gene under the control of 

a nptII promoter to confirm that the mutation in the gene of interest was responsible for the 

observed phenotype. Surprisingly, transformants for xcv3786 and xopX showed a level of 

symptoms comparable to the corresponding mutant. This was reflected in bacterial growth in the 

plant, since the transformed mutants also grew only in the site immediately adjacent to the 

inoculation point and at 12dpi. ∆hpaF mutant was partially complemented by the clone bearing the 

pBAV226-hpaFXac (Figure 8B), which indicates that the mutation in hpaF was the responsible of 

the decrease in the symptoms, and this shows as well that the start of the gene corresponds to the 

one of Xac. This clone conferred the mutant bacteria the ability to cause a close level of symptoms 

to the caused by the wild type. Bacterial growthin cassava was assessed but there was a variation 

between replicates that was observed not only in the mutants but also in the wild type and the 

complemented mutant. 



 We also determined the level of conservation of five of the genes found in this work, in order to test 

them for use in future population studies. The genes were sequenced in their full length from 10 

genetically diverse strains, CIO388, CIO655, CIO1, CIO121, CIO571, CIO151, CIO81, CIO84, 

CIAT1121 and T139. These strains, except for T139 which was chosen as an outgroup for being 

from a country different from Colombia, were previously characterized by Restrepo et. al. (1999) 

and they  presented different AFLP patterns and their pathotypes were dissimilar. The effector 

genes were analyzed to look for differences in their sequences and few differences were found 

(Table 4). The gene that presented more differences was xopQ in which there is a deletion of three 

contiguous nucleotides which affects two aminoacids in four of the strains and there is an extra non-

synonymous change in two of the four strains. Surprisingly, the strain T139, which was the only one 

from a country different from Colombia, was always equal to most of the strains and did not present 

changes. The most conserved genes were hpaF and xcv3786 where only a synonymous change 

was detected in one strain. A gene tree was built for every gene (Figure 9). 

Recently, it was found that the natural xopX has an insertion which causes a premature stop codon 

due to a change in the reading frame at nucleotide 222. This was detected from sequencing 10 

strains of Xam, all of which presented the deletion, and from the genome sequence, recently 

obtained using 454 technology. This indicates that the xopX gene in Xam, suffered a deletion that 

made it non-functional gene, that is why the complementation of the gene did not work. Since the 

deletion seems to be present in all strains of this pathovar, it would be interesting to test if the 

functional gene acts as an avirulence gene in cassava, explaining a form of non-host resistance 

overcame by Xam.  In order to check if XopX would have any effect over the virulence of Xam over 

cassava it will be important to amplify xopX from a different Xanthomonas specie, such as Xcv, in 

order to complement Xam wild type with the gene and elucidate if there is a change in the virulence. 

 

 



Discussion 

Sequencing genomes partially with low cost technologies such as Solexa showed to be an effective 

way to determine the presence of pathogenicity genes. We detected nine amplifiable effector genes 

in the genome of Xam. Nevertheless, there were a few more effector genes that had a significant e-

value with one or more contigs, indicating their presence in the genome, even though they were not 

covered in the 5’ and 3’ ends. With techniques such as inverse PCR the complete gene could be 

amplified and studied. Despite the fact that this is a partial genome sequence, it was possible to find 

valuable information that gives clues on the repertoire of pathogenicity strategies of the bacterium. 

We are in the process of analyzing a sequence of the same strain using 454 sequencing 

technologies. This should provide a broader coverage of the genome. 

