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SUMMARY

INTRODUCTION

Failure to control tomato bacterial spot caused by
Xanthomonas spp. with antibiotics and copper-based
products is frequently reported. Also, in some pathosystems, isolates that have acquired resistance to one chemical agent may display altered fitness when compared to
sensitive isolates. Therefore, the objectives of this study
were (i) to evaluate the sensitivity of 94 isolates of Xanthomonas spp. to copper and streptomycin, and (ii) to
compare the competitive ability of selected copper-sensitive and -resistant isolates of X. perforans in planta.
Isolate reaction to each chemical was divided into four
classes (S, sensitive; MS, moderately sensitive; R, resistant; and HR, highly resistant). While no isolates were
recorded as HR to copper sulphate, 100% X. gardneri
and 84.9% X. perforans were copper-R. Copper sensitive isolates were found only in X. perforans and X. euvesicatoria. Streptomycin-R and HR isolates predominated, except among X. perforans which had a majority
sensitive or MS isolates. Six X. perforans isolates with
contrasting responses to copper were inoculated to
tomato plants, individually and in mixed inoculations
for aggressiveness and competitiveness assessments. In
vivo symptoms caused by S or MS isolates were significantly more severe than those caused by R isolates, indicating reduced fitness of the latter in the absence of
copper sulphate. In one out of the three mixed inoculations the copper-R isolate was not recovered, further
suggesting fitness impairment of copper-R isolates in the
absence of selection pressure.

Bacterial leaf spot of tomato, caused by four different
species of Xanthomonas, namely X. euvesicatoria, X.
vesicatoria, X. perforans and X. gardneri (Jones et al.,
2004), is a limiting factor to tomato (Solanum lycopersicum) production worldwide. Both processing and
fresh-market tomatoes may be severely affected when
environmental conditions are conducive to the disease.
No resistant cultivars are available and chemical control
is frequently reported as ineffective (Quezado-Duval et
al., 2003).
Although routinely employed in fresh and processing
tomato crops in Brazil, copper fungicides and antibiotics registered for agricultural use often result in inefficient control. Indeed, the selection and persistence of
isolates resistant to several of these chemicals has been
hypothesized as one reason for the observed low efficiency of disease control. Resistance to streptomycin
was first reported in Florida (USA) about half a century
ago (Stall and Thayer, 1962). Later, again in Florida, the
first report of resistance to copper was recorded (Marco
and Stall, 1983). Bouzar et al. (1999) found Xanthomonas isolates resistant to both streptomycin and
copper in the Caribbean and Central America. In
Brazil, Carmo et al. (2001) reported poor efficiency of
copper fungicides in sweet-pepper (Capsicum annuum)
crops, an indication that resistant isolates may also be
present in Brazil.
An early copper sensitivity study of Xanthomonas
spp. causing bacterial spot on processing tomatoes in
Brazil, found no resistant isolate at 200 µg ml-1 of copper sulphate, but evidenced differences in sensitivity at
50 µg ml-1. All isolates of group C (presently X. perforans) were sensitive to streptomycin and 97% of them
were sensitive to copper (Quezado-Duval et al., 2003).
Some studies have shown that plant pathogenic isolates that have acquired resistance to one chemical agent
may have their competitiveness reduced when challenged by sensitive isolates in the absence of the product. Plant pathogenic fungal isolates sensitive to fungicides may produce larger amount of spores, display a
higher mycelial growth rate in vitro, or cause larger
number of lesions in vivo than the resistant isolates, sug-
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Table 1. Origin, pathogenicity, biochemical characteristics and reaction to bactericides of the isolates studied.
Isolates
EH 2009-46
EH 2009-47
EH 2008-32
EH 2008-167
EH 2008-168
EH 2008-169
EH 2008-170
EH 2009-42
EH 2005-11
EH 2006-06
EH 2006-08
EH 2007-12
EH 2007-13
EH 2007-17
EH 2007-18
EH 2007-19
EH 2007-20
EH 2007-22
EH 2007-31
EH 2007-32
EH 2007-34
EH 2007-35
EH 2007-37
EH 2007-40
EH 2007-41
EH 2007-42
EH 2007-43
EH 2007-44
EH 2007-45
EH 2008-22
EH 2008-35
EH 2008-171
EH 2008-179
EH 2009-22
EH 2009-30
EH 2009-33
EH 2009-37
EH 2009-40
EH 2009-45
EH 2009-49
EH 2009-183
EH 2005-30*
EH 2005-54*
EH 2005-60
EH 2006-10
EH 2006-44*
EH 2007-09
EH 2007-26*
EH 2008-13*
EH 2008-14
EH 2008-16*
EH 2008-19
EH 2008-20
EH 2008-28
EH 2008-36
EH 2008-172
EH 2008-173
EH 2008-174
EH 2008-175
EH 2008-176
EH 2008-177
EH 2009-05
EH 2009-10
EH 2009-12
EH 2009-13
EH 2009-14
EH 2009-15
EH 2009-20
EH 2009-21
EH 2009-23
EH 2009-24
EH 2009-26
EH 2009-31
EH 2009-32
EH 2009-34
EH 2009-38
EH 2009-39
EH 2009-44
EH 2009-48
EH 2009-55
EH 2009-56
EH 2009-57
EH 2009-58
EH 2009-59
EH
6

