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ABSTRACT

Chiesa, M. A., Siciliano, M. F., Ornella, L., Roeschlin, R. A., Favaro, M.
A., Delgado, N. P, Sendin, L. N., Orce, 1. G., Ploper, L. D., Vojnov, A. A,
Vacas, J. G., Filippone, M. P., Castagnaro, A. P., and Marano, M. R. 2013.
Characterization of a variant of Xanthomonas citri subsp. citri that
triggers a host-specific defense response. Phytopathology 103:555-564.

Citrus is an economically important fruit crop that is severely afflicted
by Asiatic citrus bacterial canker (CBC), a disease caused by the phyto-
pathogen Xanthomonas citri subsp. citri (X. citri). To gain insight into the
molecular epidemiology of CBC, 42 Xanthomonas isolates were collected
from a range of Citrus spp. across 17 different orchards in Tucuman,
Argentina and subjected to molecular, biochemical, and pathogenicity
tests. Analysis of genome-specific X. citri markers and DNA polymor-

phisms based on repetitive elements-based polymerase chain reaction
showed that all 42 isolates belonged to X. citri. Interestingly, pathogeni-
city tests showed that one isolate, which shares >90% genetic similarity
to the reference strain X. citri T, has host range specificity. This new variant
of X. citri subsp. citri, named X. citri AT, which is deficient in xanthan
production, induces an atypical, noncankerous chlorotic phenotype in
Citrus limon and C. paradisi and weak cankerous lesions in C. auranti-
folia and C. clementina leaves. In C. limon, suppression of canker devel-
opment is concomitant with an oxidative burst; xanthan is not implicated
in the phenotype induced by this interaction, suggesting that other bac-
terial factors would be involved in triggering the defense response.

Additional keywords: genetic diversity, rep-PCR fingerprinting.

Argentina is one of the world’s largest lemon producers, with
an annual output of =1.2 million tons according to the United
States Department of Agriculture (http://www.fas.usda.gov/psd
online/psdHome.aspx). A high percentage (88%) of Citrus limon
(lemon) trees are grown in the Tucumdn province in the
northwestern region of the country. Other Citrus spp., such as C.
paradisi (grapefruit), C. sinensis (sweet orange), and C. clemen-
tina (mandarin), are also produced in Tucumdn but on a lesser
scale than C. limon.

Citrus bacterial canker (CBC) is a disease that seriously affects
most commercially important Citrus spp. (16). It is caused by
strains of two phylogenetically different and recently renamed
groups of Xanthomonas: Xanthomonas citri subsp. citri strain A
(Asiatic origin, X. citri) and X. fuscans subsp. aurantifolii (X.
aurantifolii) strains B and C (33,34). X. citri has the widest host
range and is found throughout the world. X. aurantifolii B, al-
though it shares the same citrus hosts, is less virulent than X. citri.
In contrast, X. aurantifolii C only induces canker symptoms on C.
aurantifolia and is restricted to South America (7,16).
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In Argentina, the Asiatic citrus canker appeared for the first
time in 1975, became endemic in the northeast region around
1990, and has been confined there until March 2002, when the
first outbreak of infection in the northwest region was declared
(7,39). In contrast, X. aurantifolii B is geographically restricted to
South America and was originally identified on a few lemon
orchards in 1927 in the northeast of Argentina. However, after the
introduction of X. citri in Argentina, the X. aurantifolii B strain
could not be isolated from the field (7).

The availability of the complete genome sequence and anno-
tations of the CBC causal agent, X. citri strain 306 (12), have sub-
stantially improved the understanding of the genomic basis of the
disease (5,22,24). Moreover, these sequences have facilitated the
development of molecular markers well suited for a quick and
reliable detection of the pathogen in citrus orchards (11,28).

In this work, we have characterized a collection of 42 Xantho-
monas bacterial strains isolated from different Citrus spp. and
geographic areas of the Tucumdn province. Molecular analysis
using the plasmid-borne pthA gene, a well-known pathogenicity
determinant of CBC-causing Xanthomonas spp. (1,35,40,41),
showed that all field isolates contain pthA alleles or homologs.
The analysis of two X. citri genome-specific markers (11,12) re-
vealed that all the isolates belonged to X. citri. Cluster analysis of
genomic fingerprinting data showed low genetic diversity be-
tween the X. citri isolates from Tucumdn and the X. citri reference
strains. However, the pathogenicity tests on several citrus hosts
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have shown different levels of virulence and allowed the identi-
fication of a new variant of X. citri subsp. citri, named X. citri AT.
This new strain, which is deficient in xanthan production, triggers
a host-specific suppression of canker development in C. limon,
independently of the supplementation with exogenous xanthan.
The C. limon-X. citri AT interaction led to an increased produc-
tion of hydrogen peroxide (H,0,), an early defense marker associ-
ated with resistance in citrus and citrus-related plants (9,13,19).

This work supports the importance of diversity and pathogeni-
city analysis of pathogen collections from different citrus-
producing areas in order to identify new X. citri variants of
interesting behavior. Considering that most of the world’s
commercial citrus cultivars are moderately to highly susceptible
to X. citri, the characterization of the molecular mechanisms
involved in the interaction C. limon-X. citri AT would contribute
to the understanding of the innate defense system of the plant and
also the pathogenesis of X. citri.