The level of identity of the genes between species is highly variable. In most cases the highest 

degree of identity was with Xac. This is surprising, because Xam is supposed to be more closely 

related to Xcv than to Xac (Parkinson, Cowie et al. 2009), based on analysis from a single neutral 

gene (Gyrase B). Also, it is somewhat surprising that in three out of the six effector genes analyzed 

in this study, the lowest identity was with Xcv (hpaFxac, hpaFxcv, xopQ and xcv3786), because 

Xam is more closely related to it than to it is to Xoo. This might suggest that the effector genes 

under study are being horizontally transferred. This can be determined, estimating the GC content 

at the third position of the codons, which correlates with the codon usage, for xcv3786 and xopQ, 

there was not only a difference in the GC content at the third position between the specific gene and 

all the reported genes, but also in the GC content in general for the gene. Additionally, in the case 

of xopQ, the close association of the protein from Xcc with the homolog in Pst is an indication of a 

possible horizontal transfer, at least for that species, however it is interesting that although there is 

a close correlation between the protein of those species, showed in the tree, the GC content is 

highly different. A higher difference in GC content in xopQ with Pst might indicate that this is a more 

recent acquisition in that genome, compared to Xanthomonas. This indicates that those are genes 

with different characteristics from the rest of the reported genes in the genome and must be taken 



into account for further analysis about horizontal transfer. hpaF, in which there are discrepancies in 

the associations between the strains and there is a slight difference in the GC content with the 

overall of CDS´s, might have been  originated in a horizontal gene a horizontal gene transfer event, 

although it will be important to determine the homolog gene in the possible donor, which might be 

already extinct.   

XopQ is highly conserved among many plant pathogens, including R. solanacearum and Pst. It has 

been suggested that this wide distribution denotes a general role in virulence for this effector 

(Gürlebeck, Thieme et al. 2006). The predicted XopQ protein has a structural similarity to a inosine-

uridine nucleoside N-ribohydrolase enzyme, possibly implicated in the ability of obtaining 

nucleotides from the environment (Roden, Belt et al. 2004). However, the mutant ∆xopQ of Xam did 

not present any change in the ability to cause disease. This could be explained by the presence of 

another gene with a redundant role in the genome of Xam, as has been discussed for many type 

three effector proteins (Alfano and Collmer 2004). This will be easily evaluated when the complete 

genome has been sequenced. 

The results found for the ∆xopE1 mutant in Xam are in agreement with those reported by Thieme, 

et. al. (2007) in which neither a single mutant in Xcv for xopE1 or xopE2, nor the double mutant, 

showed a difference in disease symptoms. It is possible that these genes have subtle contributions 

to bacterial virulence or that they, again, are functionally redundant with other genes in Xam and 

Xcv. However, it was shown that xopE1 and xopE2 are responsible for the generation of HR in the 

plant Solanum pseudocapsicum by Xcv. It would be interesting to test if the mutation of xopE1 in 

Xam abrogates the ability to cause HR in a non-host plant, therefore partially explaining nonhost 

resistance to this bacterium in other plants. 

It was surprising to observe that the mutations in xcv3786 and xopX caused a loss in pathogenicity 

in Xam, but subsequent transformation with the wild type gene did not restore wild type levels of 

pathogenicity. Two possible events can explain these observations. First, the genes might each be 

part of an operon, in which case the mutations are polar and subsequent transformation with the 



appropriate gene responsible for the phenotype observed in the mutants, should result in 

complementation. With the sequence recently obtained using 454, we analyzed both loci in the 

genome. However, the gene that is downstream of xcv3786, is an outer membrane lipoprotein 

predicted to be transcribed in the opposite direction from xcv3786. The gene located downstream of 

xopX is groEL, a chaperonin which is transcribed in the opposite direction of xopX. Therefore, they 

are not polar mutations and this explanation was discarded for them 

The second possible explanation for the lack of complementation is that both mutants are mutated 

in the desired genes (as shown by the sequence analysis of the mutants), but that the vector also 

inserted in a second gene due to similarities in the sequence with other regions in Xam. To test this 

fact, it would be necessary to carry out southern blots with the backbone of the vector as a probe, in 

order to analyze the number of copies inserted in the genome. In addition, it should be possible to 

detect the second insertion site with inverse PCR or similar techniques.  

 

The fact that the growth of the same bacteria in different plants showed a relevant difference entails 

dissimilarity in the response of the individual plants when exposed to the bacteria, this is shown for 

the wild type curve in which the degree of uncertainty is too high (Figure 8A). Here, we propose to 

use, not the titer of the bacteria but the site the bacteria reach at a certain time, as shown in Figure 

8C. We propose the point B at day 12, because most of the wild type bacteria reach that point while 

the ∆hpaF mutant does not (Figure 8C). This should be done using at least 20 replicates. 