Origin/Collection year
Uberaba-MG / 2009
Uberaba-MG / 2009
Luziânia-GO / 2008
Paty do Alferes-RJ / 2008
Paty do Alferes-RJ / 2008
Paty do Alferes-RJ / 2008
Paty do Alferes-RJ / 2008
Uberaba-MG / 2009
São José dos Pinhais-PR / 2005
Mucugê-BA / 2006
Ibicoara -BA / 2006
Goianápolis-GO / 2007
Goianápolis-GO / 2007
Marilândia do Sul-PR / 2007
Marilândia do Sul-PR / 2007
Marilândia do Sul-PR / 2007
Marilândia do Sul-PR / 2007
Marilândia do Sul-PR / 2007
Caxias do Sul-PR / 2007
Caxias do Sul-PR / 2007
Caxias do Sul-PR / 2007
Caí-RS / 2007
Caí-RS / 2007
Caí-RS / 2007
Caí-RS / 2007
Santa Lucia-RS / 2007
Santa Lucia-RS / 2007
Santa Lucia-RS / 2007
Santa Lucia-RS / 2007
Espírito Santo-ES / 2008
São Paulo-SP / 2008
São Sebastião do Alto-RJ / 2008
Espírito Santo-ES/ 2008
Goianápolis-GO / 2009
Araguari-MG / 2009
Uberaba-MG / 2009
Uberaba-MG / 2009
Uberaba-MG / 2009
Uberaba-MG / 2009
Araguari-MG / 2009
Teresópolis-RJ / 2009
Vicentinópolis-GO / 2005
Goiânia-GO / 2005
Patos de Minas-MG / 2005
Ibicoara -BA / 2006
Itaberaí-GO / 2006
Itaberaí-GO / 2007
Joviânia-GO / 2007
Rio Verde-GO / 2008
Rio Verde-GO / 2008
Goiânia-GO / 2008
Goiânia-GO / 2008
Goiânia-GO / 2008
Luziânia-GO / 2008
Catalão-GO / 2008
São Sebastião do Alto-RJ / 2008
São Sebastião do Alto-RJ / 2008
São Sebastião do Alto-RJ / 2008
São Sebastião do Alto-RJ / 2008
Miracema-RJ / 2008
Miracema-RJ / 2008
Camocim São Félix-PE / 2009
Anápolis-GO/ 2009
Anápolis-GO / 2009
Anápolis-GO / 2009
Anápolis-GO / 2009
Anápolis-GO / 2009
Goianápolis-GO / 2009
Goianápolis-GO / 2009
Goianápolis-GO / 2009
Goianápolis-GO / 2009
Goianápolis-GO / 2009
Uberaba-MG / 2009
Uberaba-MG / 2009
Uberaba-MG / 2009
Uberaba-MG / 2009
Uberaba-MG / 2009
Uberaba-MG / 2009
Araguari-MG / 2009
Araguari-MG / 2009
Araguari-MG / 2009
Araguari-MG / 2009
Araguari-MG / 2009
Araguari-MG / 2009
A
i MG /

