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Abstract—Gram-negative plant pathogenic bacteria are secreting into plant cell a special type of pathogenic-
ity-related proteins called effectors. They are capable of suppressing plant innate immunity or stimulating
synthesis and export of metabolites desired by the pathogen. We identified a number of effector-coding genes
typical of xanthomonads analyzing 8 completely sequenced genomes of genus Xanthomonas. Using represen-
tative collection provided by Russian Research Institute of Phytopathology we identified genetic diversity of
effector gene loci in population of Xanthomonas bacteria. Patterns of effector genes were identified for indi-
vidual strains and statistic linkage between particular genes and race of the pathogen was established. For the
first time several untypical effector genes were found in strains of Xanthomonas campestris pv. campestris.
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Bacteria of genus Xanthomonas (xanthomonads)
belong to gram-negative gamma-proteobacteria and
can infect nearly every cultivated plant specie causing
diseases with diverse symptoms. Xanthomonads
include over 25 genomospecies identified by
DNA:DNA hybridization, MLST analysis, and in
some cases by phenotype [1], and other 150 pathovars
differed by host plant range and symptoms of the dis-
eases caused [2]. Many species and pathovars of xan-
thomonads are divided into numerous physiologic
races recognized in scheme of gene-for-gene interac-
tion by reaction of differential plants with specific
resistance genes. The basic hypothesis of Flore for
gene-for-gene interaction suggests that product of
plant resistance gene directly or indirectly interacts
with product of avirulence gene in pathogen [3]. Xan-
thomonads population infecting plants of different
species and families have high genetic diversity includ-
ing variable patterns of avirulence genes [4].

Proteins secreted via the Type 3 Secretion System
(T3SS) into host cell are one of major pathogenicity
mechanisms of gram-negative bacteria [5]. Proteins,
delivered by the T3SS are called T3SS effectors. The
majority of effector have unknown function yet. Some
known effector proteins can block signals of innate
immunity pathway [6]. Entering the host cell they pre-
vent development of plant reaction on non-specific
elicitors—MAMPs (microbe associated metabolic
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profiles) [7]. Effector proteins are essential for viru-
lence and host specificity of all bacteria species with
T3SS [8].

Over 20 effector genes were described for xanth-
omonads in previous research [9]. In a few cases they
can determine race of the pathogen, in others—con-
trol the pathogen aggressiveness [10]. Homologous
effectors were found in bacteria of different species
and genera, and horizontal transfer of them was postu-
lated [6]. Publication of several complete genomes of
plant pathogenic bacteria accelerated identification of
new effector genes by identification of conservative
promoters, specific signals and domens [11]. Eight
strains of xanthomonads were sequenced and anno-
tated as well at the time of this article preparation.
Generally, the effector gene content was diverse even
between the strains of a single species.

The aim of current study was to identify content of
effector genes in natural population of Xanthomonas
campestris pv. campestris, crucifers pathogen, and
compare the spectrum of the loci with previously stud-
ied physiologic and taxonomic features of the bacteria
including race and pathovar.

MATERIALS AND METHODS
Bacteria and Cultivation

53 strains of several species, pathovars and races of
World-wide origin were obtained through the collec-
tion of Russian Research Institute of Phytopathology.
Identity of all bacteria was confirmed by PCR ampli-
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fication of specific fragments of genes fonB, cytP450,
and gyrB [12, 13]. Previously sequenced strains of
X. campestris NCPPB528T, LMG8004 and reference
strains of species X. vesicatoria and X. phaseoli were
used as control. All the strains are described in the
Table 1. The bacteria were stored at sterile water and
grown at King’s B medium [14] at 28°C.

Bacterial DNA Extraction, PCR Analysis and DNA
Sequencing

Nineteen genes coding T3SS effectors and present
at least in two complete sequenced genomes of xanth-
omonads were selected based on database of National
Center of Biotechnological Information (NCBI). All
specific primer pairs for every gene were designed for
conservative DNA fragments.