The analysis of the sequences from 10 different strains showed that there are not marked 

dissimilarities in the genes between the strains, which show a high level of conservation except for 

xopQ. For further analysis of the population structure using pathogenicity genes it will be advisable 

to sequence xopQ, which might partially explain differences in haplotypes encountered in Colombia. 

The fact that this gene is more polymorphic might suggest that it is under selective pressure. This 

might come from the deployment of diverse resistant varieties, which have been shown to modulate 



the population diversity in the field (Restrepo, Duque et al. 2000). In order to test this hypothesis, 

further analyses of the lack of neutrality should be carried out in a more considerable proportion of 

the population. However, this and all the other genes tested in this study might be important 

components of virulence, since only in the case of xopX a nonfunctional version of the gene was 

detected.  

The advances achieved in this work are an important step for the characterization of effector 

proteins in Xam. This will help to understand the importance of them when interacting with the host, 

and will facilitate the definition of interactions of the proteins with their targets or a possible 

resistance protein in the host, for which the constructs designed here will be useful. 

  



Table 1. Results from Blastn of genes against a partial genome sequence of Xam. 

Gene 
Source 

Gene 
Name 

Contig 
 % identity

Alignment 
Lenght  e-value 

xcv4438 xopQ 1300 93,93 956 0 
230 96,03 252 1,00E-117 

xcv3786 xcv3786 1105 90,51 738 0 
xcv2944 xopN 1860 93,69 2202 0 
xcv0408 

hpaF 2067 89,11 1295 0 
xcv0409 2067 83,86 570 4,00E-113 

xcv0572 xopX 

1709 92,69 424 7,00E-170 

930 

91,74 666 0 
93,08 882 0 
90,32 93 7,00E-25 

xcv0294 xopE1 1833 89,22 1187 0 

xoo3425 xopP1 

310 85,63 988 0 
N3549 86,09 115 3,00E-21 
N7462 91,67 216 1,00E-75 
N7762 91,39 209 1,00E-72 

N14546 89,02 164 2,00E-46 
N14559 90,3 237 9,00E-46 
N5909 86,09 59 4,00E-14 

xcv0052 avrBs2 2145 95,53 652 0,00E+00 
 

Table 2. Percentage of identity between effector proteins detected in the genome of Xam 
with sequences present in other Xanthomonas. N/A: The protein sequence is not available in 
GenBank; Xam: Xanthomonas axonopodis pv. manihotis; Xac: X. axonopodis pv. citri; Xcc: X. 
campestris pv. campestris; Xcv: X. campestris pv. vesicatoria; Xoo: X. oryzae pv. oryzae; Xoc: X. 
oryzae pv. oryzicola; Xag: X. axonopodis pv. glycines; Xff: X. fuscans subsp. fuscans 

  Xac Xcc Xcv Xoo Xoc Xag Xff 
HpaFXac 83% N/A 9% 68% 65% 70% 70% 
HpaFXcv 70% N/A 21% 80% 76% 82% 83% 
XopQ N/A 89% 57% 90% 90% N/A N/A 
XopN 91% 59% 91% 57% 57% N/A N/A 
XopE1 82% 58% 87% N/A N/A N/A N/A 
Xcv3786 86% N/A 40% N/A 73% N/A N/A 
XopX 91% 80% 92% 49% 47% N/A N/A 

 

 



Table 3. Primers used in this study. The nomenclature of functions are as follows: A: 
Amplification; C: Confirmation of transformation; S: Sequencing; M: Mutagenesis; CM: Confirmation 
of mutagenesis 

