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Xanthomonas vesicatoria (Xv) is a member of a species complex that causes bacterial spot on tomato, one of the most

important diseases of this crop worldwide. The objective of this investigation was to analyse several characteristics

involved in Xv virulence in relation to strain aggressiveness. Motility, biofilm formation, adhesion and production of

xanthan were evaluated in three local strains causing tomato bacterial spot in Argentina. The strains assayed presented

differential swarming and twitching motilities, adhesion and biofilm formation abilities. The most aggressive strain,

BNM 208, exhibited the greatest swarming and twitching motilities, and developed a mature biofilm with presence of

defined cell clusters, a homogeneous and compact structure, and higher biomass and substratum coverage than the

other two strains. Even though the three strains produced similar amounts of xanthan, BNM 208 produced the most

viscous exopolysaccharide, which possibly relates to the better characteristics of its biofilm. Despite other differences,

the three strains multiplied to similar levels when they were infiltrated into the leaf. The results suggest that the aggres-

siveness of Xv strains studied in this work was related to their ability to move by flagella or type IV pili, adhere to

leaves and form well developed biofilms, factors that improve phyllosphere colonization. A better understanding of the

factors involved in the Xv infection process at the early stages would contribute to developing new control strategies

for this phytopathogen.
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Introduction

Bacterial spot is one of the most destructive diseases of
tomato (Solanum lycopersicum) in the world, especially
in tropical and subtropical environments (Potnis et al.,
2015). It is caused by at least four species of Xan-
thomonas: X. euvesicatoria, X. gardneri, X. perforans
and X. vesicatoria (Stall, 1995; Strayer et al., 2016;
Roach et al., 2017). The disease is characterized by
necrotic lesions on leaves, stems and fruits, resulting in a
reduction of yield and fruit quality (Potnis et al., 2015).
Bacteria enter plant tissue through stomata and wounds,
colonize the intercellular spaces and induce visible symp-
toms, which begin as water-soaked lesions that later
become necrotic (Stall, 1995).
Disease control is difficult because of the lack of durable

host-determined pathogen resistance in commercial

tomato cultivars and the development of resistance to
copper in Xanthomonas populations due to the exten-
sive use of copper sprays in standard disease-control
treatments (Obradovic et al., 2004; Potnis et al., 2015;
Griffin et al., 2017). In addition, these compounds can
damage the environment. In Argentina, bacterial spot is
present in all field-grown tomato-producing areas. In
the horticultural belt of Buenos Aires–La Plata, the dis-
ease was related to X. euvesicatoria (Bouzar et al.,
1994) and more recently to X. vesicatoria (Xv; Romero
et al., 2003).
Epiphytic bacteria, such as Xv, are continually

exposed to extreme conditions: lack of moisture, ultra-
violet irradiation, strong winds and heat. Bacterial toler-
ance to these stressful conditions is often associated with
the formation of biofilms. These structures have been
related to virulence in different Xanthomonas species
(Yaryura et al., 2015; Bianco et al., 2016).
The first step in biofilm formation is the attachment of

bacteria to leaf surfaces, which is mediated by flagella
and type IV pili (T4P; Malamud et al., 2011; Burrows,
2012; Beaussart et al., 2014). Then, microorganisms
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form microcolonies that can develop further into mature
structured biofilms. The biofilm ‘cycle’ is completed
when mature biofilms disperse to release motile cells
(Lemon et al., 2007). Besides attachment, flagella are
important in determining the final structure of the bio-
film and, in many bacteria, they are also necessary for
swarming motility (Kaiser, 2007; Merritt et al., 2007).
T4P are cell surface structures involved in twitching
motility that is independent of flagella and is important
for host colonization in a wide range of plant pathogens
(Taguchi & Ichinose, 2011; Nguyen et al., 2012; Dunger
et al., 2014).
The formation of biofilms on abiotic or biotic surfaces

in Xanthomonas is also related to the production and
properties of xanthan, the main exopolysaccharide (EPS)
synthesized by the majority of species of this genus. EPSs
are needed to form an intricate and complex three-
dimensional matrix, which provides structural support
for bacterial biofilms. This contributes to epiphytic sur-
vival before colonization of the host plant and is essen-
tial for bacterial virulence and disease progression (Yun
et al., 2006; Aslam et al., 2008; Bianco et al., 2016).
The ability to form biofilms has been related to viru-

