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Abstract
Gama, M. A. S., Mariano, R. L. R., Viana, F. M. P, Ferreira, M. A. S. V., and Souza, E. B. 2011. Polyphasic characterization of pigmented strains of

Xanthomonas pathogenic to cashew trees. Plant Dis. 95:793-802.

The export of cashew (Anacardium occidentale) nuts generates mil-
lions of dollars for the Brazilian economy annually. However, produc-
tion may be limited by the occurrence of diseases that affect cashew
trees, such as Xanthomonas spot and angular leaf spot, which are
caused by pigmented strains of Xanthomonas and Xanthomonas citri
pv. anacardii, respectively. Thirty-one pigmented strains of Xanthomo-
nas were characterized for phenotypic, pathogenic, and molecular
attributes. These strains were similar to X. citri pv. anacardii in pheno-
typical characteristics, sensitivity to antibiotics and copper compounds
used in agriculture, epidemiology, and repetitive sequence-based

polymerase chain reaction (rep-PCR) profiles. When inoculated into
Brazilian pepper, cashew, mango, and hog plum seedlings, the
pigmented strains of Xanthomonas and X. citri pv. anacardii produced
similar symptoms. However, the pigmented strains of Xanthomonas
were more aggressive toward cashew plants than toward the other hosts
tested, which confirms their specificity. We conclude that pigmented
strains of Xanthomonas are very aggressive on cashew trees and should
not be considered casual pathogens of these hosts. Moreover, based on
our results from rep-PCR and 1S7/595-PCR amplification, we suggest
that these strains constitute a variant of X. citri pv. anacardii.

The production of cashew nuts (Anacardium occidentale L.) in
Brazil is traditionally intended for the international market (14). In
2007, exports of cashews ready for consumption reached 51 thou-
sand tons, generating approximately 225 million U.S. dollars for
the Brazilian economy (6). This production may be compromised
by the many diseases affecting cashew trees, including Xanthomo-
nas spot caused by Xanthomonas campestris pv. mangiferaeindicae
(Patel et al.) Robbs et al. (pigmented strains of Xanthomonas) (29—
32) and angular leaf spot caused by Xanthomonas citri pv. ana-
cardii (Patel et al.) Ah-You et al. (1,2).

X. campestris pv. mangiferaeindicae was originally reported
causing mango (Mangifera indica L.) bacterial black spot in South
Africa by Doidge (5), and was named Bacillus mangifera Doidge.
In 1948, similar symptoms were observed in mango leaves and
fruit in India by Patel et al. (16,17), who proposed the creation of a
new species, Pseudomonas mangiferae-indicae Patel et al., because
of differences observed between these strains and those from South
Africa. Additionally, the authors described the pathogenicity of
this bacterium in cashew trees without any further reports on its
occurrence in nature or studies on its pathosystem. In 1974, this
species was renamed Xanthomonas campestris pv. mangifer-
aeindicae by Robbs et al. (23). Interestingly, while both pig-
mented and nonpigmented strains of this bacterium have been
isolated from mango trees with symptoms of bacterial black spot
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(19,22), the pigmented strains are regarded as casual pathogens
of this host (1).

In 1981, Robbs et al. (22) reported the first occurrence of angu-
lar leaf spot in cashew trees in the northeast and southeast regions
of Brazil. Subsequently, in 1999, Papa et al. (15) observed the pres-
ence of the disease in Mato Grosso do Sul. From 2003, in addition
to the usual angular leaf spots, atypical spots have been observed
in cashew leaves and fruits in the Brazilian states of Piaui, Ceard
(29-32), Minas Gerais (29,30,32), and Sdo Paulo (8). Viana et al.
(29) named this disease Xanthomonas spot. In contrast to the non-
pigmented strains obtained from cashew with angular leaf spot
(15,22), only pigmented strains of Xanthomonas have been isolated
from lesions of Xanthomonas spot (8).

The most typical symptoms of Xanthomonas spot can be seen in
the veins and surrounding tissues, which become dark, although
the leaf blade may occasionally present angular spots. The darken-
ing moves from the main vein to the secondary veins (32) and to
the petioles, and may cause extensive dry necrosis of twigs and
their tips (8). On the fruit, dark necrotic lesions are usually ob-
served; however, the lesion may be just a big oily spot whose cen-
ter will later become necrotic (32). To date, no symptoms have
been observed on the pseudofruit.

The study of the pathogenic variability of a worldwide collection
of strains of X. campestris pv. mangiferaeindicae from several
genera of Anacardiaceae allowed Ah-You et al. (1) to define three
groups pathogenic on different hosts. These groups are genetically
distinct, based on the evolutionary divergence of the genomes de-
rived from amplified fragment length polymorphism (AFLP)
analysis, and related to X. axonopodis groups 9.5, 9.6, and 9.7,
which were previously determined by restriction fragment length
polymorphism (RFLP) (21). Thus, it was proposed that X. campes-
tris pv. mangiferaeindicae be separated into three pathovars of X.
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axonopodis Starr & Garces; namely, X. axonopodis pv. mangifer-
aeindicae (Starr & Garces) Ah-You et al., X. axonopodis pv. ana-
cardii (Starr & Garces) Ah-You et al., and X. axonopodis pv.
spondiae (Starr & Garces) Ah-You et al. (1). Of the three pathovars
in this new classification, only pv. mangiferaeindicae strains con-
tain a large number of insertion elements of the IS/595 family in
their genome, which has become an important tool for differentiat-
ing this pathovar (1).

Using multilocus sequence analysis (MLSA), AFLP, and DNA-
DNA hybridization, Ah-You et al. (2) found congruent phyloge-
netic relationships of pv. mangiferaeindicae with strains of X.
axonopodis subgroup 9.5, which includes X. axonopodis pv. citri
Vauterin et al. Similarly, pv. anacardii, which is responsible for the
angular leaf spot in cashew trees in Brazil, was included in X.
axonopodis subgroup 9.6 (X. fuscans Schaad et al. synonymy).
Based on data from the thermal stability of DNA reassociation,
which were consistent with the AFLP and MLSA results, the au-
thors found that pvs. mangiferaeindicae and anacardii have a con-
sistent level of similarity and thus belong to the same species. To-
gether, these data support the recent proposal to raise X.
axonopodis pv. citri to the species level as X. citri (Hasse) Gabriel
et al. (25), and therefore to reclassify the pvs. mangiferaeindicae
and anacardii as X. citri pathovars, namely X. citri pv. mangifer-
aeindicae (mango bacterial black spot) and X. citri pv. anacardii
(cashew angular leaf spot).