Name Function Sequence Amplified 
product 

Annealing 
temperature 

XopQ Fd A CACCATGCAGCCCATCGCAATCCG 
1392 60,3 

XopQ Rv A TCAGCGCGCGTGTTGCCCCT 

XCV 3786 Fd A CACCATGTCTCGCCCAAGAC 
663 52 

XCV 3786 Rv A TTACCATGACTTGTAGTAATAG 

XopN Fd A CACCATGAAGTCATCCGCATCCGT  
2202 57 

XopN Rv A TCACACCAAGTCCTTG 

XopX Fd A CACCATGGAGATCAAGAAACAGCAAA 
1917 51 

XopX Rv A CTATCGGCAACGGTCTGC 

XopE1 Fd  A CACCATGGGACTATGCATTTCAAAG 
1200 51 

XopE1 Rv A TTATCTCGCTCCCACAACAG 

Fd HpaF - From Xcv A CACCATGTTCAATGTCAATCGCCTAC 1956 56,6 

Fd HpaF - From Xac A CACCATGGCAGAGCGGGTCCG 1644 60 

Rv HpaF A CTAACGGATGCCCCATTCCT  56,6 or 60 

PBAV139 Q19 Rv C AATCATCGCAAGACCGGCAACAGG  53,6 

PBAV139 Q22 Fd C GATGTGATATCTCCACTGACGTAA  61,8 

HpaFXac interno Fd S, C CATTTTCGCGAATTGCCTG  53,1 

XopQCio interno Fd S, C GTCGTGACCTACACCATCG  54,8 

XopN interno Fd S, C CATGCAGTACATCGTCTCG  52,9 

XopN interno Rv S, C GCGCGACCGGAACATTG  57,2 

MFd3786 M CGGATTCAGCCATTTCAC 
414 49,7 

MRv3786 M GTCTCTCTCGATTTCGAAG 

MFdQ M GTCTTCGATCGCCTGGC 
431 55,4 

MRvQ M CAGCCTCCTTGCTCAGG 

MFdX M GCAGATCACCCAGCTGC 
392 55,7 

MRvX M CTTGGGCAGTTCGGTGG 

MFdE1 M GATCAGCAACGGGCTTAG 
417 53,5 

MRvE1 M CCTCGATTTCGGCTTGC 

Fd Anidado 3786 CM AGAAAGCGTGTTGCCGAC  54 

Rv Anidado 3786 CM GTCATGACGAGGTTGATGG  54 

Fd anidado XopE1 CM AAAGCCCTGCCTCAGAAC  54 

Rv anidado XopE1 CM ATACCAGAAAGTCTGCCTTGC  54 

Rv Anidado XopQ CM GATCAGGTTGGCCTGGATG  54 

Fd Anidado XopX CM GGCTTACGCTGCGGTATCG  54 

Rv Anidado XopX CM CGGTCGTGACAAGGATGG  54 
 



 

 

 

 

 

 

Tabla 4. Sequence analysis of genes from 10 genetically diverse Xam strains. SC: number of 
synonymous changes. NS: number of non-synonymous changes. (-): No changes 

  CIO388 CIO655  CIO1 CIO121 CIO571 CIO151 CIO81  CIO84 CIAT1121 T139

xcv3786 - - 1 SC - - - - - - - 

xopE1 1 SC, 1 NS - 1 SC, 1 NS - - - - 1 SC, 1 NS - - 

hpaF - - - - 1 SC - - - - - 

xopQ 3 NS 3 NS 2 NS - - - - 2 NS - - 

xopX - - - - - - 1 NS - - - 
 

 

Figure 1. Assembling of the contigs that compose XopQ gene. The contigs, obtained from the 
Blastn of every gene against the partial genome, were assembled using the gene from Xcv as the 
reference sequence to determine the start and end of the gene in Xam. 

 

 



A. 

B. 

 

 

 



C. 

D. 

  

 

 



E.

F. 