Pathogenicity Tests
cv. Bonny Best cv. Early Wonder
(Tomato)
(Pepper)
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
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+
+
+
+
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+
+
+
+
+
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+
+
nd
+
nd
+
+
nd
+
+
+
nd
+
+
nd
+
nd
+
nd
+
+
+
+
+
+
+
+
+
nd
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

Racea
T1
T1
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T3
T

Starch
Hydrolysisb
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Response to
copper/streptomycin
R/MS
S/HR
R/R
R/HR
R/R
R/R
R/R
R/R
R/R
R/R
R/R
R/R
R/R
R/R
R/R
R/R
R/R
R/R
R/R
R/R
R/R
R/R
R/R
R/MS
R/R
R/R
R/R
R/R
R/R
R/HR
R/R
R/R
R/R
R/R
R/HR
R/R
R/HR
R/R
R/MS
R/S
R/R
MS/S
MS/S
MS/S
R/S
MS/S
MS/S
MS/S
S/S
R/R
S/R
R/R
MS/S
R/R
R/R
R/R
R/R
R/R
R/R
R/S
R/R
MS/S
MS/S
R/MS
R/MS
R/R
R/R
R/R
R/R
R/R
R/R
R/R
R/S
R/MS
R/S
R/S
R/R
R/HR
R/S
R/S
R/S
R/R
R/R
R/R
R/R

Xanthomonas
speciesc
X. euvesicatoria
X. euvesicatoria
X. vesicatoria
X. vesicatoria
X. vesicatoria
X. vesicatoria
X. vesicatoria
X. vesicatoria
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. gardneri
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X. perforans
X
f
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a. race identification according to Jones et al. (1995).
b. biochemical test for differentiation of Xanthomonas species causing tomato bacterial spot
c. according to biochemical tests, pathogenicity assays, rep-PCR and specific primers
S: Sensitive reaction; MS: Moderate sensitive reaction; R: Resistant reaction; HR: Highly resistant reaction; nd. Not determined.
* X. perforans isolates selected for the in vivo competitiveness assays.
Numbers designate code from the Plant Pathogenic Bacterial Collection at Embrapa Hortaliças, Brazil

gesting loss of aggressiveness and competitive fitness of
the resistant strains in the absence of selection pressure
(e.g. Webber, 1988; Sanoamuang and Gaunt, 1995).
However, in other pathosystems, the acquisition of
resistance has not been associated with reduction of
competitive potential. Among oomycetes, resistant isolates may present equal or superior performance in biological parameters such as latent period and growth
rates, and no appreciable loss in aggressiveness compared to sensitive ones (e.g. Café-Filho and Ristaino,
2008; Hu et al., 2008; Corio-Costet et al., 2011).
Fitness costs in prokaryotes are mostly studied
among bacteria of medical or environmental concern.
Kang and Park (2010) showed that an antibiotic-resistant strain of Acinetobacter sp. displayed significant phenotypic and physiological changes. Such alterations
have been characterized as biological fitness costs (Andersson, 2006). On the other hand, Luciani et al. (2009)
demonstrated that the overall fitness of antibiotic-resistant strains of Mycobacterium tuberculosis was comparable with that of sensitive strains. Among plant pathogenic bacteria, Sundin and Bender (1993) and Cazorla
et al. (2002), among others, studied copper and streptomycin resistance in Pseudomonas syringae, determining
that resistance is encoded by conjugative plasmids. Still
within P. syringae, Hwang et al. (2005) showed that resistance to copper is widespread, while naturally-occurring streptomycin resistance was rare. While fewer such
studies were published on Xanthomonas, resistance to
copper among xanthomonads and pseudomonads has
been argued to be of similar nature (Voloudakis et al.,
1993).
Although the occurrence of resistance to copper
among Capsicum strains of Xanthomonas campestris pv.
vesicatoria has been reported (e.g. Marco and Stall,
1983; Adaskaveg and Hine, 1985), the assessment of the
biological costs of copper or antibiotic resistance in
Xanthomonas species associated with tomato bacterial
spot has not yet been done. The only study found in the
literature regarding competition among the Xanthomonas complex associated with tomato bacterial
spot focuses on bacteriocin production, not copper or
streptomycin resistance (Hert et al., 2005). That study