Total bacterial DNA was extracted from suspension
grown overnight in LB broth at 28°C by modified
SDS-STAB protocol [15]. “Encyclo” PCR kit
(“Evrogen”, Russia) was used for PCR analysis as rec-
ommended. Profile of PCR was: initial denaturation
94°C—4 min; followed by 25 cycles: denaturation
94°C—20 s, annealing at temperature specific for
each primer pair—30 s, elongation 72°C—45 s; final
elongation 72°C—2 min, 4°C—5 min. All PCRs were
duplicated at each experiment and each experiment
was repeated at least twice (totally 4 repeats at least).
The PCR fragments were detected by ethidium bro-
mide staining after electrophoresis in 0.8—2% agarose
gel depending on expected fragment size. Three
parameters were evaluated: presence/absence of the
fragment; the fragment size (band mobility); and the
fragment amount (band intensivity). PCR products
were purified by Wizard kit of “Promega Co.” (United
States) after electrophoresis in 0.8% low-melting aga-
rose and sequenced as recommended [16] by auto-
matic sequenator ABI 373 “Perkin Elmer”, United
States, as recommended. Each fragment was
sequenced at least twice in both directions.

Statistic comparison of the effector genes content,
frequency and virulence/avirulence of the strains was
made by Statistica 6.0 package “StatSoft”, United
States, using Discriminant Analysis and Student’s test.

RESULTS AND DISCUSSION

Genomes of eight completely sequenced at the
time of this study strains of xanthomonads (X. axonop-
odis pv. citri 306, X. campestris pV. campestris
LMG8004, X. campestris pv. campestris ATCC33913
(=NCPPB528"), X. campestris pv. campestris B-100,
X. euvesicatoria (campestris pv. vesicatoria) 85-10,
X. oryzae pv. oryzae KACC10331, X. oryzae pv. oryzae
MAFF 311018, and X. oryzae pv. oryzae PXO99A)
were analyzed to compare the list of annotated T3SS
effector genes occurred at least in two strains. Nine-
teen genes were selected: avrBs3, avrXacEl,
avrXacE2, HolPsyAE, avrXccA2, avrXccC, avrBsl,
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avrBsl.1, avrXccEl, avrXccB, AvrRxv, AvrRxol,
HopProH, xopB, xopC, xopD, xopJ, XopF2, and xopO,
including both known and unknown function ones.
Using the BLAST program from Web-site of NCBI,
the gene homologues with minimal amino acid simi-
larity over 80% were searched in the complete
genomes. Obtained genes are shown at the Tables 2
and 3. It was clear, that none of the genes was present
in all genomes but some ones were found in more than
one genome.

Conservative regions of each homologous gene
group were identified and primers corresponding to
such DNA fragments were designed (Table 3). PCR
conditions were optimized for each primer pair using
type strains of the bacteria with sequenced complete
genomes and known set of T3SS effector genes. Iden-
tity of obtained PCR fragments was confirmed by
direct sequencing of each fragment in several ran-
domly chosen analyzed strains (data are not shown).

Average frequencies for the analyzed genes among
53 strains are shown at the Fig. 1. Occurrences of the
genes in all strains, in X. campestris, and in strains of
other species are given by three different lines. Based
of the obtained results, the genes were divided into
three groups: (1) present in all the studied strains;
(2) present in all strains of X. campestris; (3) present in
particular strains of X. campestris and probably associ-
ated with specific virulence or symptoms caused by the
bacteria.

It is possible to see on the Fig. 1 that xopD was the
most frequent gene (85% of strains) in both X. campes-
tris pv. campestris and other species, probably indicat-
ing a high importance of this gene for pathogenesis.
Several genes including avrBs1. 1, avrBs1, and avrXccC
were present in over 50% of strains. We found that gene
avrXccC was present in strains of X. campestris pv.
campestris only and can be a marker for races 1—4 of
this pathogen. Each of the genes avrXccA2; avrXccE |,
avrXcceB, and HopPtoH were found in approximately
40% of strains. Genes XacEl and XacEZ2 previously
found in plant quarantine bacteria X. citri 306 were
present in a few strains of X. campestris pv. campestris
as well.