Figur
node
HpaF
axono
camp
axono
Psm:

re 2. Protein
s denote the

F; C: XopQ; D
opodis pv. m

pestris pv. ve
opodis pv. gl
 Pseudomon

n trees cons
e bootstrap.  
D: XopN; E: X

manihotis; Xa
esicatoria; Xo
lycines; Xff: X
nas syringae

structed usin
The corresp
XopE1; F: X

ac: X. axonop
oo: X. oryzae
X. fuscans s
 pv. maculico

ng the maxi
onding prote
cv3786. The
podis pv. citri
e pv. oryzae;
ubsp. fuscan
ola 

imum likelih
ein for each t
e species are
i; Xcc: X. cam
 Xoc: X. oryz
ns; Pst: Pseu

hood method
ree are as fo

e as follows X
mpestris pv. 
zae pv. oryzi
udomonas sy

d. Numbers 
ollows, A: Xo
Xam: Xantho
campestris; 
icola; Xag: X
yringae pv. to

 

 

in the 
opX; B: 
omonas 

Xcv: X. 
X. 
omato; 



 

 

Figur
follow
Xam:
camp

 

re 3. Determ
wed by the pa
 Xanthomon

pestris; Pst: P

mination of the
athovar nam

nas axonopod
Pseudomona

e GC% conte
e), for every
dis pv. manih
as syringae p

 

ent at the thi
y gene compa
hotis; Xac: X
pv. tomato; P

rd position, a
ared with the

X. axonopodis
Psm: Pseudo

and the over
e CDS´s codo
s pv. citri; Xc

omonas syrin

rall GC conte
on usage da
cc: X. campe
ngae pv. mac

ent (G-
atabase. 
estris pv. 
culicola 

 



 

Figur
with 
(lane
positi

Figur
pCR-
to dis
muta

 

 

re 4. Amplif
xopQ. (B). (
s 1-5) and st
ive clone.  

re 5. Strateg
-2.1-TOPO, w
srupt the spe
genesis. Lan

ication (A) a
(A) A band of
train CFBP18

gy used for g
was used to 

ecific gene in 
nes 1-4 are r

and confirm
f the expecte
851 (lanes 6

generating 
clone a 400 
a directed m

respectively X

mation of ins
ed size (1395
6-10). The arr

mutants of t
bp fragment

mutagenesis 
Xcv3786, Xo

ertions into
5 bp) was ob
row points to

the genes u
t from every 
manner. B. A

opE1, XopQ y

o pENTR™/D
btained. (B) X
o the expecte

under study.
gene, which 
Amplified pro
y XopX.  

  

D-TOPO® exe
XopQ strain C
ed size of a b

. A. A suicide
is subseque

oduct for targ

emplified 
CIO151 
band for a 

 

e vector, 
ently used 
geted 



Figur
gene
were 
were 

re 6. In vitro
e, with respe

grown in 10 
performed a

o growth of t
ect to the wi
 ml of Φ brot

at different tim

the mutants
ild type CFB
th and the op
mes 

s before and
BP1851. 200 
ptical density

d after trans
µL of a 0.2 O

y was measu

formation w
OD600nm susp

ured at the tim

with the wild
pension of ea
me shown. A

 

d type 
ach strain 

A and B 



Figur
B and
type a
norm

re 7. Lesion
d C) for the g
and the muta
alizing the d

s on Maniho
growing curv
ants in cassa
ata, is shown

ot esculenta
ve. B and C. L
ava leafs ino
n in figure C

a leaves. A. 
Lesions and 
culated at th
.  

Innoculation
area lesions
e point (i). T

n point (i) and
s, respective
he tukey sta

 

d sites of sam
ly, caused by
tistical test, a

mpling (A, 
y the wild 
after 



Figur
∆hpa
Grow

re 8. Growth
aF:pBAV226h
wth curve for 

h curves. A. 
hpaFXac (1);
the wild type

 Titer of the w
; ∆hpaF:pBA
e, ∆hpaF, an

wild type (6 r
AV226hpaFX
d the comple

replicates). B
Xcv (2); ∆hpa
ements of ∆h

B. Lesion on 
F  (3) and th

hpaF.  

cassava lea
e wild type (

 

af for 
4). C. 



Figur
gene
of the
CIO5

re 9. Gene tr
e for each tre
e strains corr
571, 151: CIO

ees constru
ee are as fo
respond as fo
O151, 81: CIO

cted using t
llows, A: xcv
ollows 388: C
O81, 84: CIO

the maximu
v3786; B: xo
CIO388, 655
O84, 1121: C

um likelihoo
opE1; C: xopX
5: CIO655, 1:
CIAT1121 an

d method. T
X; D: hpaF; E
: CIO1, 121: 
d T139. 