determined that bacteriocins provided X. perforans
strains with a competitive advantage over the wild-type
X. perforans strain and X. euvesicatoria. It was further
reported that a virulence-attenuated strain of X. perforans could be deployed as a biological control agent
against X. euvesicatoria (Hert et al., 2009).
The characterization of the response of each Xanthomonas species causing bacterial spot to streptomycin
and copper is essential for dosage recommendation and
disease management advice. Therefore, the objectives of
this study were (i) to characterize a collection of Xanthomonas isolates from tomato-producing regions in
Brazil as to their in vitro reaction to copper and to
streptomycin sulphates, and (ii) to assess the infra-specific competitive ability of X. perforans isolates with
contrasting reactions to copper sulphate, on the basis of
their aggressiveness to tomato and population recovery
from diseased tissue.
MATERIALS AND METHODS

Reaction of Xanthomonas spp. to copper and streptomycin. A collection of 94 Xanthomonas spp. (53 X.
perforans, 33 X. gardneri, 6 X. vesicatoria and 2 X. euvesicatoria), deposited at the Plant Pathogenic Bacterial
Collection of Embrapa-Hortaliças, Brasília, Brazil, was
tested in vitro for reaction to copper and streptomycin
(Table 1). Isolates were collected between 2005 and
2009 from fresh-market and processing tomato fields in
the north-eastern, mid-western, south-eastern and
southern Brazilian regions. Lower numbers of X. euvesicatoria and X. vesicatoria in this collection reflect that
these species were less prevalent in Brazilian tomato
fields (Pereira et al., 2011). Isolates had been previously
identified as Xanthomonas according to the following
diagnostic tests (Schaad et al., 2001): Gram reaction (-);
aerobic growth (+); fluorescence on King`s B (-); yellow
colonies on NA (+); growth at 33°C on YDC (+); catalase activity (+) (Pereira et al., 2011). Xanthomonas
species were determined by comparison of their repPCR (BOX and/or REP) fingerprints (Louws et al.,
1995) to those of reference strains obtained from the
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Instituto Biológico de Campinas, São Paulo, Brazil (X.
euvesicatoria IBSBF 2363, X. vesicatoria IBSBF 2364, X.
perforans IBSBF 2370, and X. gardneri IBSBF 2373).
Representative haplotypes of each species were further
confirmed by specific primers (Koenraadt et al., 2009).
Pathogenicity was confirmed by inoculations on tomato
and pepper plants in the greenhouse (average temperature of 28.7°C). The collection was kept in phosphate
buffer (K2HPO4, KH2PO4, pH 7.0) at room temperature and at – 80°C on sterile 30% glycerol solution. For
sensitivity assessments, isolates were initially incubated
on NA medium for 48 h at 28°C and a 5×108 CFU ml-1
(OD600 = 0.3) bacterial suspension was prepared in 1 ml
of 10 mMol l-1 magnesium sulphate (MgSO4.7H2O, Sig-

Fig. 1. Reaction to copper and streptomycin of Xanthomonas
gardneri (n = 33) and X. perforans (n = 53) causing bacterial
leaf spot of tomato. Resistance was characterized by confluent growth in CYE agar, amended with 50, 100 or 200 µg
ml-1 of copper sulphate, or 25, 50 or 100 µg ml-1 streptomycin, 72 h after incubation at 28°C. S: Sensitive reaction;
MS: Moderate sensitive reaction; R: Resistant reaction; HR:
Highly resistant reaction.