MATERIALS AND METHODS

Bacterial strains, culture media, and growth conditions. In
total, 44 Xanthomonas isolates were obtained from cankerous

TABLE 1. Xanthomonas citri subsp. citri strains characterized in this study®

lesions of infected citrus trees grown in orchards from 17 areas in
Tucumdn, Argentina. Samples were collected from 2004 to 2007
during spring and summer months (Table 1). The geographic
areas were strategically selected based on their importance in the
citrus production of the region. One canker lesion was chosen
from each sample for bacterial isolation. The colony was picked
with a sterile needle and streaked onto plates of peptone—yeast
extract-malt extract (PYM) medium (6), supplemented with
D-glucose at a final concentration of 1% (wt/vol) and 1.7% agar
(wt/vol). This medium is suitable for the growth of both groups of
canker-forming Xanthomonas spp. (24,37). Plates were incubated
at 28°C for 72 h. Yellow-colored colonies, convex in shape and
shiny and mucoid in appearance (the typical phenotypic charac-
teristics of Xanthomonas spp. colonies), were picked up again and
streaked separately on PYM agar plates to purify each strain. All
isolates, except X. citri T10 and T25, could be purified; conse-
quently, 42 Xanthomonas isolates were characterized in this study
(Table 1). The Xanthomonas reference strains used in this work
are listed in Table 2. These bacteria were also cultured at 28°C in
PYM medium supplemented with D-glucose at a final concen-
tration of 1% (wt/vol) and 1.7% agar (wt/vol). Each new bacterial
isolate was preserved in 20% (wt/vol) glycerol at —80°C (32).

Pathogenicity tests®

Isolate Host Tissue Origin® Year Citrus paradisi C. limon
X citri T1 C. limon Fruit Cruz Alta 2004 +++ +++
X. citri T2 C. limon Leaf Cruz Alta 2004 +++ +++
X. citri T3 C. limon Stem Cruz Alta 2004 +++ +++
X. citri T4 C. limon Fruit Cruz Alta 2004 +++ ++
X. citri TS C. limon Leaf Yerba Buena 2004 +++ ++
X. citri T6 C. clementina Leaf Simoca 2004 +++ +++
X. citri T7 C. limon Leaf Taff Viejo 2004 +++ +++
X. citri T8 C. limon Stem Burruyacu 2004 +++ +++
X. citri T9 C. sinensis Leaf Burruyacu 2004 +++ +++
[X. citri T11 C. limon Leaf Lules 2004 ++ ++
X. citri T12 C. limon Stem Cruz Alta 2005 +++ +++
X. citri T13 C. limon Leaf Cruz Alta 2005 +++ +++
X. citri T14 C. limon Fruit Cruz Alta 2005 +++ +++
X. citri T15 C. clementina Fruit Monteros 2005 +++ +++
X. citri T16 C. limon Leaf Cruz Alta 2005 +++ +++
X. citri T17 C. limon Fruit Lules 2005 +++ +++
X. citri T18 C. limon Stem Cruz Alta 2005 +++ +++
X. citri T19 C. limon Fruit Cruz Alta 2005 +++ +++
X. citri T20 C. limon Leaf Cruz Alta 2005 +++ +++
X. citri T21 C. sinensis Fruit Famailla 2005 +++ +++
X. citri T22 C. sinensis Stem Rio Chico 2006 +++ +++
X. citri T23 C. limon Stem Taff Viejo 2006 +++ +++
X. citri T24 C. sinensis Fruit Chicligasta 2006 +++ +++
X. citri T26 C. limon Fruit Taff Viejo 2006 +++ +++
X. citri T27 C. limon Fruit Cruz Alta 2006 +++ +++
X. citri T28 C. limon Fruit Cruz Alta 2006 +++ +++
X. citri T29 C. paradisi Fruit Taff Viejo 2006 +++ +++
X. citri T30 C. paradisi Leaf Tafi Viejo 2006 +++ +++
X. citri T31 C. limon Stem Taff Viejo 2006 +++ +++
X. citri T32 C. paradisi Stem Tafi Viejo 2006 +++ +++
X. citri T33 C. paradisi Fruit Burruyacu 2006 +++ +++
X. citri T34 C. limon Stem Yerba Buena 2006 +++ +++
X. citri T35 C. limon Fruit Yerba Buena 2007 +++ +++
X. citri T36 C. clementina Leaf Chicligasta 2007 +++ +++
X. citri T37 C. paradisi Leaf Famailla 2007 +++ +++
X. citri T38 C. limon Stem Taff Viejo 2007 +++ +++
X. citri T39 C. sinensis Fruit Burruyacu 2007 +++ +++
X. citri T40 C. limon Leaf La Cocha 2007 +++ +++
X. citri T41 C. paradisi Leaf Cruz Alta 2007 +++ +++
X. citri T42 C. sinensis Stem Cruz Alta 2007 +++ +++
X. citri T43 C. sinensis Fruit Cruz Alta 2007 +++ +++
|X. citri AT C. clementina Leaf Monteros 2007 + +

2 Boxed text indicates the X. citri subsp. citri (X. citri) isolates that showed a differential virulence compared with the reference strain X. citri T, considered to be

strongly virulent.

b Departments of Tucuman, Argentina.
¢ Strong canker (+++), weak canker (++), and water-soaking or chlorosis (+).
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In vitro bacterial growth was carried out in PMY liquid me-
dium supplemented with 1% (wt/vol) D-glucose and incubated at
28°C with shaking at 200 rpm. Overnight saturated cultures were
diluted 1:100 in the same fresh medium and incubated at 28°C.
Aliquots of 200 ul were taken in duplicate at 2-h intervals until
24 h and bacterial population was determined by measuring
optical density (OD) at 600 nm in a spectrophotometer (Spectronic
20 Genesys; Thermo Electron Corporation, Boston).