lence in other Xanthomonas species (Darsonval et al.,
2009; Yaryura et al., 2015; Bianco et al., 2016). Biofilm
formation and motility are well described for many plant
pathogenic bacteria, but these virulence factors are
understudied in Xv. Therefore, the objective of this study
was to evaluate some bacterial characteristics involved in
bacterial epiphytic growth and early stages of the infec-
tion process in relation to aggressiveness in Xv strains
causing tomato bacterial spot in Argentina.

Materials and methods

Bacterial strains and growth conditions

Strains were originally isolated from leaves of tomato plants
showing symptoms of bacterial spot from commercial field crops

in General Belgrano (35°45033.6″S, 58°28016.0″W), Florencio

Varela (34°54002.7″S, 58°12021.2″W) and La Plata (34°54033.4″S,
58°02002.4″W), Buenos Aires province, Argentina. These were
deposited at Banco Nacional de Microorganismos (BNM, Argen-

tina, WDCM number 938, GCM) culture collection. Xv strains

used in this study were BNM 208, BNM 214 and BNM 216
(Romero et al., 2003). The identity of the strains was confirmed

by rep-PCR genomic fingerprinting and conventional PCR tests

according to Koenraadt et al. (2009) using the species-specific

primers Bs-XvF and Bs-XvR. Bacteria from �80 °C frozen stocks
were grown on modified yeast dextrose calcium carbonate (YDC)

agar plates (Ritchie & Dittapongpitch, 1991) for 48 h at 28 °C
before use. For swarming motility assays, bacteria were grown on

PYM culture medium (0.5% peptone, 0.3% yeast extract, 0.3%
malt extract, and 1% glucose) plus 0.5% agar.

Disease evaluation and bacterial multiplication in
planta

Experiments were conducted on fresh-market tomato cultivar

ACE 55 (Asgrow). Plants were grown in individual 1 L pots

with soil, peat and perlite (2:1:1 v/v/v) in a greenhouse under

natural temperature (18–28 °C) and light (approx. 14 h) condi-
tions. Plants were watered daily with tap water and were inocu-

lated when they had six expanded leaves.

To prepare the inocula, bacteria from YDC plates were sus-

pended in sterile distilled water (SDW) and the bacterial concen-
trations were adjusted with a spectrophotometer to

5 9 108 CFU mL�1 (OD600 = 0.3). For assessments of symptom

development, suspensions were diluted in SDW to a final con-
centration of 5 9 106 CFU mL�1 and Silwet (0.01%) was

added (Romero et al., 2001). Plants were inoculated by immers-

ing the aerial part in the inoculum suspension for 20 s. Control

plants were immersed in SDW with Silwet. All plants were cov-
ered with plastic bags for 60 h to maintain relative humidity

close to 100%. Plants were maintained in the greenhouse during

the whole experiment. There were four plants per strain and the

experiment was repeated twice. Ten days after inoculation, dis-
ease was estimated as the severity of bacterial spot (proportion

of diseased tissue) on leaves 5 and 6 (leaf 1 was the first leaf

above the cotyledons). In addition, the number of lesions on

two leaflets of leaf 5 was counted and the diameter of 20–30
lesions on those leaflets was measured (10–15 per leaflet).

Bacterial multiplication in planta was evaluated in a different

set of plants. In this case, a leaflet of leaf 4 of each plant was
infiltrated with a suspension of bacteria (5 9 104 CFU mL�1),

using a needleless syringe. Four days later, the leaflet was

removed and three 0.5 cm2 disks were cut and macerated in

0.5 mL SDW. Bacterial population size was estimated by dilu-
tion plating on YDC. The experiment was repeated twice, with

four plants per strain.

Motility assays

Swarming motility assays were carried out as previously
described (Picchi et al., 2016).