Journal of Plant Pathology (2012), 94 (1), 71-78

ma Cell Culture). Ten microlitres of this suspension
were then transferred to CYE medium (Zevenhuizen et
al., 1979), containing casitone, 1.7 g l-1; yeast extract,
0.35 g l-1; glycerol, 2.0 g l-1; and agar, 15 g l-1 and to NA
medium for the sensitivity assays to copper and streptomycin, respectively. CYE agar has been previously used
to assess Pseudomonas cichorii (Pohronezny et al., 1994)
and Xanthomonas spp. (Pernezny et al., 2008) sensitivity
to copper. CYE agar has a low capacity to complex with
copper ions and was supplemented with copper sulphate (CuSO4.5H2O, Merck) in the following concentrations: 50 µg ml-1 (Quezado-Duval et al., 2003), 100
and 200 µg ml-1 (Obradovic et al., 2004). These concentrations correspond to 0.2, 0.4 and 0.8 mM CuSO4, respectively.
For the streptomycin sensitivity assay, NA medium
was supplemented with streptomycin sulphate (SigmaAldrich, USA) at 25 µg ml-1 (Quezado-Duval et al.,
2003), 50 and 100 µg ml-1 (Obradovic et al., 2004). Isolates were tested in three replicates, and confluent
growth, equivalent to growth in NA control plates, was
recorded after 72 h of incubation at 28°C for resistance
assessments. Isolates were considered sensitive (S) when
they did not grow at 50 µg ml-1 or 25 µg ml-1 of copper
sulphate or streptomycin sulphate, respectively, and
highly resistant (HR) if they grew confluently at 200 µg
ml-1 (0.8 mM CuSO4) or 100 µg ml-1 of each respective
chemical. Moderately sensitive (MS) isolates grew at 50,
but not at 100 µg ml-1 of copper sulphate or at 25, but
not at 50 µg ml-1 of streptomycin sulphate, and resistant
(R) isolates grew at 100, but not at 200 µg ml-1 of copper sulphate, and at 50, but not at 100 µg ml-1 of streptomycin sulphate. Control cultures of all isolates were
incubated in similar conditions in non-amended NA
and CYE for comparison purposes and only colonies
that presented confluent growth equivalent to that of
the controls in all three replicates were considered positive for each respective treatment.
Evaluation of competitive ability of Xanthomonas
perforans isolates with contrasting reactions to copper
sulphate. The isolates used in this assay were collected
in processing tomato fields in the state of Goiás (Brazil).
Six X. perforans isolates, with contrasting in vitro reactions to copper according to the tests described above
were selected (Table 1) for inoculation to the susceptible tomato cv. Yuba (CNPH 851). A preliminary assay
showed that there were no significant differences in
growth among the isolates when cultivated for 48 h on
CYE agar medium. Plants were inoculated at the 5th6th leaf stage with a manual sprayer, with a suspension
of 5×108 CFU ml-1 of each isolate, as in Astua-Monge et
al. (2000), separately or co-inoculated with a 1:1 mixture of resistant (R) and sensitive/moderately sensitive
(S/MS) isolates in three combinations, as in Shenge et
al. (2008). The bacterial suspensions were distributed
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homogeneously on the leaves up to saturation and
plants were subsequently covered with humid plastic
bags for 48 h and kept in pots in the greenhouse with
natural light and mean temperature of 27±4°C. A total
of nine treatments, viz. six single inoculations and three
mixed inoculations combining one MS, two S and three
R isolates were tested in a completely randomized block
design. Experimental units were represented by five
plants and the experiment was replicated twice. Competitiveness ability was assessed by measuring disease
severity and bacterial recovery from inoculated plants as
described below.
Disease severity assessment. Disease severity, measured as the percentage of diseased leaf area, was used to
estimate isolate aggressiveness, defined in Andrivon
(1993) as the quantity of disease induced by a pathogenic strain on a susceptible host. Twelve days after inoculations five leaflets from each treatment were collected
for the video-image scanning of diseased leaf area, using
the QUANT software v. 1.0, which differentiates diseased and healthy tissue by artificial colouring (Vale et
al., 2001). Chlorotic leaf areas surrounding lesions were
not computed as diseased areas in this study.
Bacterial recovery from tomato plants inoculated
singly or simultaneously with two strains of X. perforans. Reisolation from plants inoculated with single or
mixed bacterial suspensions was attempted 12 days after inoculation, on CYE medium amended or nonamended with 100 µg ml-1 copper sulphate (for recovery of resistant or all isolates, respectively). Two samples, composed of three symptomatic leaflets, were collected from each treatment replicate. Eight-mm leaflet
sections of half diseased and half healthy tissue were
dipped in ethanol 70% for 10 sec, followed by a 30 sec
dip in sodium hypochlorite 10%, and a triple wash in
magnesium sulphate 10 mMol l-1 to avoid growth of non
target microorganisms, since a X. perforans selective
medium was not available. Samples were then macerated in sterilized water and diluted up to 10-5, to allow for
colony counts. Aliquots (100 µl) of these suspensions
were then transferred to copper-amended and nonamended CYE plates. Colonies were counted on each
medium after a 72 h incubation at 28°C. Each treatment
was assessed in three replicates. Analysis of variance and
mean separation (Fisher´s LSD) for the aggressiveness
test and the competitive assay were carried out with the
statistical program SAS (SAS Institute, 2002).
RESULTS