Xanthan production. To measure xanthan production, strains
were grown in PYM medium supplemented with 1% (wt/vol)
D-glucose at 28°C for 24 h with shaking. Xanthan was precipi-
tated from culture supernatants by ethanol, dried, and weighed as
described by (43).

Nucleic acid purification. The molecular techniques used in
this study were based on protocols previously described (32).
Genomic DNA was isolated according to Chen et al. (10) with the
following modifications: Xanthomonas strains were grown in
MMXC minimal medium (K,HPO,4, 10.5 g/liter; KH,PO,, 4.5
g/liter; (NH4),SO,4, 1 g/liter; sodium citrate, 0.5 g/liter; casein
hydrolysate, 1.5 g/liter; and 1 mM MgSO,). Overnight-grown
culture (6 ml) was centrifuged for 5 min at 23,000 x g and the
pellet was vigorously suspended in 400 ul of 40 mM Tris-acetate
(pH 7.8), 20 mM sodium acetate, 1 mM EDTA, and 1% (vol/vol)
sodium dodecyl sulfate. For RNA digestion, 60 pg of DNase-free
RNAse (Sigma Aldrich, St Louis) was used and the solution was
incubated at 37°C for 1 h. DNA was precipitated with 132 pl of
5 M NaCl and the sample was centrifuged for 20 min at 18,000 x g.
DNA was extracted twice with phenol/chloroform (1:1) and once
with chloroform. Total DNA was collected by ethanol precipi-
tation and resuspended in 30 pl of sterile water. DNA samples
were quantified spectrophotometrically (Spectronic 20 Genesys;
Thermo Electron Corporation) and their quality was visualized
under UV light after staining the 0.8% (wt/vol) agarose gel with
ethidium bromide (0.5 pg/ml). The yields of genomic DNA were
=500 to 900 pg/ml.

Polymerase chain reaction amplification and genomic
fingerprinting. Primer pairs J-pthl (5-CTTCAACTCAAACG
CCGGAC-3")/J-pth2 (5’-CATCGCGCTGTTCGGGAG-3’) and J-
RXg (5-GCGTTGAGGCTGAGACATG-3")/J-RXc2 (5-CAAGT
TGCCTCGGAGCTATC-3"), designed based on the sequence of
the nuclear localization signal motif of the prhA pathogenicity
gene and the internal transcribed spacer (ITS) between the 16S
and 23S genes of X. citri (11), respectively, were used to dis-
criminate the Xanthomonas strains causing CBC. The polymerase
chain reaction (PCR) conditions for the amplifications were
performed according to Cubero et al. (11). Fragments of 556 bp
from the region encoding the xpsD gene (AE012002), a compo-
nent of the type II secretion system of the reference strain X. citri
306 (2,12), were PCR amplified by using the primer pair F-xpsD
(5’-ATTTCGTCCAGATGCGCTAC-3’) and R-xpsD (5’-CTCGC
GATTTTTGTTGGAAT-3’). PCR reactions were performed in
25-ul reaction mixtures containing 1x PCR buffer, 1.5 mM
MgCl,, 0.5 uM each primer, 0.2 mM dNTPs, 1 U of Taq DNA
polymerase (Invitrogen, Carlsbad, CA), and 50 ng of bacterial
DNA as template. PCRs were performed with a Mastercycler

TABLE 2. Xanthomonas reference strains used in this study

5333 (Eppendorf, Hamburg, Germany) by using the following
conditions: 40 cycles of denaturation at 93°C for 30 s, annealing
at 60°C for 40 s, and extension at 72°C for 45 s; and finished with
a single elongation step at 72°C for 10 min. The PCR products
were resolved on a 1% (wt/vol) agarose gel stained with ethidium
bromide (0.5 pg/ml).

Repetitive elements-based (rep)-PCR was conducted with three
primer sets: (i) ERICIR (5-ATGTAAGCTCCTGGGGATTC
AC-3")/ERIC2 (5-AAGTAAGTGACTGGGGTGAGCG-3"), (ii)
REPIR-I (5-IIICGICGICATCIGGC-3")/REP2-1 (5’-ICGICTTA
TCIGGCCTAC-3"), and (iii) primer BOXAIR (5-CTACGGCA
AGGCGACGCTGACG-3"), corresponding to repetitive extragenic
palindromic (REP) sequences, enterobacterial repetitive intergenic
consensus (ERIC), and the conserved repetitive BOX elements,
respectively (21). The amplifications were performed on 50 ng of
purified genomic DNA in a 25-pl reaction mixture, as described
for BOX- and ERIC-PCR by Cubero et al. (11) and for REP-PCR
by Louws et al. (20,21). The rep-PCR amplifications were performed
with a Mastercycler 5333 (Eppendorf) using the following condi-
tions (40 cycles): denaturation at 94°C for 30 s, annealing at 53°C
for 30 s, and extension at 72°C for 90 s. The exception was for
REP-PCR, with 40°C as annealing temperature. All PCR reactions
were started with an initial denaturation step at 94°C for 5 min
and a single final extension cycle at 72°C for 10 min. The ERIC-
and REP-PCR amplification products were separated on a 2%
(wt/vol) agarose gel and BOX-PCR products were separated on a
3% (wt/vol) agarose gel electrophoresis run at 110 V for 2 h in 1x
Tris-acetate-EDTA buffer. DNA bands were visualized under UV
light after staining the agarose gels with ethidium bromide (0.5
pg/ml). The agarose gels were photographed in a Molecular
Imager ChemiDoc XRS* Imaging System (Bio-Rad Laboratories,
Hercules, CA) by using the Quantity one software (Bio-Rad
Laboratories). BOX-, ERIC-, and REP-PCR genomic fingerprints
were reproduced from two independent DNA extractions for each
bacterial strain and by two independent PCR reactions.