Motility was assessed qualitatively by examining the size of

the circular halo formed by the bacterial cells growing in 0.5%

agar PYM. The assays were performed in triplicate.
Twitching motility was assayed as previously described

(Dunger et al., 2014) with slight modifications. Sterile micro-

scope slides were coated with King’s B medium with 1% agar

supplemented with 2 mM CaCl2. Single colonies were inoculated
by stabbing into the bottom of the slides, which were then incu-

bated at 28 °C for 72 h. In order to observe the twitching halo,

the agar was removed and slides were stained with 1% crystal
violet (CV). After 10 min of staining, slides were washed with

phosphate-buffered saline (pH 7.2) and observed using an

inverted Nikon microscope (Eclipse TI-S) with NIS-ELEMENTS

software.

Determination of xanthan production and viscosity

Xanthan production was quantified as described previously by

Rigano et al. (2007) with some modifications. Briefly, Xv strains

were cultured to the stationary growth phase at 28 °C in
100 mL of YDC medium supplemented with 2% glucose in

500 mL flasks, using an orbital shaker rotating at 200 rpm;

after 72 h, cells were removed by centrifugation at 25 000 g for

1 h at 4 °C. Subsequently, xanthan was precipitated with two
volumes of ethanol with 1% KCl and recovered by filtration on

a stainless-steel sieve. Wet xanthan fibres were dried at room

temperature and weighed to determine the yield of xanthan.

Low shear rate viscosity (LSRV) was determined for a 0.45%
xanthan solution in synthetic tap water (16.2 mM NaCl,
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0.95 mM CaCl2) at room temperature using a Brookfield vis-

cometer (RVTD II) with spindle no. 1 at 3 rpm. Intrinsic viscos-
ity measurements of xanthan solutions in 0.05 M NaCl were

performed using a viscoelasticity analyser (Vilastic Scientific).

Bacterial attachment to abiotic and biotic surfaces

In a preliminary assay, the CV technique was used to analyse
bacterial adhesion on an abiotic surface. Briefly, bacterial strains

were grown overnight in YDC medium and then inoculated into

Y minimal medium (YMM) to a final OD600 of 0.1. Aliquots of

150 lL were used to fill different wells of a polystyrene 96-well
microtitre plate and then incubated at 28 °C as previously

described (Malamud et al., 2011). After 72 h, the medium was

removed, and the plate was washed using 0.9% NaCl and

stained with 0.1% CV solution for 30 min; excess CV was
removed with distilled water. The bound CV was solubilized

with 200 lL of 33% (v/v) acetic acid and measured at OD570 in

an ELISA reader (Thermo Scientific Multiskan FC). The adhe-
sion value was normalized according to the number of cells at

OD600 and expressed as (OD570/OD600). The assay was per-

formed in triplicate.

Bacterial adhesion to tomato leaves was studied as described
by Rigano et al. (2007) with slight modifications. Disks were

cut from healthy leaves and placed in 24-well plates, adaxial

side down. The disks were inoculated with each strain

(OD600 = 0.1) and incubated at 28 °C. After 24 h, the
attached bacteria were quantified using CV staining as

described above.

In vitro biofilm assays

All strains were grown overnight in YDC medium as previously
described (Yaryura et al., 2015). Aliquots of 500 lL were

diluted 1:1000 in YMM and then transferred to chambered cov-

erglass slides with a 1 mm thick borosilicate glass base (Nunc)

and incubated for 72 h at 28 °C. To allow visualization of bio-
film structures, bacteria were stained with the BacLight LIVE/

DEAD viability kit (Invitrogen). Confocal images of each fluo-

rophore were collected sequentially using the FV1200 confocal

laser scanning microscope (CLSM; Olympus) equipped with
473/559 nm diode lasers lines and a 960 Super Corrected, oil-

immersion objective lens (PLAPON60XOSC, NA 1.4). Images

obtained were processed with IMAGEJ (available at https://imagej.
nih.gov/ij/) and IMARIS v. 6.3.1 software (Bitplane). COMSTAT

analysis was performed using the IMAGE PROCESSING TOOLBOX as

previously described by Heydorn et al. (2000).

Statistical analysis

Data from experiments were analysed by one-way ANOVA and
mean differences were determined by Tukey’s test at a signifi-

cance level of P ≤ 0.05. All statistical analyses were performed

using the software INFOSTAT (Di Rienzo et al., 2017). Data from

the experiments were expressed as mean � the standard error
(SE).