Reaction of Xanthomonas spp. to copper and streptomycin. Isolates representative of all four species were,
to some degree, insensitive to copper or streptomycin

Araújo et al.
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(Table 1). Frequency of copper and streptomycin reaction of the two most representative species in our sampling, namely X. gardneri and X. perforans are represented in Fig. 1. Although none of the isolates grew in
CYE at a copper concentration of 200 µg ml-1 (cop-HR
reaction), 90.4% were resistant at the 100 µg ml-1 concentration (cop-R reaction), and a further 6.4% were insensitive at the 50 µg ml-1 concentration (cop-MS reaction). Only 3.2% of the isolates of all species combined
were cop-S. Within the two most prevalent species, it is
worth noticing that 100% of X. gardneri (n = 33) isolates were classified as cop-R, and 84.9% of X. perforans
(n = 53) were cop-R, while only eight were cop-S or
cop-MS (Fig. 1). Among the two least prevalent species,
all X. vesicatoria isolates (n = 6) were cop-R, while one
of the two representatives of X. euvesicatoria was cop-S
and the other was cop-R (Table 1).
Overall frequency of HR to streptomycin (strep-HR)
among all four species was 7.4% (growth at 100 µg
ml-1), while 62.8% were classified as strep-R (growth at
50 µg ml-1) and a further 4.3% were strep-MS (growth
at 25 µg ml-1). The remaining 25.5% of the isolates was
strep-S. Within the two prevalent species, X. gardneri
was predominantly strep-R (82%) or strep-HR (9%)
while most strep-S isolates were found in X. perforans
(21 out of 22 strep-S isolates) (Fig. 1). Among the two
least prevalent species, no strep-S isolates were found.
Five X. vesicatoria isolates were strep-R and one was
strep-HR. Of the two representatives of X. euvesicatoria, one was strep-MS and the other was strep-HR
(Table 1).
Evaluation of competitive ability of Xanthomonas
perforans isolates with contrasting reactions to copper
sulphate. Copper-S or MS isolates caused up to 13.8%
and 7.6% diseased area, respectively, while cop-R isolates caused between 4.5% and 6.2% diseased leaf area,
12 days after inoculation. In single inoculations, significantly (P ≤ 0.05) more severe symptoms were found
with isolate 2008-13 and 2008-16 (both cop-S). CopperR isolates were consistently the least aggressive (Fig. 2).
In the mixed inoculations disease levels were variable.
No additive or synergistic effects on disease severity
were evident when two X. perforans isolates with contrasting reactions to copper were inoculated simultaneously onto the same tomato plant. Conversely, competition between mixed isolates may be inferred in one case:
when cop-S isolate 2008-13 was inoculated singly, it
produced a larger diseased area than when it was inoculated jointly with cop-R isolate 2006-44 (Fig. 2).
Bacterial recovery from tomato plants inoculated
singly or simultaneously with two strains of X. perforans. Colonies of X. perforans were reisolated in nonamended CYE from all mixed inoculations, in similar
numbers (Fig. 3). More interestingly, in one out of the
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Fig. 2. Percentage of diseased tomato leaf area by copper-resistant or sensitive Xanthomonas perforans, 12 days after single or combined inoculations. Bars with same letter are not
significantly different (LSD, p ≤ 0.05). R = isolate resistant at
100 µg ml-1 of copper sulphate. R = isolate resistant to 100 µg
ml-1 of copper sulphate; MS = isolate resistant to 50 µg ml-1
and sensitive to 100 µg ml-1 of copper sulphate; S = isolate
sensitive to copper sulphate at 50 µg ml-1.

three mixed inoculations [isolate 2007-26 (cop-R) +
2005-54 (cop-MS)], recovery of the copper-resistant isolate was unsuccessful in all three replicates, strongly
suggesting fitness impairment under no pressure for
copper resistance (Fig. 3).