It is remarkable that some 30% of strains in both
X. campestris pv. campestris and other species carried
genes homologous to avrBs3 group. Previously, this
group of genes was not found in X. campestris pv.
campestris, and only recently was discovered in
X. campestris pv. armoraciae [17]. Proteins of this gene
are eukaryotic transcription factors and cause changes
in host cell metabolism and development. Among the
studied strains presence of homologues of avrBs3 in
strains of X. campestris pv. armoraciae Xa373, Xa Srei
and X. campestris pv. campestris BT-1, FB 1020, HRI
5181, Eruka 1924, 33436, HRI 5186, Xcc B-36, and
Thlaspil could be associated with ability of the strains
to cause leaf spot symptoms besides black rot.

The last group of genes including xopC, Xop F2,
xopB, HolPsyAE, xopO, xopJ, avrRxol, and AvrRxy
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Table 1. Strains of xanthomonads used in this study

MOKRYAKOVA et al.

Species, pathovar, race

Strain

Original name

Source

X. campestris pv. incanae

X. campestris pv. armoraciae

X. campestris pv. armoraciae

X. campestris pv. armoraciae

X. campestris pv. campestris,
Race 1
Race 4
Race 3
Race 1
Race 4
Race 4
Race 4
Race 3
Race 3
Race 4
Race 1
Race 1
Race 1
Race 1
Race 1
Race 4
Race 4
Race 4
Race 1
Race 1
Race 1
Race 1
Race 1
Race 3
Race 3
Race 1
Race 5
Race 1
Race 5
Race 6
Race 4
Race 4
Race 1
Race 1
Race 1

X. perforance

X. gardneri

X. euvesicatoria

X. vesicatoria

X. vesicatoria

Xvitians

X.vitians

Xvitians

X. arboricola

X. arboricola

X. arboricola

X. arboricola

X. arboricola

X. arboricola

FB 1310
Xca 347
Xa Srei
Xa373

PHW231
D2
LMG8004
Xcc231
FB 1011
FB 1020
FB 1207
FB 12237
FB 1240
FB 1257
Xcec B-1
Xcc B-30
Xcc B-36
Xce B-65
Xcc B-65 rei
Xcc B-89
Xcc B-94
Xce BT-1
Xcc 401
Xcc 403
Xcc 422
Xcc 430
Xcc 460
Xc Erl
XcEr6
33435
Xcc 58-10
Erukal
Thlaspil
Bnigra 1
Xn 19a
HRI 1279a
HRI 5181
HRI 5184
HRI 5186
938 (C)
GA,(D)
Xv153(A)
5235 (B)
56 (B)
FB 1317
FB 1402
FB 1403
1392

1393
1394
1395

1396
1397

ATCC13462
NCPPB347T

PHW231

CFBP 2350
B-24
NCPPB 528 T
FB 12237
R1-4-11 X. sp

NCPPB 976
X22
X23

1
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1—Dr. N.W. Schaad, United States; 2—Dr. J.D. Taylor, UK; 3—Dr. M. Nachtigall, Germany; 4—Dr. M. Dickson, UK; 5—Dr. A.N. Igna-
tov, Russia; 6—Dr. J. Jones, United States, 7—Russian Research Institute of Phytopathology.
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Table 2. Content of T3SS effector-coding genes in complete sequence genomes of eight strains of xanthomonads