The corresp
E: xop. The n
CIO121, 571

 

onding 
number 
1: 



Figur

 

 

 

re 10. Strateegy followedd to clone th

 

he genes intto the vecto

 

ors 



 

References: 

Abramovitch RB, Kim YJ, Chen S, Dickman MB, Martin GB (2003) Pseudomonas type III effector 
AvrPtoB induces plant disease susceptibility by inhibition of host programmed cell death. The 
EMBO Journal 22, 60-69. 
 
Alfano JR, Collmer A (2004) Type III secretion system effector proteins: double agents in bacterial 
disease and plant defense. Annual Review of Phytopathology 42, 385-414. 
 
Berman F, Moret B, Rao S, Swofford D, Warnow T (2004) Cyber infrastructure for phylogenetic 
research. 
 
Bogdanove AJ (2002) Pto update: recent progress on an ancient plant defence response signalling 
pathway. Molecular Plant Pathology 3, 283-288. 
 
Bretz JR, Mock NM, Charity JC, Zeyad S, Baker CJ, Hutcheson SW (2003) A translocated protein 
tyrosine phosphatase of Pseudomonas syringae pv. tomato DC3000 modulates plant defence 
response to infection. Molecular Microbiology 49, 389-400. 
 
Brown I, Mansfield J, Bonas U (1995) The hrp genes in Xanthomonas campestris pv. vesicatoria 
determine ability to suppress papilla deposition in pepper mesophyll cells. Molecular plant-microbe 
interactions: MPMI (USA). 
 
Buell CR, Joardar V, et al. (2003) The complete genome sequence of the Arabidopsis and tomato 
pathogen Pseudomonas syringae pv. tomato DC3000. Proceedings of the National Academy of 
Sciences 100, 10181-10186. 
 
Da Silva ACR, Ferro JA, et al. (2002) Comparison of the genomes of two Xanthomonas pathogens 
with differing host specificities. Nature 417, 459-463. 
 
DebRoy S, Thilmony R, Kwack YB, Nomura K, He SY (2004) A family of conserved bacterial 
effectors inhibits salicylic acid-mediated basal immunity and promotes disease necrosis in plants. 
Proceedings of the National Academy of Sciences 101, 9927-9932. 
 
Espinosa A, Guo M, Tam VC, Fu ZQ, Alfano JR (2003) The Pseudomonas syringae type III-
secreted protein HopPtoD2 possesses protein tyrosine phosphatase activity and suppresses 
programmed cell death in plants. Molecular Microbiology 49, 377-387. 
 
Flor HH (1971) Current status of the gene-for-gene concept. Annual Review of Phytopathology 9, 
275-296. 
 
Fouts DE, Abramovitch RB, et al. (2002) Genomewide identification of Pseudomonas syringae pv. 
tomato DC3000 promoters controlled by the HrpL alternative sigma factor. Proceedings of the 
National Academy of Sciences 99, 2275-2280. 
 
Greenberg JT, Vinatzer BA (2003) Identifying type III effectors of plant pathogens and analyzing 
their interaction with plant cells. Current Opinion in Microbiology 6, 20-28. 
 
Gürlebeck D, Thieme F, Bonas U (2006) Type III effector proteins from the plant pathogen 
Xanthomonas and their role in the interaction with the host plant. Journal of plant physiology 163, 
233-255. 



 
Guttman DS, Vinatzer BA, Sarkar SF, Ranall MV, Kettler G, Greenberg JT (2002) A Functional 
Screen for the Type III (Hrp) Secretome of the Plant Pathogen Pseudomonas syringae. Science 
295, 1722-1726. 
 
Hauck P, Thilmony R, He SY (2003) A Pseudomonas syringae type III effector suppresses cell wall-
based extracellular defense in susceptible Arabidopsis plants. Proceedings of the National 
Academy of Sciences 100, 8577-8582. 
 