Genetic clustering analyses of the rep-PCR fingerprinting
patterns. Gel-based rep-PCR fingerprinting patterns were used to
compare the relatedness of the Xanthomonas isolates. Only the
reproducible bands, regardless of intensity and ranging from 200
to 3,000 bp, were scored for each strain by using the Quantity one
software (Bio-Rad Laboratories). The presence or absence of each
band was converted into a binary matrix, scored as 1 for presence
and O for absence. Data generated with the three sets of primers
either individually or combined were analyzed using software
NTSYS pc (version 2.01) (30). Genetic relationships among iso-
lates were determined by Jaccard’s similarity coefficient (17)
followed by unweighted pair-group method using arithmetic
averages (UPGMA) clustering analysis. The reliability of internal
branches of the dendrogram was measured by bootstrap analysis
with 2,000 replicates by using the Winboot software (45). Corre-
lations between distance matrices were tested pairwise using the
Mantel test (38) and all of them were performed using GENALEX
6 software (version 6.1), with 9,999 permutations (25).

Pathogenicity assays. ‘Eureka’ lemon (C. limon (L.) Burm. f.),
‘Duncan’ grapefruit (C. paradisi Macfad.), ‘Clemenules’ man-

Species Strain Origin Reference
Xanthomonas citri subsp. citri (X. citri) T Tucumdn, Argentina 28
2525 New Zeeland Collection Frangaise de Bactéries Phytopathogenes (CFBP)
INRA, Angers, France
306 Brazil 12
99-1330 Argentina Instituto Nacional de Tecnologia Agropecuaria INTA,
Bella Vista, Corrientes, Argentina
X. fuscans subsp. aurantifolii (X. aurantifolii) B-B832 Argentina 28
C-1473 Brazil 28
X. campestris pv. campestris (X. campestris) 8004 28
X. campestris pv. vesicatoria (X. vesicatoria) 85-10 28
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darin (C. clementina Tanaka), and Key or Mexican lime (C.
aurantifolia (Christm.) Swingle) plants grafted on Troyer citrange
(Poncirus trifoliata (L.) Raf. x C. sinensis (L.) Osb.) were grown
in a greenhouse at a temperature of 20 to 25°C for 18 months.
Bacterial suspensions were inoculated by pressure infiltration or
spray methods on Citrus spp. young leaves (80 to 100% expan-
sion) according to published methods (37). The bacterial concen-
trations were photometrically adjusted to =107 CFU/ml in 10 mM
MgCl, (i.e., an OD of 0.1 at 600 nm). Inoculated plants were
maintained in a growth cabinet, with temperatures of 25 to 28°C,
high humidity, and a photoperiod of 16 h of light, at an intensity
of 150 to 200 uE/s/m?. Inoculations involved a minimum of three
leaves from each of three plants. As control of infection (without
bacteria), 10 mM MgCl, was used. Disease progression was
monitored phenotypically in three separate biological assays over
2 weeks and the degree of virulence of each inoculated Xan-
thomonas strain was evaluated on different citrus host plants.
Disease symptoms were classified as follows: strong canker
(+++), weak canker (++), and water soaking or chlorosis (+). The
symptoms were registered by digital photographs and through
analysis of bacterial population growth (29).

H,0, detection. The intracellular H,O, accumulation was ana-
lyzed by the oxidation of 2’,7’-dichlorfluorescein-diacetate
(DCFH-DA) (Sigma-Aldrich), as described by Enrique et al. (13).
Citrus leaves were vacuum-infiltrated with 5 yM DCFH-DA and
incubated in the dark for 30 min. Subsequently, the treated
samples were washed in phosphate-buffered saline and observed
with a fluorescence microscope (BH2; Olympus Optical Ltd.
Company, Tokyo). The experiment was repeated three times on at
least three different plants, and three leaves per plant were
examined.