Results

Aggressiveness of Xv strains on tomato plants

The strains evaluated in this study varied in aggressive-
ness on inoculated tomato plants. BNM 208 caused the
highest level of disease severity, with lesions that were
greater in number and larger than those induced by
BNM 214 and BNM 216 (Table 1). No difference was
observed between strains in the multiplication of bacteria
in planta after infiltration of leaves (Table 1).

Swarming and twitching motilities

BNM 208 showed a higher swarming motility than BNM
214 and BNM 216 strains in 0.5% agar (Fig. 1a,b).
Twitching motility (Fig. 1c) was observed at the intersti-
tial surface between nutrient agar medium and the slide
glass surfaces. The linear nature of the colony edge of
BNM 208 strain was interrupted by dozens or a few hun-
dred cells that appear to be budding from the main body
of the colony, indicative of the spreading morphology of
bacteria capable of twitching motility. With strain BNM
214, cells emerged from the edge of the colony and moved
away from it, but to a lesser extent than BNM 208. In
contrast, the edges of the colony of BNM 216 were whole
or, in a few sections, slightly wavy, characteristic of
strains defective in twitching motility (Fig. 1c).

Xanthan production and viscosity

The three Xv strains considered in this study produced
similar amounts of xanthan (Fig. 2a); however, determi-
nations of LSRV showed differences among the xanthan
samples. The value of LSRV determined for xanthan pro-
duced by BNM 208 was significantly higher than values
determined for the EPS produced by BNM 214 and
BNM 216 (Fig. 2b).

Bacterial cell attachment to different surfaces

The adhesion capability of the strains was evaluated on
abiotic and biotic surfaces. The first was performed with
cells grown in polystyrene microtitre plates stained with
crystal violet. BNM 208 and BNM 214 had a higher

Table 1 Agressiveness of Xanthomonas vesicatoria strains on tomato plants and multiplication of bacteria in planta.

Strain Disease severity Number of lesions per leaflet Lesion size (mm) Bacteria in planta (CFU mL�1 (9108))

BNM 208 43.75 � 8.24 a 97.25 � 13.30 a 4.44 � 0.13 a 2.94 � 0.87 a

BNM 214 17.50 � 8.24 ab 58.63 � 13.30 ab 3.08 � 0.13 b 3.71 � 0.87 a

BNM 216 10.00 � 8.24 b 25.38 � 13.30 b 3.02 � 0.13 b 5.86 � 0.87 a

Values represent means � standard errors (SE). For each variable evaluated means followed by different letters within the columns indicate signifi-

cant difference at P ≤ 0.05 according to Tukey’s test.
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adherence to abiotic surfaces than BNM 216 (Fig. 3a).
To investigate attachment to biotic surfaces, adhesion
was evaluated on the abaxial surface of tomato leaves.
In line with the findings in vitro, it was observed that
BNM 208 had better adhesion to leaf surfaces than
BNM 214 and BNM 216, shown by the higher level of
CV present on the leaves (Fig. 3b).

Structural development of biofilms in Xv

BNM 208 showed a better-developed biofilm than the
other two strains evaluated, which exhibited biofilms
with similar characteristics to each other (Fig. 4).
Accordingly, biomass and surface coverage values for
BNM 214 and BNM 216 biofilms were significantly

Figure 1 Swarming and twitching motilities

of different strains of Xanthomonas

vesicatoria. (a) Representative images

showing the halos formed during swarming

motility assays in plates. (b) Diameters of the

halos formed by swarming motility of the

growing bacterial cells. Each bar represents

the mean � standard error (SE) of three

independent experiments. Different letters

indicate significant differences at P ≤ 0.05

according to Tukey’s test. (c) Light

microscopy of twitching halos from cultures

stained with crystal violet (CV). The arrows

indicate the mobile cells produced at the

edge of the colonies. Images were obtained

using an inverted microscope. Scale

bars = 20 lm. [Colour figure can be viewed

at wileyonlinelibrary.com].