He P, Chintamanani S, Chen Z, Zhu L, Kunkel BN, Alfano JR, Tang X, Zhou JM (2004) Activation of 
a COI1-dependent pathway in Arabidopsis by Pseudomonas syringae type III effectors and 
coronatine. The Plant Journal 37, 589-602. 
 
Hutcheson SW, Collmer A, Baker CJ (1989) Elicitation of the hypersensitive response by 
Pseudomonas syringae. Physiologia Plantarum 76, 155-163. 
 
Jackson RW, Athanassopoulos E, et al. (1999) Identification of a pathogenicity island, which 
contains genes for virulence and avirulence, on a large native plasmid in the bean pathogen 
Pseudomonas syringae pathovar phaseolicola. Proceedings of the National Academy of Sciences 
96, 10875-10880. 
 
Jin Q, He SY (2001) Role of the Hrp Pilus in Type III Protein Secretion in Pseudomonas syringae. 
Science 294, 2556-2558. 
 
Kim JG, Park BK, Yoo CH, Jeon E, Oh J, Hwang I (2003) Characterization of the Xanthomonas 
axonopodis pv. glycines Hrp pathogenicity island. Journal of Bacteriology 185, 3155-3166. 
 
Lozano JC (1973) Bacterial blight of cassava in Central and South America: etiology, epidemiology 
and control. 
 
Lozano JC (1986) Cassava bacterial blight: a manageable disease. Plant Disease 70, 1089-1093. 
 
Metz M, Dahlbeck D, Morales CQ, Sady BA, Clark ET, Staskawicz BJ (2005) The conserved 
Xanthomonas campestris pv. vesicatoria effector protein XopX is a virulence factor and suppresses 
host defense in Nicotiana benthamiana. Plant Journal 41, 801-814. 
 
Msikita W, James B, Nnodu E, Legg J, Wydra K, Ogbe F (2000) Disease control in cassava farms. 
IPM Field Guide for Extension Agents. Ibadan, Nigeria: IITA. 
 
Nicholas KB, Nicholas HB, Deerfield DW (1997) GeneDoc: analysis and visualization of genetic 
variation. Embnet News 4, 14. 
 
Noel L, Thieme F, Nennstiel D, Bonas U (2002) Two novel type III-secreted proteins of 
Xanthomonas campestris pv. vesicatoria are encoded within the hrp pathogenicity island. Journal of 
Bacteriology 184, 1340-1348. 
 
Notredame C, Higgins DG, Heringa J (2000) T-Coffee: A novel method for fast and accurate 
multiple sequence alignment. Journal of molecular biology 302, 205-217. 
 
Parkinson N, Cowie C, Heeney J, Stead D (2009) Phylogenetic structure of Xanthomonas 
determined by comparison of gyrB sequences. International Journal of Systematic and Evolutionary 
Microbiology 59, 264. 
 



Petnicki-Ocwieja T, Schneider DJ, et al. (2002) Genomewide identification of proteins secreted by 
the Hrp type III protein secretion system of Pseudomonas syringae pv. tomato DC3000. 
Proceedings of the National Academy of Sciences 99, 7652. 
 
Preston GM, Bertrand N, Rainey PB (2001) Type III secretion in plant growth-promoting 
Pseudomonas fluorescens SBW25. Molecular Microbiology 41, 999-1014. 
 
Restrepo S, Duque M, Tohme J, Verdier V (1999) AFLP fingerprinting: an efficient technique for 
detecting genetic variation of Xanthomonas axonopodis pv. manihotis. Microbiology 145, 107-114. 
 
Restrepo S, Duque MC, Verdier V (2000) Characterization of pathotypes among isolates of 
Xanthomonas axonopodis pv. manihotis in Colombia. Plant Pathology 49, 680. 
 
Reuber TL, Ausubel FM (1996) Isolation of Arabidopsis genes that differentiate between resistance 
responses mediated by the RPS2 and RPM1 disease resistance genes. The Plant Cell Online 8, 
241-249. 
 
Ritter C, Dangl JL (1996) Interference between two specific pathogen recognition events mediated 
by distinct plant disease resistance genes. The Plant Cell Online 8, 251-257. 
 