RESULTS

Characterization of 42 new canker-forming Xanthomonas
isolates. Morphological characteristics of the 42 Xanthomonas
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Fig. 1. Morphological characterization of Xanthomonas isolates. A, Xantho-
monas citri subsp. citri (X. citri) strains T and AT were grown at 28°C in
peptone—yeast extract-malt extract (PYM) medium supplemented with 1%
(wt/vol) D-glucose and 1.7% (wt/vol) agar plates. Bacterial colonies stored at
4°C for >5 days are shown enlarged in the top inset. B, Extracellular poly-
saccharide (EPS) production of X. citri strains grown in PYM medium
supplemented with 1% (wt/vol) D-glucose. Bars represent the EPS yield,
expressed in wet weight of cells. Values are means * standard deviation (SD)
of three independent determinations. C, In vitro bacterial growth of X. citri
strains T and AT in PYM medium supplemented with 1% (wt/vol) D-glucose.
Values given are the means = SD of duplicate measurements from three
independent experiment.
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isolates (Table 1) resembled those of the X. citri reference strains
(Table 2), showing a slimy phenotype and convex and yellow
colonies on PYM agar plates, supplemented with 1% (wt/vol) D-
glucose. Only one isolate, hereafter named X. citri AT, showed
dull colonies with uneven and dry surfaces when the plates were
stored at 4°C for >5 days (Fig. 1A). This phenotype resembles
xanthomonad mutants that are deficient in the production of
xanthan, the major extracellular polysaccharide (EPS) secreted by
Xanthomonas spp. (18,29). Indeed, large differences in EPS
production were observed between the reference strain X. citri T
and the isolate X. citri AT after ethanol precipitation from the
culture supernatant (Fig. 1B). The reference strain X. citri T
produced 330 + 110 mg EPS/g of wet cells, whereas X. citri AT
produced 40 = 10 mg EPS/g of wet cells. However, this isolate
showed no loss of viability compared with X. citri T because both
bacterial populations exhibited similar in vitro growth kinetics in
PMY liquid medium supplemented with 1% (wt/vol) glucose
(Fig. 10).

In order to characterize the isolated canker-forming Xantho-
monas spp., the well-known pathogenicity gene pthA was used as
molecular marker for CBC diagnosis (11,28). PCR amplification
from total DNA of the 42 Xanthomonas isolates showed the
presence of the pthA marker (Fig. 2A). As controls, all the CBC-
causing Xanthomonas reference strains (X. citri T and 306 and X.
aurantifolii B and C) amplified the target sequence, with the
exception of the non-host pathogen of citrus X. campestris strain
8004 (Fig. 2A).

Because X. aurantifolii strain B has not been isolated from the
field since the introduction of X. citri (7), we could infer that the
presence of the pthA marker is sufficient for CBC diagnosis.
However, multiple copies of the pthA gene in the plasmids of a
single Xanthomonas strain exist (12,35) which allow inter- and
intragenic recombinations, resulting in paralogs with altered
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Fig. 2. Genotypic characterization of Xanthomonas isolates by specific
molecular markers. Analysis of 11 representative isolates of Xanthomonas
citri subsp. citri (X. citri) (T3-5, T11, T38-43, and AT) and 5 Xanthomonas
reference strains: X. citri T and 306, X. fuscans subsp. aurantifolii (X.
aurantifolii) strains B and C, and X. campestris pv. campestris (X. campestris)
strain 8004, using A, citrus canker-specific plasmid pthA polymerase chain
reaction (PCR)-based marker of approximately 200 bp and B, X. citri-specific
genomic internal transcribed spacer rDNA and xpsD PCR-based markers of
179 and 560 bp, respectively. Resulting PCR products were subjected to 2%
(wt/vol) agarose gel electrophoresis containing ethidium bromide at 0.5 pg/ml.
Arrows indicate the positions of the molecular markers. M: molecular size
standards (1-kb Plus DNA Ladder; Invitrogen, Carlsbad, CA).



pathogenicity or virulence phenotypes (1,35,44). For this reason,
the 42 isolates were analyzed with two X. citri genome-specific
markers. One was based on the ITS region of the rDNA sequence
of X. citri (11) and the other was designed based on the xpsD
gene, a component of the type II secretion system (2,12) and de-
veloped in this work. The expected molecular markers from the
ITS and xpsD sequences were present in all 42 Xanthomonas
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isolates and in the X. citri reference strains tested (Fig. 2B). These
markers were absent when genomic DNA from the X. aurantifolii
strains B and C and X. campestris 8004 reference strains were
analyzed (Fig. 2B). These results demonstrated that the 42 CBC-
causing Xanthomonas strains isolated from 17 areas within the
Tucumén province of Argentina belong to X. citri, confirming the
absence of X. aurantifolii B in this region.
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Fig. 3. Genotypic diversity analysis among Xanthomonas citri subsp. citri (X. citri) strains. A, Genomic fingerprinting of Xanthomonas strains generated by BOX,
repetitive extragenic palindromic (REP), and enterobacterial repetitive intergenic consensus (ERIC) polymerase chain reaction (PCR) (repetitive elements-based
[rep]-PCRs). Eleven representative X. citri isolates (T3-5, T11, T38-43, and AT) and the reference strains X. citri T, 2525, 306, and 99-1330; X. fuscans subsp.
aurantifolii (X. aurantifolii) strains B and C; X. campestris pv. campestris (X. campestris) strain 8004; and X. campestris pv. vesicatoria (X. vesicatoria) strain
85-10 are shown. Genomic profiles obtained by rep-PCR were separated by electrophoresis on agarose gels containing ethidium bromide at 0.5 pg/ml.
M: molecular size standards (1-kb Plus DNA Ladder; Invitrogen, Carlsbad, CA). B, Dendogram constructed by using the unweighted pair-group method using
arithmetic averages-Jaccard algorithm and the combined rep-PCR fingerprinting data shows the genetic relationships of the 42 X. citri isolates with respect to the
reference strains X. citri T, 2525, 306, and 99-1330; X. aurantifolii B and C; X. campestris strain 8004; and X. vesicatoria strain 85-10. Numbers at the branch
points represent the bootstrap values (>50) obtained from 2,000 replicates. I to IV indicate major clusters referred in the text, * represents strains shown in A, and