Figure 2 Xanthan production and viscosity of different strains of Xanthomonas vesicatoria. (a) Xanthan production relative to bacterial growth

(OD600). (b) Viscosity of xanthan determined as low shear rate viscosity (LSRV). Each bar represents the mean � standard error (SE) of three

independent experiments. Different letters indicate significant differences at P ≤ 0.05 according to Tukey’s test.
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smaller than those of BNM 208 (Table 2). The surface
coverage reflects how efficiently the abiotic surface is col-
onized by bacteria and corresponds to the area coverage
in the first image of the stack. The biofilm of BNM 216
was the most heterogeneous, with a great variation in
thickness, as indicated by its high roughness coefficient
(Table 2). Also, the biofilm produced by BNM 208 pre-
sented the largest average diffusion distances, indicating
that it produces large aggregates of biomass and cell
clusters and, hence, a more confluent and compact bio-
film. Finally, the average thickness of the biofilm of

BNM 216 was significantly higher than those of BNM
208 and BNM 214.

Discussion

The data presented here improve the knowledge of viru-
lence factors that contribute to aggressiveness in strains
of Xv causing tomato bacterial spot in Argentina. Previ-
ous studies on this pathogen have focused mainly on the
type III secretion system and its effectors, which have
been widely studied as virulence determinants (Thieme

Figure 3 Adhesion of different strains of

Xanthomonas vesicatoria to abiotic and biotic

surfaces. (a) Adhesion to polystyrene visualized

by crystal violet (CV) technique, determined after

72 h of incubation. Each bar represents the

mean � standard error (SE) of two independent

experiments, with 24 replicates each time. Data

represents the proportion of adhered to non-

adhered bacteria (OD570/OD600). Different letters

indicate significant difference at P ≤ 0.05

according to Tukey’s test. (b) Representative

images of bacterial adhesion on abaxial surfaces

of tomato leaves quantified by CV staining. [Colour

figure can be viewed at wileyonlinelibrary.com].

Figure 4 Biofilm architecture of Xanthomonas vesicatoria strains. Three-dimensional reconstruction of biofilms visualized under confocal laser

scanning microscopy (CLSM) and projected images of the z-axis. Scale bars = 10 lm. [Colour figure can be viewed at wileyonlinelibrary.com].

Plant Pathology (2018) 67, 1936–1943

1940 V. Felipe et al.

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com


et al., 2005; Lorenz et al., 2008); however, other factors
that occur before infection are also involved in the
aggressiveness of this species.
The results of the present investigation suggest that

factors that determine epiphytic growth and biofilm for-
mation are important determinants of strain aggressive-
ness in Xv. Among the strains assayed, BNM 208 caused
the highest level of disease on tomato. However, when
infiltrated into leaf tissues, surpassing the cuticle, it mul-
tiplied to levels similar to the other strains. Upon arrival
to the phyllosphere, pathogenic xanthomonads must
have the ability to colonize the leaf surface before enter-
ing the plant tissues through stomata and wounds
(Thieme et al., 2005; Potnis et al., 2015). The develop-
ment of bacterial biofilms is generally a multistep pro-
cess, which is initiated when the bacteria reach a surface.
The bacteria attach to a surface reversibly, where they
can move freely across it until they become immobilized.
Specialized surface exposed proteins called adhesins, such
as flagella and pili, mediate bacterial adhesion to accom-
plish this critical step (Petrova & Sauer, 2012).
The high aggressiveness of strain BNM 208 could be

related to its high potential to attach and move over sur-
faces (swarming and twitching motilities), and to develop
well-structured biofilms.
The capability for swarming motility is associated with

flagella number and/or placement, quorum sensing, and
the production of wetting agents (Harshey, 2003; Kaiser,
2007; Overhage et al., 2007). This bacterial movement
promotes the entry into stomata or wounds and allows
bacteria to locate specific sites for adhesion. It is also
involved in the first step of biofilm formation on leaf sur-
faces, which is a key factor for bacterial growth and
development of disease in Xanthomonas (Rigano et al.,
2007; Sena-V�elez et al., 2015).
The other type of bacterial movement evaluated,