Brazilian pigmented strains of Xanthomonas from cashew trees
with symptoms of Xanthomonas spot were not included in the
reclassification studies conducted by Ah-You et al. and published
in 2007 and 2009 (1,2). Moreover, monitoring cashew orchards in
Piaui and Ceard has shown that these pigmented strains can cause
large losses since the infected fruits are not suitable for marketing
(32). Therefore, the objective of this study was to characterize the
pigmented strains of Xanthomonas obtained from affected cashew
trees with regard to their phenotypic, molecular, and pathogenic
profiles trying to elucidate the etiology of Xanthomonas spot in
cashew trees.

Materials and Methods

Bacterial suspensions for all experiments were prepared in ster-
ile distilled water (SDW) from strains cultured on nutrient-yeast
extract-dextrose-agar (NYDA) medium (20 g/liter agar, 10 g/liter
dextrose, 5 g/liter peptone, 5 g/liter yeast extract, and 3 g/liter meat
extract in ddH,O) at 29°C for 36 h, unless otherwise noted. Bacte-
rial concentrations were determined based on absorbance and ad-
justed to an As;y = 0.06 (103 CFU/ml) using a spectrophotometer.
All of the experiments and tests described were performed in
duplicate.

Pathogen isolation from cashew trees with typical Xantho-
monas spot symptoms. Leaves and fruit from cashew trees pre-
senting typical symptoms of Xanthomonas spot were collected
from orchards in the states of Ceara, Piaui, and Sdo Paulo. We
performed pathogen isolations on NYDA media and pathogenicity
tests on cashew tree (clone CCP 76) seedlings approximately 100
days old according to protocols previously established by Mariano
and Silveira (12).

Bacterial suspensions were inoculated into plants by injection
(12) on the intermediary portion of the midrib of the first four
leaves counting from the apex of each plant. The tests were con-
ducted with four replicates per isolate. Each replicate consisted of
one inoculated leaf, with the selection of seedlings, leaf, and inocu-
lated isolate performed randomly. The pathogen was reisolated
from lesions characteristic of Xanthomonas spot 30 days after in-
oculation, thus completing Koch’s Postulates. The strains were
subsequently preserved in SDW and by lyophilization. Pigmented
isolate IBSBF873, isolated from mango bacterial black spot,
identified as X. campestris pv. mangiferaeindicae, and not reclassi-
fied by Ah-You et al. (1,2), and the strains IBSBF1971 and
IBSBF1508, which cause angular leaf spots in cashew trees and
which were reclassified by these authors as X. citri pv. anacardii
(Table 1), were included in the pathogenicity tests to compare the
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symptoms of the angular leaf spot with those of Xanthomonas
spot.

Phenotypic characterization. The phenotypic characterization
of the 31 pigmented strains of Xanthomonas (Table 1), which were
causal agents of Xanthomonas spot, was conducted as previously
described by Schaad et al. (24). Two X. citri pv. anacardii strains
(IBSBF1508 and IBSBF1971), causal agents of angular leaf spot in
cashew, one pigmented (IBSBF873) and two nonpigmented strains
(IBSBF657 and IBSBF1230) isolated from mango bacterial black
spots and identified as X. campestris pv. mangiferaeindicae (1,2)
(Table 1) were included in order to compare the phenotypic pro-
files. Additionally, the growth of three pigmented strains of Xan-
thomonas (TAQ18, TAQ13, and CCP76) was analyzed at different
temperatures, pH levels, and salt concentrations as described by
Nascimento et al. (13). The tests were performed in triplicate for
each isolate in which each replicate consisted of one tube or plate,
depending on the test performed.

In vitro sensitivity to the antibiotics and copper compounds
used in agriculture. Commercial products based on copper oxy-
chloride (1,500 mg/liter) (Fungitol Azul; Du Pont do Brasil S.A.,
Brazil), copper hydroxide (1,614 mg/liter) (Kocide WDG Bioac-
tive; Du Pont do Brasil S.A.), oxytetracycline (600 mg/liter) (My-
coshield; Laboratérios Pfizer LTDA, Brazil), kasugamycin (60
mg/liter) (Hokko Kasumin; Arysta Lifescience do Brasil Industria
Quimica e Agropecudria, Brazil), oxytetracycline (90 mg/liter) +
tribasic copper sulfate (1,500 mg/liter) (Agrimaicin 500; Labo-
ratérios Pfizer LTDA), and oxytetracycline (76.6 mg/liter) + strep-
tomycin sulfate (367.2 mg/liter) (Agri-Micina PM; Laboratérios
Pfizer LTDA) were diluted into 4.5 ml of SDW, vortexed for 3 min,
and added to sterile NYDA medium. Aliquots of 5 ul (5 x 10°
CFU) of a bacterial suspension were spotted onto petri dishes con-
taining NYDA supplemented with the compounds at the appropri-
ate concentration. The dishes were incubated at 29°C for 72 h. All
of the pigmented strains of Xanthomonas were evaluated as well as
two X. citri pv. anacardii strains (IBSBF1508 and IBSBF1971),
one pigmented (IBSBF873) and two nonpigmented strains
(IBSBF657 and IBSBF1230) identified as X. campestris pv. man-
giferaeindicae for comparison (Table 1). The proper positive con-
trol was included in all tests conducted with antibiotics or copper
fungicides. The tests were conducted with four replicates per iso-
late in which each replicate consisted of one inoculation point on a
different plate. Those strains that failed to grow at confluent levels
were considered to be sensitive.

Molecular characterization. Extraction and quantification of
genomic DNA. Genomic DNA extractions were performed as de-
scribed by Ausubel et al. (3) for all strains listed on Table 1. Ge-
nomic DNA was quantified by comparing the High DNA Mass
Ladder (Invitrogen, Brazil) with a mixture containing 3 pl of con-
centrated DNA and 2 pl of 6x loading buffer containing DNA
Loading Dye (Fermentas Life Sciences, Canada). Samples were
submitted to electrophoresis on a 1% agarose gel in 0.5x TBE
buffer (45 mM Tris, 45 mM boric acid, and 1 mM EDTA) at 90 V
for 40 min. The gel was stained for 15 min with 0.5 pg/ml ethidium
bromide and then immersed in distilled water for 15 min to remove
excess ethidium bromide. The gel was then photographed, and
after quantification, the DNA samples were diluted to a final con-
centration of 10 ng/pl and stored at —20°C.

Repetitive sequence-based polymerase chain reaction (rep-PCR)
analysis. The REP, ERIC, and BOX reactions were performed as
described by Louws et al. (10) and consisted of buffer (50 mM
KCl, 10 mM Tris HCl), 1.5 mM MgCl,, 100 uM dNTPs, 2 uM
primer, 1 U Tag DNA Polymerase (Fermentas Life Sciences), and
50 ng DNA. Samples were amplified in a PTC-100 model
thermocycler (MJ Research, USA). Negative controls consisting of
reactions without template DNA were included in all experiments
to check for contaminant DNA. Products were separated by
electrophoresis on a 1.5% agarose gel at 90 V for 2.5 h in 0.5x
TBE buffer. GenRuler 100 bp DNA Ladder (Fermentas Life
Sciences) was used to determine the product sizes. Gels were
stained and photographed as previously described in this section.