Sequenced strain T3SS effector gene
X. citri 306 (NC_003919) avrBs3, avrXacEl, avrXacE2, avrXccE1
X. campestris pv. campestris 8004 (NC_007086) avrBs1, avrXccA2, avrXceB, avrXccC, avrXccE1, xopD
X. campestris pv. campestris ATCC 33913 (NC_003902)| avrBs1, avrBsl. 1, avrXccA2, avrXceB, avrXccC, avrXccEl, xopD
X. campestris pv. campestris B-100 (NC_010688) avrXccA2, avrXccC, avrBs1, avrBsl. 1, HopPtoH, xopD
X vesicatoria 85-10 (NC_007508) avrBs1, avrBs1.1, avrRxo 1, avrRxv, avrXacEl, avrXccEl,

HolPsyAE, HopPtoH, xopB, xopC, xopD, xopF2, xopJ, xopO,
avrXacE1(XopE1); avrBs3 (on a plasmid)

X. oryzae pv. oryzae KACC10331 (NC_006834) avrBs3, HolPsyAE, HopPtoH
X. oryzae pv. oryzae MAFF 311018 (NC_007705) avrBs3, HolPsyAE, Hop PtoH
X. oryzae pv. oryzae PXO99A (NC_010717) avrBs3, HolPsyAFE, HopPtoH

Table 3. Sequence of consensus DNA primers for PCR amplification of the studied T3SS effector genes, annealing temperature
(Ta), and expected PCR fragment size

Gene Sequences or forward and reverse primers, 5'—3' Ta, °C Fragment, bp

avrBs3 GCATTYGATGANGCCATGAC 62 149
CCCTGATGCCTGGAGGATACG

avrXacEl GGTCCGGCGGTTCTACTCA 65 360
GGCGAGATGGGCTGTGCGT

avrXacE2 CAATGACCGCCCTGGACGAA 62 221
TGCACAAGGCGAACAACACGA

HolPsyAE CGCTGATCTATGCCGTACCCA 65 318
AGAAGGTGAGCTGCCGATCCA

avrXccA2 AACGCTATGTGCCGCTCAA 62 405
CGCCCTGAATACTAACCTCAT

avrXcecC TGGTCTCAGCCCGTATGGAA 57 418
GCCGCCTCAAAGAAGTAACGA

avrBsl TTG CTG TCAAGT GCG GTT TGT 56 488
CAG CCG CCG TAG TGA ATC AG

avrBsl.1 ATGATATCATCGAACGGCAACGTAAA 57 113
TGCTTGGCGTACTCGTAGAATAGAGG

avrXccEl ACC CTA CAG CCG CAC GAAGTT 59 197
CGCTCCGTCCGTTGCTRAG

avrXccB GTCATCGTTATCCGCCATC 65 192
CGTGGCAAGGTGTCCGTCT

AvrRxv CATCTGGTCCGCTCCTACGA 57 321
CGCCTCAATCACAGCAAACGA

AvrRxo 1 GACACATCAACAGGCTACTCAG 56 346
CGAACTCTTGAATACATCTGG

HopPrtoH TAGAATGGAGCCCGCATAG 59 180
CGGCTTCGGATGTTTCGTC

xopB GCCGACTTGTTTCTGCCGACC 65 179
CGCCGTCTCAACCGTGAAT

xopC GAGGTTATCGGCACATTAGGTT 57 852
CCGTTCCTCAATCCAAGCGTC

xopD CCGACTCGCAGGTAGTGACCAT 57 316
TCGCCGCAGGAATAACCGTC

xopJ ATCCAGCACTTTGACTCGCCTAT 56 154
CGCTTGCTTCGCCATTAGGT

Xop F2 TGAACGCCTGTCTCGCTAA 56 825
CGGACGCTGCCTACGAA

xopO CGGTGGAGGCAAGCGAGTT 57 228
CCCAGCAAAGAACGCAAATCA

MICROBIOLOGY Vl.79 No.1 2010
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Fig. 1. Frequency of PCR fragments specific for the T3SS effector genes in the whole population of analyzed strains (/), in

X. campestris pv. campestris (2), and in strains of other species (3).

was found in strains of so-called “X. axonopodis”
(X. citri, X. phaseoli, X. euvesicatoria). This group had
the largest number of the studied genes.