the open triangle notes the variant X. citri AT.
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Genetic relationships among X. citri subsp. citri strains. rep-
PCR markers have been useful for determining genetic relation-
ships between Xanthomonas spp., including those species which
are citrus pathogens (11,15,23,27). In order to establish the geno-
typic variability and genetic relationships within the bacterial col-
lection, rep-PCR genomic fingerprinting analysis was performed.
BOX-, ERIC-, and REP-PCR (rep-PCR) were carried out from
purified total DNA of the 42 X. citri strains and the Xanthomonas
reference strains (Tables 1 and 2). The rep-PCR-amplified frag-
ments generated complex genomic fingerprinting patterns with
multiple and reproducible bands of distinct intensities. The average
number of bands per strain varied from 13 to 16 for BOX- and
REP-PCR and from 9 to 16 for ERIC-PCR. The molecular size of
the bands was 200 to 1,650 bp for BOX-PCR and 200 to 3,000 bp

A

X. citri T11 X. citri AT

X. citri T3

C. paradisi

C. limon

C. clementina C. aurantifolia

@

X. citri T

for REP- and ERIC-PCR. rep-PCR-generated profiles easily
distinguished the X. citri strains from the other CBC-causing
Xanthomonas bacteria belonging to X. aurantifolii strains B and C
(Fig. 3A).

Based on the results of Mantel tests, the data derived from each
individual rep-PCR typing technique were congruent (P < 0.0001),
allowing the UPGMA-Jaccard clustering analysis from the three
combined rep-PCR-generated fingerprinting data. This analysis
discriminated the strains in four distinct clusters, from I to IV,
consistent with the four main Xanthomonas groups: X. citri, X.
aurantifolii strains B and C, X. campestris, and X. vesicatoria,
respectively. The four clusters were clearly separated at 25%
similarity, with bootstrap values >50% (Fig. 3B). Cluster I con-
tained all the X. citri strains with genomic similarity of 70 to

X. aurantifolii B X. aurantifolii C X. campetris

C. limon C. aurantifolia C. clementina

e 121@ X citriT 12 12 ]
-.% 1010 X. citri AT 10 1 101
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8 8% 4 ¢
g 2 2 9
23] 0 0 0
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Time (days after inoculation)
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Fig. 4. Pathogenicity tests of Xanthomonas spp. in different citrus hosts. A, Macroscopic symptoms developed at 16 days postinoculation (dpi) on abaxial surface
of Citrus paradisi and C. limon leaves infiltrated with bacterial suspensions of three Xanthomonas citri subsp. citri (X. citri) representative isolates (T3, T11, and
AT) and the Xanthomonas reference strains X. citri T, X. fuscans subsp. aurantifolii (X. aurantifolii) strains B and C, and X. campestris pv. campestris
(X. campestris) strain 8004. B, Macroscopic symptoms developed at 16 dpi on abaxial surface of C. aurantifolia and C. clementina leaves infiltrated with bacterial
suspensions of isolate X. citri AT and the reference strains X. citri T and X. aurantifolii C. Three independent biological assays were carried out for each of the
four Citrus spp., using a minimum of three young leaves per plant and four plants per genotype and per each Xanthomonas isolate tested. Scale bars = 5 mm. C,
Bacterial population growth during 16 dpi of X. citri AT and the reference strain X. citri T on C. limon, C. aurantifolia and C. clementina leaves inoculated by
spraying. Values are expressed as means * standard deviation of three independent biological replicates, each consisting of three separate measurements of
bacterial density from each citrus host. In all cases, the inoculations were performed with bacterial suspensions at a concentration of 10’ CFU/ml.
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100%. Inside this cluster, some isolates (X. citri T40, TS5, T21,
and T42) were clearly discriminated with genetic similarity of 70
to 82%. The rest of the X. citri strains were markedly separated
into two major sub-subclusters (I.1.1 and 1.1.2) with similarities
>85%. Interestingly, the variant X. citri AT showed a genomic
similarity >90% related to the other 21 X. citri strains and the
reference strain X. citri T (Fig. 3B).

Host range specificity of a new X. cifri subsp. citri isolate.
The 42 X. citri field isolates were evaluated for pathogenicity and
virulence on two Citrus spp. that were chosen as indicators of
high (C. paradisi) and moderate (C. limon) susceptibility to this
pathogen, and to determine whether there were any differences in
response to challenge infection between them (Table 1). Young
leaves of both citrus hosts were inoculated with bacterial suspen-
sions of each individual strain at 107 CFU/ml by pressure infil-
tration (37) in order to obtain maximum response, and symptom
development was monitored over a period of 16 days post-
inoculation (dpi).

In all, X. citri isolates were pathogenic in C. paradisi, inducing
symptoms similar to those observed after inoculation of the
reference strain X. citri T. Most of them showed strong virulence
(+++) (Table 1), inducing typical CBC symptoms characterized
by surface-penetrating necrotic lesions surrounded by oily, water-
soaked margins and yellow chlorotic rings. X. citri T3 is shown as
a representative for these strongly virulent isolates (Fig. 4A).
Isolate X. citri T11 was an exception to the strong virulence
observed, causing cankerous lesions significantly smaller in size
and less numerous than those developed by the rest of the virulent
isolates. These symptoms were more similar to those developed
by X. aurantifolii B (Fig. 4A).