181595 sequence amplification. The 1,812-bp sequence of the
insertion element IS/595 from X. citri pv. mangiferaeindicae
(GenBank AF249895) was used to design primers using the Primer
Blast tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast). We
selected three primer pairs: (i) IS 1F - CATGGCCGAGCGTGA
AGCCA and IS IR - CGCGCATGGCGTAAGCGAAC (expected
product size = 666 bp), (ii) IS 2F - CGGTTGGCCACCGAG
CAGAG and IS 2R - AAGCTGCGCACCGGCTCAAT (expected
product size = 829 bp), and (iii) IS 3F - GGGCGACCTGCGTTA
AGCGT and IS 3R - AAGCTGCGCACCGGCTCAAT (expected
product size = 967 bp). The primers were synthesized (Integrated
DNA Technologies, Brazil), and the PCR reactions consisted of 1x
buffer (50 mM KCI, 10 mM Tris HCl), 1.5 mM MgCl,, 50 uM
dNTPs, 1 uM primer, 1 U of Taq polymerase, and 30 ng of DNA.
The PCR conditions were as follows: 95°C for 2 min, followed by
30 cycles of 1 min at 95°C, 1 min at 63°C, and 1 min at 72°C, and
a final extension step of 72°C for 10 min. The reactions were per-
formed in a PTC-100 model thermocycler (MJ Research). Follow-
ing amplification, the products were submitted to electrophoresis

in 1% agarose gels, stained, and photographed as previously de-
scribed.

Methods of cashew leaf inoculation. Isolate TAQ18 (a pig-
mented strain of Xanthomonas) was inoculated into the four first
leaves from the apex of a cashew seedlings (clone CCP 76) that
was previously grown in a greenhouse. Inoculation was performed
using the following methods: (i) spraying with injury, (ii) spraying
without injury, (iii) deposition with injury on the midrib, (iv) injec-
tion into the intermediate portion of the midrib, and (v) infiltration
on the leaf blade.

For the spraying method, leaves with or without injury were
sprayed with the bacterial suspensions until we could observe
bacterial suspension runoff. The wounds were inflicted at four
points along the leaf blade with the aid of a cushion containing six
pins. For the deposition method with injury, 10 pl of the bacterial
suspension was deposited onto the wounds made in the intermedi-
ate portion of the midrib of the leaf. For the injection method, 100
ul of the bacterial suspension was infiltrated in the intermediate
portion of the midrib of the leaf with the aid of a hypodermic sy-

Table 1. Description of the Xanthomonas strains related to the Anacardiaceae host family used in this study

Strains" Origin/Year of isolation Host Disease Presence of pigment Identification
CAST2 Brazil (PI) 2008 Anacardium occidentale XS Pigmented Xanthomonas™

CCP76 Brazil (CE) 2006 A. occidentale XS Pigmented Xanthomonas

TAQI1 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ2 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ3 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ4 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQS Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQG6 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ7 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ9 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ10 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQI11 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ12 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQI13 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ14 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQI15 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ16 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ17 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQI18 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQI19 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ20 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ22 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ23 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ24 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ29 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ30 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ31 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ32 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

TAQ34 Brazil (SP) 2009 A. occidentale XS Pigmented Xanthomonas

XCMF1 Brazil (PI) 2008 A. occidentale XS Pigmented Xanthomonas

XCMF2 Brazil (PI) 2008 A. occidentale XS Pigmented Xanthomonas

SAPA Brazil (SP) 2009 A. occidentale - Pigmented Saprophytic*

SAPC Brazil (SP) 2009 A. occidentale - Nonpigmented Saprophytic

IBSBF2579 Brazil A. occidentale AS Nonpigmented X. citri pv. anacardii¥
IBSBF1508 Brazil A. occidentale AS Nonpigmented X. citri pv. anacardii
IBSBF1971 Brazil A. occidentale AS Nonpigmented X. citri pv. anacardii
IBSBF2585 India Spondias dulcis AS Nonpigmented X. axonopodis pv. spondiae¥
IBSBF2586 India Mangifera indicae AS Nonpigmented X. citri pv. mangiferaeindicae¥
IBSBF657 Brazil 1988 M. indicae AS Nonpigmented X. campestris pv. mangiferaeindicae*
IBSBF1230 Brazil M. indicae AS Nonpigmented X. campestris pv. mangiferaeindicae
IBSBF873 Brazil 1974 M. indicae AS Pigmented X. campestris pv. mangiferaeindicae

U“IBSBF873 = NCPPB 3110; IBSBF2579 = ICMP4088; IBSBF2585 = LMG17211; IBSBF2586 = ICMP5740, LMG941, NCPPB490, and ATCC11637.
IBSBF: Phytobacteria Culture Collection of Instituto Biolégico, Sdo Paulo, Brazil; ICMP: International Collection of Microorganisms from Plants, Auck-
land, New Zealand; LMG: Belgian Coordinated Collections of Micro-organisms (University of Ghent, Belgium); NCPPB: National Collection of Plant
Pathogenic Bacteria (CSL, York, United Kingdom); ATCC: American Type Culture Collection, Rockville, MD, USA. All strains are available at the Phy-
topathogenic Bacteria Collection housed at the Phytobacteriology Laboratory at the Universidade Federal Rural de Pernambuco (Pernambuco, Brazil).

v XS = Xanthomonas spot, AS = angular spot.

“VPigmented strains of Xanthomonas obtained from cashew trees with symptoms of the Xanthomonas spot.

* Saprophytic strains from cashew leaves.

Y Strains of X. citri pv. anacardii, X. axonopodis pv. spondiae, and X. citri pv. mangiferaeindicae reclassified by Ah-You et al. (1,2).
z Nonpigmented and pigmented strains of X. campestris pv. mangiferaeindicae obtained from bacterial black spot from mango trees and not reclassified by

Ah-You et al. (1,2).

Plant Disease /July 2011 795



ringe. For the infiltration method, 100 pl of the bacterial suspen-
sion was infiltrated into the four points of the abaxial surface of the
leaves with the aid of a hypodermic syringe without needle. The
tests were conducted with four replicates per inoculation method in
which each replicate consisted of one inoculated leaf, with the
selection of seedlings, leaf, and inoculated isolate performed ran-
domly. The seedlings were incubated in a greenhouse, and those
that were sprayed with or without injury underwent a pre- and
posttreatment in a moist chamber for 24 h. The plants were evalu-
ated daily for 25 days to determine the incubation period of the
disease, which is the number of days from inoculation to the onset
of first symptoms. Twenty-five days after inoculation, we evaluated
the incidence of disease, which is defined here as the percentage of
leaves or inoculation points with disease symptoms, and the dis-
ease severity, which was estimated using the Assess 2.0: Image
Analysis Software for Plant Disease Quantification (APS Press,
USA).