Among the X. campestris pv. campestris, 7 of
19 genes in average were detected in strains of races 5,
6 and pathovar X. campestris pv. armoraciae. The
smallest numbers of genes (5 per strain) was in strains
of race 4.

It is important, that some effector genes present in
population of X. campestris pv. campestris are typical of
bacteria of other genera like Pseudomonas, Ralstonia
(avrBs3, avrXccE1, avrXccB), or other species of xan-
thomonads (avrXacEl, avrXacE2, xopC, HopPrtoH,
HolPsyAFE). Those genes are absent in completely
sequenced X. campestris pv. campestris strains, and it is
highly possible that they were laterally transferred to
some other strains.

Analysis of the PCR fragments for genes avrXccA2,
avrXacEl, avrXacE?2, avrBs3, xopC, and xop F2 showed
differences in size, but direct sequencing of such alle-
les showed single nucleotide changes only. It is possi-
ble, that several variants of such genes were present in
the strains.

Six analyzed strains of X. arboricola from brassicas
were completely free of the studied effectors. These
bacteria can attack host plant of different families
including Rosaceae, Brassicaceae, Compositacea, and
Poaceae at higher temperature, and probably, less need
suppression of host non-specific immunity.

There was no complete correspondence between
content of T3SS effector genes among the studied
strains (Fig. 2) and their previously studied virulence
to differential plants [18]. Such result was rather
expectable considering limited information about the
gene presence/absence obtained by PCR, and possible
influence of allelic variation or differences in gene
expression in planta.

So as, we cannot see the full matching between
presence/absence of the genes and differential plant
reaction, we evaluated statistic correlation between
individual genes and plant response. The differential
plants for X. campestris races are represented by 3 dif-
ferent genomes with specific loci of resistance: Rxccl
for genome B (Brassica nigra, B. juncea, B. carinata);
Rxcc3 for genome C (B. oleracea Miracle F)); and
Rxcc4 for genome A (B. rapa, B. napus). To test such
hypothesis we made statistic analysis of linkage
between particular effector genes and reaction of
plants with those three resistance genes (Table 4). For
such analysis all strains were divided in two groups
(virulent/avirulent) according to reaction of plants
with particular resistance type, and correspondence
between the group and presence/absence of each of
19 genes was tested by Discriminant Analysis and Stu-
dent’s test.

Significant correlation was found for avirulence to
plants with gene Rxccl and presence of avrXccC,
avrXacE1 or absence of gene xopB (by Discriminate
Analysis). Analysis by Student’s test showed correla-
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FB1403
FB1257
XCC422
XCC460
XCC430
LMG8004
FB1223T
FB1240
XCER6
XCERI
FB1207
1279A
B65
THLASPI
B65R
BNIGRA
5186
ATCC33436
B94
XASR
B36

BTI
XA373
ERUKA
XP938
XV5235
XV56
XGGA2
FB1317
FBI1011
FBI1310
XCC58/1

RXCC1
RXCC3
RXCC4
xopD
avrXccEl
avrXccA2
avrXccC
avrBsl
avrBsl. 1
HopPtoH -

avrXacEl
Xop F2 -
xopC
HolPsyAE
AvrRxv
AvrRxol |-
xopJ
x0p0 |-
xopB
avrXccB
avrXacE2
avrBs3

Fig. 2. Interaction of 46 studied strains of xanthomonads (except X. arboricola) with plants carrying three major resistance loci of
brassicas (Rxcc 1, Rxcc3, and Rxcc4) and occurrence of PCR fragments specific for 19 T3SS effector genes. Dark field—positive
(susceptible reaction or DNA fragment presence), light field—negative (resistant reaction or DNA fragment absence).

tion of such trait with presence of genes avrXccC and
HopProH. Significant linkages between virulence to
plants with gene Rxcc3 and presence of avrXccC and
absence of avrXccEl, avrXacE1 and xopB (Student’s
test), avrXocEl and xopB (Discriminant Analysis)
were found as well. It was proved before that avrXccC
controls avirulence to plants with gene Rxcc/[19], and
present in races 1, 3, and 4, but occurrence of such
gene in strains of virulent to Rxcc I genotype probably
explained by its inactivation.