Fig. 3. Recovery of isolates of copper-resistant and sensitive
Xanthomonas perforans in non-amended or copper-amended
CYE, 12 days after joint inoculations in tomato leaves. R = isolate resistant to 100 µg ml-1 of copper sulphate; MS = isolate
resistant to 50 µg ml-1 and sensitive to 100 µg ml-1 of copper
sulphate; S = isolate sensitive to copper sulphate at 50 µg ml-1.

DISCUSSION

All studies published so far concerning xanthomonads causing bacterial spot and resistance to bactericides
have not reported isolate response for each of the four
bacterial species that currently form this disease com-
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plex. In the present work we showed that there is a significant variation in copper and streptomycin sensitivity
among the two most prevalent species in Brazil, viz. X.
perforans and X. gardneri. Variation was also recorded
among the two least prevalent ones, X. vesicatoria and
X. euvesicatoria. Furthermore, and more importantly,
the distribution of sensitivity to those antimicrobial
compounds among isolates seems to be remarkably related to the species.
Copper resistant phenotype is widespread among
plant pathogenic bacteria, such as Pseudomonas syringae
(Hwang et al., 2005) and Xanthomonas spp. (Marques
et al., 2009; Teixeira et al., 2008). Copper resistance
among xanthomonads causing bacterial spot, mainly in
peppers, has also been reported in the US (Marco and
Stall, 1983; Adaskaveg and Hine, 1985; Ritchie and Dittapongpitch, 1991), Brazil (Aguiar et al., 2003) and Serbia (Obradovic et al., 2004). In the US and Canada, disease management of bacterial spot based on copper
products has not resulted in effective control (Abbasi et
al., 2002). Likewise, cupric compounds registered for
agricultural use in Brazil, often do not achieve efficient
disease control (Carmo et al., 2001). The occurrence of
resistant strains may be one of the causes of this low efficiency.
Adaskaveg and Hine (1985) found that the frequency
of pepper cop-R isolates among populations of X.
campestris pv. vesicatoria of different regions depended
on the frequency of copper bactericides employment by
growers. Ritchie and Dittapongpitch (1991) reported
that 63% of a collection of mostly pepper isolates of X.
campestris pv. vesicatoria were resistant to copper at 200
µg ml-1 in North Carolina (USA). In contrast, QuezadoDuval et al. (2003) found no isolates resistant to copper
at 200 µg ml-1 in Brazilian processing tomato fields.
Here we analyzed a different set of isolates, which also
included isolates from fresh market tomato fields and
again no cop-HR isolates were found. Thus, it seems
that the level of copper resistance currently found naturally in tomato fields in Brazil is somewhat lower than
those recorded in the US. Nevertheless, in this study
cop-R (growth at 100 µg ml-1) was prevalent (90.4% of
all isolates tested), which still poses a significant threat
to disease management.
Regarding X. perforans, Quezado-Duval et al. (2003)
reported that 97% of group C isolates (=X. perforans)
were sensitive at 50 µg ml-1 (cop-S) and all were sensitive to streptomycin. Since then, the distribution of resistant isolates in the field population of X. perforans
seems to have shifted significantly, as our results with
isolates collected from 2005 to 2009 show that 84.9% of
the isolates are now cop-R and 52.8% are strep-R or
HR (Fig. 1). Indeed, there may be a shift in course towards increasing resistance to chemicals in the Brazilian
populations of xanthomonads, especially within X. perforans. Sundin and Bender (1993) detected a similar
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state of flux towards copper and streptomycin resistance in natural populations of P. syringae pv. syringae.
However, they did not assess fitness parameters of those
isolates. The observed increase in the prevalence of copper or streptomycin resistance is probably due to the
widespread and continuous use of related antimicrobial
control products.
Results of the selection pressure towards copper resistance are quite evident in X. gardneri and X. vesicatoria, but comparatively less clear in X. perforans and X.
euvesicatoria. Recent studies showed that these latter
two species are closely related based on AFLP markers
and evolutionary genome divergence analysis (Hamza et
al., 2010), and phylogenetic comparisons of gyrB sequences (Parkinson et al., 2009). This could partially explain their similarities when responding to selection
pressure towards resistance in nature.
With reference to streptomycin resistance, the distribution pattern among classes was conspicuously dependent on the species. X. perforans presented a remarkable distinct sensitivity pattern, compared to the
other species. Of the 53 X. perforans isolates tested,
41.5% were strep-S (absence of growth at 25 µg ml-1).