Epidemiological components of Xanthomonas spot in cashew
seedlings. We used 31 pigmented strains of Xanthomonas as well
as two X. citri pv. anacardii strains (IBSBF1508 and IBSBF1971),
one pigmented (IBSBF873) and two nonpigmented strains
(IBSBF657 and IBSBF1230) identified as X. campestris pv. man-
giferaeindicae (Table 1). The strains were inoculated on the first
four leaves from the apex of cashew seedlings (clone CCP76) us-
ing the infiltration method at six points along the surface of the
leaf. The negative control was treated with SDW. The tests were
conducted with four replicates per isolate in which each replicate
consisted of one inoculated leaf, with the selection of seedlings,
leaf, and inoculated isolate performed randomly. The plants were
incubated in the greenhouse and observed for 25 days to determine
the incubation period and the rate of incidence of disease. Disease
severity was estimated by measuring the extent of the lesions 25
days after inoculation. The area under the disease progress curve
(AUDPC) and the rate of disease progress were calculated as de-
scribed by Campbell and Madden (4) using the disease severity
data, which were estimated by measuring the extent of lesions at
day 13, 16, 19, 22, and 25 postinoculation. Five models were
generated for this rate, as previously described by Campbell and
Madden (4), and the Gompertz model was used as the representa-
tive model.

Pathogenicity to cashew seedlings and other hosts in the
Anacardiaceae family. The pathogenicity to cashew and other
hosts in the Anacardiaceae family of three pigmented strains of
Xanthomonas (CCP76, TAQ13, TAQ18), one X. citri pv. anacardii
strain (IBSBF1508), and one pigmented (IBSBF873) and one non-
pigmented strain (IBSBF1230) identified as X. campestris pv.
mangiferaeindicae (Table 1) was assayed. In separate experiments,
the leaves of cashew (clone CCP76), mango (var. Kate), Brazilian
pepper (Schinus terebinthifolius Raddi), and hog plum (Spondias
mombin L.) seedlings, previously grown in a greenhouse, were
inoculated using the infiltration method at six points along the
surface of the leaf. We used the first four leaves from the apex of
each seedling. The tests were conducted with four replicates per
isolate in which each replicate consisted of one inoculated leaf,
with the selection of seedlings, leaf, and inoculated isolate per-
formed randomly. The seedlings were incubated in a greenhouse
and pathogenicity was assessed based on the incubation period of
the disease, incidence, severity, and AUDPC.

Experimental design and statistical analysis. All experiments
were set up in a completely randomized design. There were no
significant differences (P < 0.05) for the variance of replicates
from the experiments conducted to evaluate inoculation methods,
epidemiological components of cashew Xanthomonas leaf spot, or
pathogenicity in other hosts of the Anacardiaceae family. There-
fore, the data were analyzed as time replications. Transformations
were made to meet the assumptions of the analysis of variance
(ANOVA). We used the Tukey and Scott-Knott tests at a 5% prob-
ability level to compare the means. The nonparametric Kruskal-
Wallis test at a 5% probability level was used to analyze the experi-
ments that did not achieve homogeneity of variance. Except for the
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Scott-Knott test, which was done with SAEG (version 9.0, Uni-
versidade Federal de Vigosa, Brazil), the analyses were performed
using SAS (version 9.1; SAS Institute, USA).

The analysis of the rep-PCR profiles obtained with ERIC and
BOX primers were performed according to the presence (1) or
absence (0) of bands between 100 and 1,000 bp. The data from
each primer were analyzed separately or combined using MVSP
3.1 (Kovach Computing Services, Wales). To determine the genetic
relationships among the strains, we used the Jaccard similarity
coefficient (26) and unweighted pair-group method using arithme-
tic averages (UPGMA) cluster analysis.

Results

Isolation, phenotypic characterization, and in vitro sensitiv-
ity to antibiotics and copper compounds used in agriculture.
We isolated 66 nonpigmented and 42 pigmented strains from the
leaves and fruit of cashew trees with symptoms characteristic of
Xanthomonas spot. All 108 strains were inoculated on leaves of
dwarf cashew clone CCP76; however, only 31 pigmented strains,
30 from the leaves and 1 from the fruit, were pathogenic and
caused typical Xanthomonas spot symptoms (Table 1). X. citri pv.
anacardii strains (IBSBF 1508 and IBSBF1971), causal agents of
angular leaf spot on cashews, as well as the pigmented (IBSBF873)
and nonpigmented (IBSBF657 and IBSBF1230) non-re-classified
(1,2) X. campestris pv. mangiferaeindicae strains isolated from
mango bacterial black spot, also caused Xanthomonas spot symp-
toms on cashew seedlings. Based on visual estimates, the pig-
mented strains of Xanthomonas TAQI18, TAQ13, and CCP76,
causal agents of Xanthomonas spot on cashew, were characterized
as very aggressive, aggressive, and less aggressive, respectively,
and so were selected for studies on different temperatures, pH lev-
els, salt concentrations, and pathogenicity to cashew seedlings and
other hosts in the Anacardiaceae family. Two saprophytic strains,
one pigmented (SAPA) and one nonpigmented (SAPC), were ran-
domly selected and included in the molecular analysis for compari-
son of rep-PCR profiles. We did not observe any differences
among the phenotypic profiles of strains we studied (Table 2). The
optimum growth temperatures for the pigmented strains of Xantho-
monas were 28°C for TAQ13 and TAQ18, and 29°C for CCP76.
The growth of all three strains was best between pH 6 and 7, with
optimal growth seen at pH 6.5. All three strains showed tolerance
up to 2% NaCl; there was no growth observed at 3% NaCl and
above.

All of the 31 pigmented strains of Xanthomonas, as well as X.
citri pv. anacardii strains (IBSBF 1508 and IBSBF1971) and the
pigmented (IBSBF873) and nonpigmented (IBSBF657 and
IBSBF1230) X. campestris pv. mangiferaeindicae strains, were
sensitive to commercial products with a base of copper oxychlo-
ride, copper hydroxide, oxytetracycline, oxytetracycline + tribasic
copper sulfate, or streptomycin sulfate + oxytetracycline. All of the
strains were resistant to kasugamycin. This last result was con-
firmed by use of Acidovorax citrulli strain Acl.7 (Culture Collec-
tion of the Phytobacteriology Laboratory, Universidade Federal
Rural de Pernambuco) as a positive control (i.e., sensitive to kasu-
gamycin at the tested concentration of 60 mg/liter).