Reliable correlation between virulence to plants
with Rxcc3 and absence of avrXccE1 in bacteria con-
firms opinion of Yong-Qiang He et al. [20], that pro-
tein AvrXccE1 provides avirulence of X. campestris pv.
campestris to Chinese cabbage (B. rapa) Zhongbai-83,
with resistance gene R3. Avirulence of bacteria to
plants with gene Rxcc4 correlated to presence of genes
avrBsl. 1, avrXccB, avrXccA2 (Student’s test) and
genes avrXccA2, avrXacE2, xopC (Discriminant Anal-
ysis).
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The lack of clear correspondence between T3SS
effector presence/absence and race of the strain can be
partly explained by the hypothesis described by Igna-
tov et al. [15] about three multi-allelic loci of resis-
tance genes in genomes of the differential plants from
3 major species B. oleracea, B. rapa and B. nigra, and
possible participation of multi-allelic variants of effec-
tor genes from the pathogen side.

Here, we reported about screening of a limited
number of effector genes known from analysis of com-
pletely sequenced bacteria in core collection of
X. campestris pv. campestris and strains of several
related species. High level of T3SS effectors content
variability was shown for the analyzed species and its
pathovars. For the first time we found in X. campestris
pv. campestris the effector genes untypical for this
pathogen, and showed possible association between
the effector gene content and number with the type of
disease symptoms and major race of the pathogen.
Some the genes present in X. campestris pv. campestris
are obviously obtained via lateral transfer from other
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Table 4. Statistic analysis of correspondence between reaction of differential plants with resistance genes Rxccl, Rxcc3, and

MOKRYAKOVA et al.

Rxcc4 (Vicente et al., 2001) and presence/absence of 19 T3SS effector genes. Only significant interactions are shown

(A) Discriminant analysis

Group, gene Wilkinson’s test Partial correlation coeff. F-test p-level
RXCC1
avrXccC 0.726136 0.489696 38.55709 0.000000
avrXacFE1 0.495308 0.717908 14.53861 0.000504
xopB 0.604451 0.588279 25.89530 0.000011
RXCC3
avrXccEl 0.556214 0.734261 14.11461 0.000562
xopB 0.492692 0.828928 8.04875 0.007187
RXCC4
avrXccA2 0.546088 0.629952 22.32205 0.000031
avrXacE2 0.523100 0.657636 19.78274 0.000073
xopC 0.411010 0.836985 7.40106 0.009777
(B) Student’s test

Average for group 1* | Average for group 0 t-value Freedom value p-level
RXCC1
avrXccC 0.285 0.800 —3.00 45 0.0042
HopPtoH 0.000 0.525 —2.72 45 0.0092
RXCC3
avrXccC 0.848 0.428 3.188 45 0.0026
avrXccEl 0.303 1.000 —5.55 45 0.000001
avrXacFE1 0.060 0.428 -3.35 45 0.0016
xopB 0.000 0.214 —-2.93 45 0.0052
RXCC4
avrBsl.1 0.526 0.892 —3.037 45 0.0039
avrXccB 0.263 0.714 —3.32 45 0.0017
avrXccA2 0.210 0.714 —3.81 45 0.0004

* Group 1—strains virulent to corresponding resistance gene, Group 0—avirulent strains.

species of xanthomonads and/or other genera of bac-
teria. The results of this study are important for plan-
ning further steps in investigation of the gene role in
interaction between pathogens and plant.
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