When tested for pathogenicity in C. limon, all X. citri isolates
showed strong virulence in this host except for isolates X. citri
T4, T5, and T11, which showed weaker symptoms (++) (Table 1;
Fig. 4A).

In contrast to the above, the isolate X. citri AT, which has
reduced xanthan (Fig. 1B), induced atypical noncankerous chlorotic
phenotype on both C. paradisi and C. limon at 5 dpi (+) (Table 1),
which remained over the 16-dpi monitoring period (Fig. 4A). The
type of lesion and time between the inoculation and its appear-
ance seem to be related to a host-specific defense response.
However, the symptoms phenotype was different from the canoni-
cal hypersensitive response (HR) induced by X. aurantifolii C at
4 to 5 dpi in both C. paradisi and C. limon leaves. Plants inocu-
lated with X. campestris 8004, for which citrus is a non-host,
showed no symptoms (Fig. 4A).

To further analyze the host range of the variant X. citri AT, C.
aurantifolia, which is the most susceptible host to CBC-causing
Xanthomonas spp., was tested. Young leaves were inoculated with
X. citri AT bacterial suspensions (107 CFU/ml) by pressure
infiltration. Interestingly, the cankerous symptoms induced by X.
citri AT in this host at 16 dpi were clearly weaker compared with
those developed by the Xanthomonas reference strains (Fig. 4B).
However, unlike in C. paradisi and C. limon, there was slight
water soaking around the infiltration site. As control, the patho-
genicity test in C. clementina, the host from which this strain was
isolated, showed that X. citri AT induced cankerous lesions
slightly weaker than the reference strain X. citri T. In this citrus
host, X. aurantifolii C induced a clear HR (Fig. 4B).

Bacterial populations of the isolate X. citri AT and the reference
strain X. citri T were compared following inoculation of C. limon,
C. aurantifolia, and C. clementina plants by spraying the bacterial
suspensions (107 CFU/ml). No differences in growth kinetics
were observed between the isolate X. citri AT and the reference
strain X. citri T up to 2 dpi (Fig. 4C). However, after this period,
substantial variations in the population of these bacteria were
observed in each host. In C. limon leaves, the population of the
isolate X. citri AT remained stable and, at 10 dpi, began to decline;
no bacteria could be recovered after 16 dpi. These findings are in

accordance with the suppression of canker development in this
plant—pathogen interaction. In contrast, the population of the
reference strain X. citri T increased by more than seven orders of
magnitude over the same monitoring period (Fig. 4C). Similar
growth profiles were seen for X. citri AT and the reference strain
X. citri T in C. paradisi plants (data not shown). In C. aurantifolia
leaves, population size of the isolate X. citri AT was three orders

A

Xanthan

MgCl,

X. citri AT

citri MgumB

X.

X. citri

X. citri AT

X. citri T

H,0, production

Fig. 5. Xanthomonas citri subsp. citri (X. citri) strain AT triggers host defense
response in Citrus limon. A, Symptoms on abaxial surface of C. limon leaves
co-inoculated with either xanthan (200 pg/ml), produced by the reference
strain X. citri T, or 10 mM MgCl,; and bacterial suspensions (107 CFU/ml) of
the strains X. citri AT, the xanthan-deficient mutant X. citri MgumB, and the
reference strain X. citri T. Symptoms were evaluated at 16 days postinocu-
lation (dpi). Three independent biological assays were carried out for each of
the three bacterial strains using three young leaves from three C. limon plants.
Scale bar = 5 mm. B, Young C. limon leaves infiltrated with bacterial suspen-
sions (107 CFU/ml) of isolate X. citri AT and reference strain X. citri T were
stained with 2’,7’-dichlorfluorescein-diacetate (DCFH-DA) for analysis of
H,0, production at 5 dpi and observed by fluorescence microscopy (x100
magnification). Scale bar = 100 um. The experiment was repeated on at least
three different plants, and three leaves per plant were examined.
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of magnitude lower than the X. citri T population (Fig. 4C). In
contrast, assessment of the bacterial population in C. clementina
plants revealed no differences between both X. citri strains (Fig.
4C). These results are consistent with the observation that X. citri
AT produces canker symptoms on C. clementina plants (Fig. 4B).

X. citri subsp. citri strain AT triggers an xanthan-inde-
pendent defense response in C. limon. Results indicated that the
new variant X. citri AT induces a differential response depending
on the inoculated Citrus spp., suggesting narrow host range speci-
ficity (Fig. 4).

Recently, we have shown that xanthan suppresses pathogen-
associated molecular pattern (PAMP)-induced signaling in C.
limon (13). X. citri AT produces almost 10 times less EPS than
reference strain X. citri T (Fig. 1B). In order to determine whether
the xanthan deficiency is involved in the noncankerous phenotype
induced by X. citri AT in C. limon plants, we evaluated the
capability of exogenous xanthan to restore the pathogenicity of X.
citri AT. Young C. limon leaves were inoculated with a mix of
purified xanthan from the reference strain X. citri T (200 pg/ml)
and a bacterial suspension of X. citri AT (107 CFU/ml) by pressure
infiltration. Remarkably, the response induced by the xanthan-
deficient X. citri AT in C. limon was maintained in the samples
supplemented with xanthan at 16 dpi (Fig. 5A). However, similar
xanthan treatment successfully restored the ability to develop
canker symptoms of the nonpathogenic xanthan-defective mutant,
X. citri MgumB (29). No differences in symptom development
were observed when the reference strain X. citri T was inoculated
with xanthan or 10 mM MgCl, (Fig. 5A). These results demon-
strated that the lower xanthan production of X. citri AT is not
responsible for the suppression of canker development induced by
this X. citri variant in C. limon.