rep-PCR analysis. All pigmented strains of Xanthomonas, one
pigmented (IBSBF873) and two nonpigmented (IBSBF 657 and
IBSBF1230) X. campestris pv. mangiferaeindicae strains, one X.
axonopodis pv. spondiae strain (IBSBF2585), causal agent of
angular leaf spot in Spondias spp. (1), three X. citri pv. anacardii
strains (IBSBF 1508, IBSBF1971, and IBSBF2579), one X. citri
pv. mangiferaeindicae strain (IBSBF2586), causal agent of bacte-
rial black spot of mango, and two saprophytic strains obtained
from cashew leafs with symptoms of Xanthomonas spot, one pig-
mented (SAPA) and one nonpigmented (SAPC), were fingerprinted
using rep-PCR (Table 1). The rep-PCR fingerprint profiles, ob-
tained with the BOX and ERIC primers (Fig. 1A and B, respec-
tively), demonstrated that there was a high similarity between the
pigmented strains of Xanthomonas, pigmented and nonpigmented
X. campestris pv. mangiferaeindicae strains, and X. citri pv. ana-



cardii strains. Despite several attempts, we were unable to amplify
DNA from the strains using the REP1R-I and REP2-I primers.
Cluster analysis generated with the combined BOX and ERIC
data (Fig. 2) agreed with the cluster analysis generated by the BOX
or ERIC data individually (data not shown). We identified eight
groups with a similarity level of 70%. Groups I, II, III, and IV con-
sisted of strains IBSBF2586 (X. citri pv. mangiferaeindicae),
SAPC (saprophyte), SAPA (saprohyte), and IBSBF2585 (X. axono-
podis pv. spondiae), respectively. Group V consisted of strain
IBSBF2579 from X. citri pv. anacardii, the causal agent of angular
leaf spot in cashew. Group VI consisted of nonpigmented, non-re-
classified (1,2) X. campestris pv. mangiferacindicae strains
(IBSBF657 and IBSBF1230) from mango bacterial black spot, and
X. citri pv. anacardii strains (IBSBF 1508 and IBSBF1971). Group
VII consisted of two pigmented strains from cashew trees with Xan-
thomonas spot (TAQ3 and TAQ9Y), and finally, group VIII consisted
of the remaining pigmented strains from the cashew trees with Xan-
thomonas spot and the mango pigmented, non-re-classified X.
campestris pv. mangiferaeindicae strain (IBSBF873). All of the pig-
mented strains of Xanthomonas, three X. citri pv. anacardii strains
(IBSBF1508, IBSBF1971, and IBSBF2579), and the pigmented
(IBSBF873) and nonpigmented strains (IBSBF657 and IBSBF1230)
identified as X. campestris pv. mangiferaeindicae included in this
study formed a single group with a similarity level above 52%.
IS1595 sequence amplification. Three primer pairs were se-
lected to amplify the IS/595 sequence present in the genome of X.

Table 2. Biochemical and physiological characteristics of pigmented strains
of Xanthomonas associated with Anacardiaceae host family

Pigmented X. citri pv.
strains% anacardii®

X. campestris pv.

Characteristics mangiferaeindicae¥

Gram - - -
Oxygen tolerance Aerobic Aerobic Aerobic
Color on YDC Yellow White Yellow/white
Growth on YDC at 33°C +~ + +
Growth on tetrazolium - - -
at 0.1%
Catalase
Oxidase
Fluorescent pigment on
KMB
Indole production - - -
Oxidation/fermentation Oxidative Oxidative Oxidative
Starch hydrolysis + + +
Urea hydrolysis
Casein hydrolysis
Tween 80 hydrolysis
Arginine hydrolysis
Gelatin hydrolysis
Cellulose hydrolysis
Acid production
Cellobiose
D-Arabinose
D-Galactose
D-Glucose
D-Xylose
L-Arginine
Saccharose
Sorbitol
Carbohydrate utilization
Cellobiose
D-Arabinose - - -
L-Arginine - - -
Saccharose
Hypersensitivity in + + +
tobacco

[
[
[

L T B S S
I I N R S |
L B T S S

+
+
+

“VPigmented strains of Xanthomonas causing Xanthomonas spot (Table 1).

* Strains obtained from angular leaf spots on cashew trees and reclassified
by Ah-You et al. (1,2) IBSBF1508 and IBSBF1971).

Y Nonpigmented (IBSBF657 and IBSBF1230) and pigmented strains
(IBSBF873) obtained from mango bacterial black spot and not reclassi-
fied by Ah-You et al. (1,2).

% +, Positive reaction; +, weak positive reaction; —, negative reaction.

citri pv. mangiferaeindicae (IBSBF2586) with expected fragments
ranging between 600 and 1,000 bp. Positive and reproducible
amplification results were obtained only with the IS3F and IS3R
primer pair, which produced a fragment between 900 and 1,000 bp,
in agreement with the expected fragment size of 979 bp. This frag-
ment was only detected in the IBSBF2586 strain.

Cashew leaf inoculation methods. Infiltration in the leaf blade
was the most effective method for inoculating pigmented strains of
Xanthomonas into cashew leaves (Table 3). We found that the incu-
bation period for this method was significantly shorter (P < 0.05)
than the incubation periods for the other methods tested, namely
deposition in the midrib with injury, injection into the intermediary
portion of the midrib, and spraying with injury. Furthermore, this
method resulted in the highest rate of incidence and severity of
disease, where these two variables differed just from the spraying
without injury method.

Epidemiological components of Xanthomonas spot in cashew
seedlings. Cluster analysis of the epidemiological components of
Xanthomonas spot showed the formation of five groups of strains
based on incubation period, three groups based on disease inci-
dence, five groups based on disease severity, six groups based on
the AUDPC, and five groups based on the rate of disease progress
(Table 4).

Based on the data obtained from analysis of disease incidence,
disease severity, AUDPC, and the rate of disease progress, groups
A, B, and C contained the most virulent strains. These groups con-
sisted of the pigmented strains of Xanthomonas, causal agents of
Xanthomonas spot in cashew, pigmented (IBSBF873) and nonpig-
mented (IBSBF657 and IBSBF1230) strains isolated from mango
bacterial black spots, identified as X. campestris pv. mangifer-

313 9 FIF276 5 14 16 18 M 23 24 34 A D F G H

13234 7C2M A B C D E SASCCN

Fig. 1. Electrophoretic analysis of fragments generated by repetitive sequence-
based polymerase chain reaction (rep-PCR) from the isolates used in this study. A,
Profiles with BOX primer, B, profiles with ERIC primer. M = 100-bp DNA Ladder
Marker (GenRuler). Lanes are designated as follows: (76) CCP76; (C2) CAST2;
(F1) XCMF1; (F2) XCMF2; (1-34) TAQ1-TAQ34 (pigmented strains of
Xanthomonas); (A) IBSBF1971, (B) IBSBF1508; (G) IBSBF2579 (pv. anacardii); (H)
IBSBF2586 (pv. mangiferaeindicae); (F) IBSBF2585 (pv. spondiae); (C) IBSBF873
(pigmented strains of X. campestris pv. mangiferaeindicae isolated from the mango
bacterial black spot and not reclassified [1,2]); (D) IBSBF657; (E) IBSBF1230 (non-
pigmented strains of X. campestris pv. mangiferaeindicae isolated from the mango
bacterial black spot and not reclassified [1,2]); (SA) yellow saprophyte (SAPA); (SC)
cream-colored saprophytic bacterium (SAPC); (CN) negative controls.