Roden JA, Belt B, Ross JB, Tachibana T, Vargas J, Mudgett MB (2004) A genetic screen to isolate 
type III effectors translocated into pepper cells during Xanthomonas infection. Proceedings of the 
National Academy of Sciences 101, 16624-16629. 
 
Roine E, Wei W, Yuan J, Nurmiaho-Lassila EL, Kalkkinen N, Romantschuk M, He SY (1997) Hrp 
pilus: an hrp-dependent bacterial surface appendage produced by Pseudomonas syringae pv. 
tomato DC3000. Proceedings of the National Academy of Sciences 94, 3459-3464. 
 
Ronald PC, Salmeron JM, Carland FM, Staskawicz BJ (1992) The cloned avirulence gene avrPto 
induces disease resistance in tomato cultivars containing the Pto resistance gene. Journal of 
bacteriology 174, 1604-1611. 
 
Salanoubat M, Genin S, et al. (2002) Genome sequence of the plant pathogen Ralstonia 
solanacearum. Nature 415, 497-502. 
 
Schechter LM, Roberts KA, Jamir Y, Alfano JR, Collmer A (2004) Pseudomonas syringae type III 
secretion system targeting signals and novel effectors studied with a Cya translocation reporter. 
Journal of Bacteriology 186, 543-555. 
 
Stamatakis A, Hoover P, Rougemont J (2008) A rapid bootstrap algorithm for the RAxML web 
servers. Systematic Biology 57, 758-771. 
 
Sueoka N, Kawanishi Y (2000) DNA G+ C content of the third codon position and codon usage 
biases of human genes. Gene 261, 53-62. 
 
Sugio A, Yang B, White FF (2005) Characterization of the hrpF pathogenicity peninsula of 
Xanthomonas oryzae pv. oryzae. Molecular Plant-Microbe Interactions 18, 546-554. 
 
Swords KM, Dahlbeck D, Kearney B, Roy M, Staskawicz BJ (1996) Spontaneous and induced 
mutations in a single open reading frame alter both virulence and avirulence in Xanthomonas 
campestris pv. vesicatoria avrBs2. Journal of bacteriology 178, 4661-4669. 
 



Thieme F, Koebnik R, et al. (2005) Insights into genome plasticity and pathogenicity of the plant 
pathogenic bacterium Xanthomonas campestris pv. vesicatoria revealed by the complete genome 
sequence. Journal of bacteriology 187, 7254-7266. 
 
Thieme F, Szczesny R, Urban A, Kirchner O, Hause G, Bonas U (2007) New type III effectors from 
Xanthomonas campestris pv. vesicatoria trigger plant reactions dependent on a conserved N-
myristoylation motif. Molecular Plant-Microbe Interactions 20, 1250-1261. 
 
Trujillo C, Pardo C, Restrepo S, Bernal A (2008) Generación y validación de mutantes para genes 
asociados a virulencia y patogenicidad en Xanthomonas axonopodis pv. manihotis. Universidad de 
los Andes. 
 
Verdier V, Restrepo S, Mosquera G, Jorge V, Lopez C (2004) Recent progress in the 
characterization of molecular determinants in the Xanthomonas axonopodis pv. manihotis–cassava 
interaction. Plant molecular biology 56, 573-584. 
 
Whalen MC, Innes RW, Bent AF, Staskawicz BJ (1991) Identification of Pseudomonas syringae 
pathogens of Arabidopsis and a bacterial locus determining avirulence on both Arabidopsis and 
soybean. The Plant Cell Online 3, 49-59. 
 
Yuan J, He SY (1996) The Pseudomonas syringae Hrp regulation and secretion system controls the 
production and secretion of multiple extracellular proteins. Journal of Bacteriology 178, 6399-6402. 
 
Zwiesler-Vollick J, Plovanich-Jones AE, Nomura K, Bandyopadhyay S, Joardar V, Kunkel BN, He 
SY (2002) Identification of novel hrp-regulated genes through functional genomic analysis of the 
Pseudomonas syringae pv. tomato DC3000 genome. Molecular Microbiology 45, 1207-1218. 
 
 
 
 