To gain further insights into the host-specific response triggered
against X. citri AT, we analyzed the production of H,0, as an
early defense marker (13,26) in C. limon plants. A substantial
accumulation of H,0, in leaves infiltrated with X. citri AT (107
CFU/ml) was observed at 3 h post inoculation and was main-
tained at a high level at 5 dpi. No H,O, was observed in control
leaves infiltrated with the reference strain X. citri T (Fig. 5B).

The H,0, itself and the signaling triggered by this molecule are
eventually able to contain the pathogen (26). Our findings suggest
that the H,O, accumulation would contribute to the inhibition of
X. citri AT population growth in C. limon plants (Fig. 4C).

DISCUSSION

In this work, we characterized the genetic diversity and degree
of virulence of a collection of 42 Xanthomonas strains isolated
from cankerous lesions of a range of infected Citrus spp. from 17
areas within the Tucumdn province in northwest Argentina. Mo-
lecular analysis using X. citri genome-specific markers showed
that all 42 CBC-causing Xanthomonas strains belong to X. citri
subsp. citri. In addition, reproducible rep-PCR genomic finger-
prints were obtained for all X. cirri field strains, collected in four
different years (2004 to 2007) from different locations, tissue, and
citrus hosts. The combined cluster analysis of the three rep-PCR
fingerprinting data distinguished more haplotypes between the X.
citri strains than individual analysis (data not shown), most of
them with similarities from 80 to 100%. This analysis did not
show correlation with the severity of the symptoms developed by
each X. citri isolate. Most of the isolates collected in Tucumén
were pathogenically similar to the reference strain X. citri T,
eliciting typical CBC symptoms when inoculated on C. paradisi
and C. limon leaves.

The high similarity detected between the isolates is correlated
with previous data obtained with X. citri collections isolated from
different geographical areas (4,8,11). The low degree of global
genetic diversity found in the X. citri population could be mainly
due to commercial citrus cultivars (e.g., C. sinensis, C. paradisi,
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and C. limon) being propagated through grafting as well as the
large areas cultivated with these Citrus spp. (16). Consequently,
pathogens do not face a significant selection pressure due to the
genetic homogeneity of the host. However, a new variant of X.
citri, strain AT, was differentially recognized according to the ana-
lyzed citrus host. Nevertheless, clustering analysis showed a
genomic similarity >90% of X. citri AT with 21 other X. citri
strains, including the reference strain X. citri T.

The new variant X. citri AT induces an atypical chlorotic pheno-
type in C. limon and C. paradisi. This host response is pheno-
typically different from the symptoms elicited by X. citri strain AY
on C. paradisi leaves (42). In addition, X. citri strain AY is
asymptomatic on C. limon and induces strong CBC symptoms on
C. aurantifolia leaves (31). Furthermore, the reaction elicited by
the variant X. citri AT in C. limon is phenotypically different from
the canonical HR induced by the more distantly related X.
aurantifolii strain C in this citrus host (3).

We have shown previously that xanthan plays a key role in
biofilm formation, canker development, and suppression of
defenses in C. limon (13,29). The characterization of X. citri AT
indicated that it produces 10 times less EPS than the reference
strain X. citri T. Therefore, we might hypothesize that this EPS
deficiency of X. citri AT would be involved in the suppression of
canker development shown on C. limon and C. paradisi leaves.
However, the EPS level of this strain was sufficient to suppress
PAMP-triggered immunity, leading to the development of canker-
ous lesions on C. aurantifolia and C. clementina leaves. In
addition, the inoculation of C. limon with X. citri AT supple-
mented with exogenous xanthan did not restore its pathogenicity,
as it did with the X. citri MgumB mutant, suggesting the acti-
vation of different defense signaling pathways able to contain the
pathogen.

The presence of H,0, is characteristic of plant tissues under-
going a programmed cell death (26), suggesting that the H,0,
accumulation shown in the C. limon-X. citri A" interaction
actually could be a component of the host-specific defense re-
sponse that suppresses disease development. However, further
transcriptional and metabolomic analyses should be done to
establish the signaling pathways involved in this resistance
response.

Our results suggest the presence of Xanthomonas spp.-encoded
factors involved in triggering host-specific resistance to CBC in
C. limon. Although a high genetic similarity at the genomic level
was detected between the reference strain X. citri T and the
variant AT, it cannot be excluded that differences at genomic or
plasmid DNA level occur and account for the specific recognition
of X. citri AT by C. limon and C. paradisi hosts. Even though no
resistance genes to X. citri have been identified in Citrus spp., two
avirulence gene products from the X. citri strain A and X.
aurantifolii strain C had been recently isolated (1,31). On the
other hand, it was demonstrated that pthA gene homologs allow
intergenic recombinations, resulting in paralogs with specific
pathogenicity according to the citrus host (1,14,35,36). For this
reason, a genome-wide analysis of the variant X. citri AT should
advance our understanding of the adaptation of this bacterium to
different citrus hosts.
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