Plant Disease /July 2011 797



aeindicae, and not reclassified (1,2), and X. citri pv. anacardii
strains (IBSBF1508 and IBSBF1971), causal agents of angular leaf
spot in cashew trees. The remaining groups formed on these vari-
ables consisted of only pigmented strains. Based on data from only
the incubation period, we observed clustering of some pigmented
strains of Xanthomonas and X. citri pv. anacardii into group E,
which had the shortest incubation period.

Pathogenicity to cashew seedlings and other Anacardiaceae
hosts. All strains evaluated in this study: three pigmented strains
of Xanthomonas (TAQ13, TAQ18, and CCP76), one X. citri pv.
anacardii strain (IBSBF1508), one pigmented (IBSBF873) and
one nonpigmented (IBSBF1230) strain identified as X. cam-
pestris pv. mangiferaeindicae, were pathogenic to Brazilian pep-
per, dwarf cashew (clone CCP76), and mango cv. Kate, with
symptoms observed 3 days after inoculation. We observed on
Brazilian pepper irregularly shaped brown spots. On the cashew
seedlings, we observed small irregular brownish oily spots,
which spread and, in some cases, reached secondary veins. After
25 days, the lesions had reached the midrib, petiole, and stem of
the plant, which led to extensive dry necrosis of twigs and their
tips. In addition, we observed the presence of bacterial exudate in

Table 3. Efficiency of the methods used for inoculating the pigmented
Xanthomonas strain TAQI18 into leaves of the dwarf cashew seedlings
(clone CCP76) and evaluated for the epidemiological components of the
disease

Incubation Incidence  Severity
Inoculation method period (days)¥ (%)* (mm?)Y
Deposition in the midrib with 24.50 a* 12.50 b 2.98 ab
injury
Spraying without injury 16.75 ab 12.50 b 0.04b
Injection into the intermediary 19.25a 25.00ab  17.24 ab
portion of the midrib
Spraying with injury 25.62a 90.62 a 12.22 ab
Infiltration in the leaf blade 7.80b 93.75a 78.68 a

WIncubation period: number of days from inoculation to the appearance of
the first symptoms.

* Incidence: percentage of leaves or inoculation points showing disease
symptoms 25 days after inoculation.

¥ Severity: estimated 25 days after inoculations using the software APS
Assess.

z Average of eight replicates. Averages followed by the same letter in the
column do not differ significantly, as measured by the Kruskal-Wallis test
(P <0.05).

UPGMA

———

0,2 0,36 0,52

Jaccard’s Coefficient

Fig. 2. Dendrogram based on the unweighted pair-group method using arithmetic averages (UPGMA) according to the profiles generated by BOX and ERIC-PCR showing
the relationships among: pigmented strains of Xanthomonas responsible for Xanthomonas spot on cashew trees; pigmented (IBSBF873) and nonpigmented (IBSBF657 and
IBSBF1230) strains responsible for mango bacterial black spot, not reclassified by Ah-You et al. (1,2), and also X. citri pv. mangiferaeindicae (IBSBF2586), X. citri pv.
anacardii (IBSBF1508, IBSBF1971, and IBSBF2579), and X. axonopodis pv. spondiae (IBSBF2585) reclassified by Ah-You et al. (1,2).
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some stem lesions. Interestingly, the pigmented strains of
Xanthomonas (CCP76, TAQ13, and TAQI18), X. citri pv. ana-
cardii strain (IBSBF1508), as well as pigmented (IBSBF873) and
nonpigmented (IBSBF1230) X. campestris pv. mangiferaeindicae
strains, were able to induce both symptoms of angular leaf spot
and Xanthomonas spot on cashew leaves (Fig. 3A and B, re-
spectively). In mango, initially we observed small oily spots on
the abaxial surface of the leaves. These spots progressed into
irregular brownish lesions bound by the veins which could be
observed on both sides of the leaf, and the lesions remained this
way until the end of the experimental period, independent of the
strain.

In Brazilian pepper, CCP76 significantly differed (P < 0.05)
from the other strains, featuring longest incubation period and
lowest disease incidence, severity, and AUDPC (Table 5). In
cashew and mango, we observed similar behavior of the strains for
all the wvariables evaluated. Only strains TAQI13, TAQIS,
IBSBF1230, and IBSBF1508 were pathogenic in hog plum, but
exhibited no differences in their symptoms. We observed the initial
symptoms 4 days after inoculation, and they consisted of dark,
irregular oily spots. There were no significant differences among
these strains for the variables evaluated.

Discussion

Of the 108 strains (66 nonpigmented and 42 pigmented) isolated
from leaves and fruits of cashew trees with Xanthomonas spot, 31
pigmented strains of Xanthomonas were pathogenic, thus demon-
strating the occurrence of pigmented pathogenic Xanthomonas in
orchards in the states of Ceard, Piaui, and Sdo Paulo. The 66 non-
pigmented and the 11 remaining pigmented strains that did not
cause disease in cashew seedlings were considered saprophytes.
Pathogenicity tests performed in cashew leaves with pigmented
Xanthomonas, X. citri pv. anacardii IBSBF1508 and IBSBF1971),
causal agent of angular leaf spot in cashew, and pigmented
(IBSBF873) and nonpigmented (IBSBF657 and IBSBF1230)
strains obtained from mango bacterial black spot, which were
identified as X. campestris pv. mangiferaeindicae and not reclassi-
fied by Ah-You et al. (1,2), produced symptoms typical of Xantho-
monas spot. These results support a close relationship among these
strains, independent of the host of origin.