twitching motility, is dependent on T4P and independent
of flagella (Burrows, 2012; Dunger et al., 2016). T4P are
involved in surface attachment, biofilm formation, and
cell-to-cell aggregation in several Xanthomonas species
(Caserta et al., 2010; Dunger et al., 2014). In Xv, muta-
tions in a gene involved in T4P structure dramatically
reduced cell aggregation and tolerance to UV light
(Ojanen-Reuhs et al., 1997). Some authors have sug-
gested that flagella and T4P contribute to swarming
motility in bacteria (Kohler et al., 2000; Rashid & Korn-
berg, 2000; Overhage et al., 2007). Kohler et al. (2000)
observed that in P. aeruginosa, T4P assist the flagellum

in surface propagation and, alternatively, the pili could
be involved in sensing the viscosity of the surface and
sending a signal for initiation of swarming. Thus, the
greater swarming motility observed in the BNM 208
strain could be related to its higher twitching motility.
During their epiphytic life many plant pathogenic bac-

teria form biofilms, a strategy that allows them to cope
with harsh environments and establish pathogenic inter-
actions with their hosts (Castiblanco & Sundin, 2016).
In other Xanthomonas species, biofilm establishment
requires, among other factors, the production of xanthan
(Rigano et al., 2007; Bianco et al., 2016), and the pres-
ence of flagella (Malamud et al., 2011) and T4P (Dunger
et al., 2016). In this study, the most aggressive strain,
BNM 208, developed a biofilm with mature characteris-
tics, with defined cell clusters, a homogeneous and com-
pact structure, high biomass and substratum coverage. In
contrast, BNM 216 exhibited a biofilm practically
unstuck and without any characteristic of maturation,
while BNM 214 developed a biofilm with an intermedi-
ate robustness and attachment to the surface. Despite
this, BNM 216 showed the greatest average thickness
values. However, this parameter does not reflect all of
the structural heterogeneity of the biofilm; thickness rep-
resents the distance between the substratum and the
outermost cell, but internal features of the biofilm, such
as voids or cell clusters, are not captured by this mea-
surement. Interestingly, BNM 208 produces a highly vis-
cous xanthan, which could also help explain its high
swarming motility. Surfactants like xanthan are amphi-
pathic molecules that reduce tension between the sub-
strate and the cell, enhancing the spread of bacteria over
solid surfaces (Kearns, 2010). Furthermore, the EPS xan-
than enables bacterial cells to stick together in a biofilm
and is a key element in the development of complex,
three-dimensional attached communities (Sauer et al.,
2007). Therefore, the differences observed in the biofilm
structure of each strain might be related to the differ-
ences in viscosity of the xanthan they produced.
The results of the present study are consistent with

those reported by other authors who highlight that bio-
film formation facilitates bacterial establishment around
the stomata and support the role of these structures as
the initial step of the infection process (Rigano et al.,
2007).
To the best of the authors’ knowledge, this is the first

report that describes biofilm formation in relation to
aggressiveness in strains of Xv. A better understanding

Table 2 Evaluation of biofilm properties of strains of Xanthomonas vesicatoria.

Strain Biomass (lm3 lm�2) Average thickness (lm) Roughness coefficient Average diffusion distance (lm) Surface coverage (%)

BNM 208 6.71 � 0.29 a 7.87 � 0.16 b 0.49 � 0.03 b 0.80 � 0.01 a 0.83 � 0.04 a

BNM 214 4.44 � 0.12 b 8.80 � 0.20 b 0.57 � 0.03 b 0.44 � 0.05 b 0.47 � 0.005 b

BNM 216 3.24 � 0.24 b 12.60 � 0.40 a 0.78 � 0.03 a 0.24 � 0.04 c 0.07 � 0.003 c

Values represent means � standard errors (SE). For each variable different letters within the columns indicate significant differences at P ≤ 0.05

according to Tukey’s test.
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of the importance of biofilm formation in Xv virulence
would help the development of new control methods
for bacterial spot based on the disruption of biofilms
or interference in their formation. As an example,
2-aminoimidazole, an analogue of the marine sponge
natural product oroidin, decreases biofilm formation
and bacterial spot symptoms induced by X. euvesicato-
ria on pepper (Worthington et al., 2012). Further stud-
ies are needed to analyse other virulence factors
implicated in the infection process of Xv. Such knowl-
edge may provide a rational basis for the development
of crop protection methods based on interference with
key processes in the epiphytic survival and disease
phases of bacterial pathogenesis.
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