Among the other three species, only one additional isolate of X. gardneri was also sensitive. Conversely, X.
gardneri and X. vesicatoria isolates were mostly strep-R
or HR. Although only two isolates of X. euvesicatoria
were included in this study, due to the low prevalence of
this species in tomato fields in Brazil in recent years,
one strep-HR was found. One possible reason for the
discrepancy between X. perforans and the other species
is that it may be a recently introduced species and consequently has not been exposed as long as the others to
the antibiotic under field conditions. The reported low
level of diversity found in X. perforans in Brazil (Quezado-Duval et al., 2005) agrees with this. In addition, it
can be speculated that the biological fitness cost of resistance in X. perforans is higher than in the other bacterial spot pathogens and this could prevent the appearance of more strep-R or HR isolates within this species.
Among X. perforans isolates differing in sensitivity to
copper, cop-R isolates were consistently the least aggressive ones. Several factors may affect competitive ability
in bacteria. For example, other studies in xanthomonads causing bacterial spot have shown that the production of bacteriocins may provide a competitive advantage for X. perforans causing displacement of X. euvesicatoria (Hert et al., 2005). So far no study has focused
on the effect of copper resistance on infraspecific competitive ability within each species that form this complex. The lower percentage of diseased leaf area caused
by cop-R isolates, when compared to cop-S or MS isolates, suggests a negative correlation between copper resistance and the ability of X. perforans to cause disease
on tomato, thus characterizing a measurable biological
fitness cost. It is well known that the acquisition of
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resistance to antimicrobial compounds may reduce biological fitness, but there are also examples of low biological cost or even cost-free variants in several species,
from widely different habitats (Kang and Park, 2010;
Luciani et al., 2009; Lilley and Bailey, 1997). In
oomycetes (Chromista) and also among true fungi the
two scenarios have been recorded. In competition assays, resistant Phytophthora isolates grown in the absence of the control products (metalaxyl or mefenoxam), were as competitive or even more aggressive than
the sensitive ones, measured by spore production,
mycelial growth and ability to cause damage to their
hosts (Hu et al., 2008; Café-Filho and Ristaino, 2008;
Kadish et al., 1990). Also, in Plasmopara viticola, no evident cost was detected for quinone outside-inhibitor
(QoI) fungicide-resistant isolates (Corio-Costet et al.,
2010). However, in other pathosystems, the reverse situation has been observed. When selection pressure is removed, sensitive isolates have competitive advantages
over the resistant ones of the same species (Sanoamuang
and Gaunt, 1995; Webber, 1988).
Excess copper in bacterial cells may be toxic, simultaneously affecting several metabolic functions. In order to
survive in an environment with high concentrations of
this metal, bacteria must activate regulatory mechanisms
related to the acquisition of plasmid-borne resistance
genes (Teixeira et al., 2008; Rensing and Grass, 2003). It
is possible that this additional metabolic cost for those
isolates that acquired resistance genes results in loss of
competitiveness in the absence of cupric compounds in
the environment. The competitiveness among resistant
and sensitive X. perforans isolates, when estimated by the
success of isolate recovery from mixed inoculations of
cop-R and cop-MS depended on the isolate combination. However, in one of the mixed inoculations (Fig. 3),
re-isolation of the cop-R isolate was unsuccessful in all
three replicates, strongly supporting the hypothesis of
fitness impairment in the absence of selection pressure.
Furthermore, the three copper sensitive or cop-MS isolates were seemingly more competitive than the three
cop-R isolates, as they always caused greater percentage
of diseased leaf area in absence of selection pressure for
copper resistance as well (Fig. 2). This requires a more
careful use of copper products for bacterial spot control,
in a manner similar to that recommended by Wolf
(1981), i.e. by avoiding routine, prophylactic use of
chemicals, applying antimicrobial compounds parsimoniously in the field, and integrating their use with other
control measures. These measures may prevent the
prevalence of resistant individuals in a population, and
might even revert dominance of cop-R isolates by interrupting copper sprays, as the lack of selection pressure
will presumably favor the sensitive and more competitive
isolates, therefore reinstating the effectiveness of control.
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