The phenotypic profiles of pigmented Xanthomonas strains were
similar to the profiles of X. citri pv. anacardii strains (IBSBF1508
and IBSBF1971), X. campestris pv. mangiferaeindicae pigmented
(IBSBF873) and nonpigmented strains (IBSBF657 and

Table 4. Epidemiological characterization of the angular leaf spot caused by pigmented Xanthomonas, X. citri pv. anacardii strains, and nonidentified
strains associated with mango trees, which were artificially inoculated into leaves of dwarf cashew seedlings (clone CCP76) by the leaf infiltration

method

Incubation period Incidence Severity Area under the disease Rate of disease
Strains (days)>t (%)* (mm?)¥t progression curve® progression®t
TAQI1 13.58 bY 79.17b 48.30d 68.87 ¢ 0.0053 ¢
TAQ2 6.33d 100.00 a 50.02d 101.70 ¢ 0.0034 d
TAQ3 16.00 b 50.00 ¢ 2.99e 18.70 f 0.0011e
TAQ4 4.00e 100.00 a 65.59 ¢ 114.68 b 0.0036 ¢
TAQS 750 ¢ 75.00 b 2355e 5537e 0.0030d
TAQ6 17.83b 45.83 ¢ 2.15e 15.10f 0.0005 e
TAQ7 7.08 ¢ 100.00 a 42.32d 77.64d 0.0046 ¢
TAQ9 5.88d 100.00 a 38.90d 82.64d 0.0032 d
TAQI10 3.9 ¢ 100.00 a 46.71d 101.28 ¢ 0.0026 d
TAQI1 21.71a 20.83 ¢ 043¢ 522f 0.0002 e
TAQI12 5.38d 100.00 a 5742c¢ 85.47d 0.0051 ¢
TAQI13 379e 100.00 a 70.55¢ 117.78 b 0.0038 ¢
TAQ14 3.88¢ 79.17b 2355e 6333 ¢ 0.0024 d
TAQI15 338e 100.00 a 84.74 b 126.88 b 0.0042 ¢
TAQIl6 3.83e 100.00 a 90.02 b 123.89b 0.0051 ¢
TAQ17 287e 100.00 a 86.74 b 123.26 b 0.0048 ¢
TAQI18 279e 100.00 a 139.34 a 156.39 a 0.0064 b
TAQI19 17.79b 41.67 c 4.89¢ 23.20f 0.0012 ¢
TAQ20 5.75d 100.00 a 49.47d 9741 c 0.0043 ¢
TAQ22 4.13¢ 95.83 a 68.95c 109.18 ¢ 0.0041 ¢
TAQ23 458¢ 100.00 a 31.88¢ 88.51d 0.0026 d
TAQ24 5.21d 100.00 a 36.80d 87.16d 0.0025d
TAQ29 446¢ 100.00 a 43.78d 97.10 ¢ 0.0036 ¢
TAQ30 837¢ 95.83 a 2941le 6231e 0.0041 ¢
TAQ31 4.08¢ 37.50 ¢ 229¢ 5.98f 0.0007 e
TAQ32 7.61c 72.22b 20.80 e 57.22¢ 0.0096 a
TAQ34 941 c 87.50b 15.09¢ 42.62¢ 0.0030d
XCMF1 4.70d 100.00 a 52.60d 113.14b 0.0039 ¢
XCMF2 4.67e¢ 100.00 a 40.96d 85.84d 0.0039 ¢
CCP76 4.17e 87.50b 21.14e 63.80 e 0.0019 d
CAST2 6.61d 95.83 a 73.26 ¢ 105.14 ¢ 0.0048 ¢
IBSBF873 6.25d 87.50b 54.55d 107.27 ¢ 0.0037 ¢
IBSBF657 3.13¢ 100.00 a 129.87 a 153.84 a 0.0062 b
IBSBF1230 454¢e 100.00 a 81.01b 124.18 b 0.0049 ¢
IBSBF1508 417e 100.00 a 124.64 a 150.53 a 0.0059 b
IBSBF1971 371e 100.00 a 92.06 b 124.57b 0.0079 a
VC?% (%) 17.88 18.39 21.30 22.07 0.21

$ Incubation period: number of days from inoculation to appearance of first symptoms.

' Data transformed into  x + 0.5.

U Incidence: percentage of leaves or inoculation points showing disease symptoms 25 days after inoculation.

v Severity: evaluated by measuring lesion extension 25 days after inoculation.
W Area under the disease progress curve.

* Rate of disease progress: represented by Gompertz model, calculated according to Campbell and Madden (4).
¥ Average of eight replicates. Averages followed by the same letter in the column are not significantly different, as measured by Scott-Knott test (P < 0.05).

z VC: variation coefficient.
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IBSBF1230). However, we observed some differences between the
profiles generated in this study and those shown in other studies.
Pruvost et al. (19) described pathovars of Xanthomonas citri
associated with the Anacardiaceae family as being oxidase negative
and casein hydrolysis positive. However, the strains analyzed in
this study were weakly positive for oxidase and were unable to
hydrolyze casein. Our results agree with those obtained by Steyn et
al. (27). However, in contrast to the results obtained by Pruvost et
al. (19), Steyn et al. (27), and Manicon and Wallis (11), none of the
strains that we tested were able to hydrolyze cellulose.

The growth conditions for the three pigmented Xanthomonas
strains (CCP76, TAQ13, and TAQI18) were similar to those ob-
served by Pruvost et al. (19), who showed growth in up to 2%
NaCl, and by Patel et al. (17), who observed optimum growth at
27°C.

Given that Xanthomonas spot is a recent disease expanding into
different regions of Brazil (15,30), we analyzed the sensitivity of
some pigmented pathogenic strains to antibiotics and copper com-
pounds used in agriculture to control diseases affecting cashew
trees and other plants belonging to the Anacardiaceae family as
well as diseases caused by other species or pathovars of Xanthomo-
nas  (http://extranet.agricultura.gov.br/agrofit_cons/principal_agro
fit_cons).

We found that all pigmented strains of Xanthomonas, X. citri pv.
anacardii strains (IBSBF1508 and IBSBF1971), and the pig-
mented (IBSBF873) and nonpigmented (IBSBF657 and
IBSBF1230) X. campestris pv. mangiferaeindicae strains are resis-
tant only to kasugamycin (60 mg/liter), suggesting a close relation-
ship among them. This fact indicates a possible exposure of strains
to the antibiotic or the presence of constitutive resistance encoded
on chromosomal or plasmid DNA.

Pruvost et al. (19) also observed resistance to 64 to 128 mg/liter
of kasugamycin in their collection of nonpigmented Xanthomonas
strains associated with the Anacardiaceae family. Taken together,

these results suggest the presence of constitutive resistance because
the application of antibiotics is not common in mango and cashew
plantations. The sensitivity of other Xanthomonas species to antibi-
otics and copper has also been demonstrated. For example, Qu-
ezado-Duval et al. (20) reported sensitivity to copper sulfate and
oxytetracycline at 200 mg/liter when evaluating a collection of 389
Xanthomonas spp. strains associated with tomato plants.

Cluster analysis of the ERIC and BOX PCR profiles showed that
all strains associated with cashew trees, including the three X. citri
pv. anacardii strains used in this study, formed a single group with
a similarity level above 52%. These results indicate a close associa-
tion regardless of the presence or absence of pigment. At a similar-
ity level of 70%, strains were divided into eight groups, allowing
us to differentiate among the pigmented strains of Xanthomonas, X.
citri pv. anacardii, X. citri pv. mangiferaeindicae, X. axonopodis
pv. spondiae, or the saprophytic strains. Except for two strains
(TAQ3 and TAQ9), all pigmented strains of Xanthomonas, causal
agents of Xanthomonas spot, formed a single cluster with 100%
similarity (Group VIII), suggesting low variability. Altogether,
these data indicate that these pigmented strains of Xanthomonas
are closely related to X. citri pv. anacardii and may be variants of
this pathovar with higher aggressiveness toward cashew trees.
Additionally, nonpigmented X. campestris pv. mangiferaeindicae
strains (IBSBF657 and IBSBF1230) and one X. citri pv. anacardii
strain (IBSBF1971) formed a single cluster at a similarity level of
100%, indicating that possibly these strains belong to the same
pathovar. However, further studies are needed to verify this hy-
pothesis.

Trindade et al. (28) detected polymorphisms in strains of X.
campestris pv. mangiferaeindicae (pigmented and nonpigmented
strains of Xanthomonas from cashew with angular leaf spot and
mango trees with bacterial black spot symptoms non-re-classified
for Ah-You et al. [1,2]) and X. campestris pv. viticola. Digesting
PCR products amplified with the RST2/Xcv3R primers used for

Fig. 3. Leaf lesions caused by pigmented strains of Xanthomonas. A, Characteristic symptom of angular leaf spot, and B, characteristic symptom of Xanthomonas spot.
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identifying pv. viticola, with Haelll generated distinct patterns for
both pathovars, with two restriction patterns observed for X.
campestris pv. mangiferaeindicae.

Pigmented strains of Xanthomonas associated with mango trees
have been detected in South Africa, Brazil, Florida, and Réunion
Island (7), whereas both pigmented and nonpigmented strains that
cause disease in cashew trees have only been reported in Brazil (1).
Based on this fact and on the data generated by BOX and ERIC
PCR, which show that there is a close similarity between pig-
mented strains of Xanthomonas, causal agents of Xanthomonas
spot in cashew, and X. citri pv. anacardii, causal agent of angular
leaf spot in cashew, we hypothesize that in Brazil these strains have
co-evolved together in the same host (cashew trees). Furthermore,
it is possible that the pigmented strains of Xanthomonas originated
in Brazil, as this is the only country where these strains have been
reported to cause disease in cashew trees (29,30,32). Since pig-
mented strains of Xanthomonas are casual pathogens in mango (1),
another hypothesis is that these strains were introduced into Brazil
in contaminated but symptomless mango trees and subsequently
disseminated to cashew trees. These strains likely remained in-
nocuous to the cashew trees until conditions became favorable for
the development of the disease, i.e., until giant cashew tree or-
chards were replaced with dwarf cashew tree orchards from one
single clone (CCP76) (32). This may have been the key trigger that
led to epidemic outbreaks in commercial cashew orchards.

Even though the majority of pigmented strains formed one
group with 100% similarity, we did not observe a correlation with
geographic origin, allowing us to infer that there was a recent
introduction of these strains into Sdo Paulo. Given that Ceard and
Piaui are the main producers of cashews among the Brazilian
states, a possible distribution of dwarf cashew seedlings to the state
of Sao Paulo, where the disease was first observed in 2009, would
support this possibility.

According to Ah-You et al. (1), X. citri pv. mangiferaeindicae
strains have several insertion elements of the IS/595 family,

whereas X. citri pv. anacardii and X. axonopodis pv. spondiae
strains do not contain this element in their genomes. Although we
designed three primer pairs, we could only amplify a fragment
from the IS7595 sequence with the IS3F/IS3R primer pair, which
amplifies a 979-bp fragment. This amplification was used to distin-
guish X. citri pv. mangiferaeindicae (IBSBF2586) from the re-
maining strains. Therefore, this primer pair could be used as a tool
for diagnosis and control purposes based on the exclusion princi-
ple.

Phytobacteriology studies involving etiology, epidemiology, and
control often require effective inoculation methods that must be
practical, inexpensive, and highly reproducible both in greenhouses
and in the field (9). Therefore, to assess the epidemiological
components of Xanthomonas spot in artificially inoculated cashew
trees, we needed to establish an appropriate inoculation method to
reproduce the symptoms of the disease and to study the epidemiol-
ogy of this disease. In the experiments to evaluate inoculation
methods in leaves of cashew, there was a high variability within
treatments, which may have been caused by low efficacy of some
methods and/or by the low number of replicates. Among the inocu-
lation methods evaluated, the infiltration in the leaf blade was the
most suitable as it allowed the formation of lesions that could be
easily quantified in addition to enabling the spread of these lesions
to the secondary veins and then to the primary ribs, thus reproduc-
ing the characteristic symptoms of Xanthomonas spot.

Our evaluation of the epidemiological components of Xan-
thomonas spot in artificially inoculated cashew seedlings indicated
that pigmented Xanthomonas strains TAQ13, TAQ18, and CCP76
and strains IBSBF1508, IBSBF1971, IBSBF873, IBSBF657, and
IBSBF1230 are closely related, similarly aggressive, and show
specificity toward cashew trees.

We were unable to observe any obvious differences between the
symptoms caused by strains that cause angular leaf spot and Xan-
thomonas spot when they were inoculated onto different hosts.
However, the strains used in this study proved to be more aggres-

Table 5. Epidemiological characterization of angular leaf spot caused by pigmented strains of Xanthomonas, X. citri pv. anacardii, and nonidentified strains
associated with mango trees, which were artificially inoculated into leaves of Brazilian pepper, dwarf cashew seedlings (clone CCP76), and mango cv. Kate

using the leaf infiltration method

Strains Incubation period (days)* Incidence (% )" Severity (mm?) AUDPCY
Brazilian pepper
TAQI13 3.14 ¢ 93.75a 66.61 a 12.63 ab
TAQI18 3.86¢c 91.67 a 55.50 a 9.65b
CCP76 21.25a 23.81b 9.69 b 0.96 ¢
IBSBF873 5.11 be 95.83 a 59.02 a 11.20 ab
IBSBF1230 9.05b 100 a 71.75 a 14.83 a
IBSBF1508 4.89 be 9523 a 5523 a 9.29b
VC?% (%) 25.23 18.65 22.63 33.74
Cashew clone CCP76
TAQI13 3.38 a¥ 100 a 50.37 abc 111.79 ab
TAQI18 3.14a 100 a 79.20 a 126.94 a
CCP76 6.24 a 95.83 a 3249 ¢ 86.97 b
IBSBF873 4.01 a 100 a 42.51 be 102.81 ab
IBSBF1230 5.62a 100 a 7349 a 123.44 a
IBSBF1508 6.54 a 93.75a 7749 a 118.61 ab
VCZ% (%) 64.88 8.01 3741 20.87
Mango cv. Kate
TAQI13 5.93 bY 100 a 27.05a 8722 a
TAQI8 7.55a 92.86 a 13.79 ab 61.58 ab
CCP76 1191 a 79.16 a 6.56 b 38.71b
IBSBF873 6.90 a 8542 a 24.95a 7542 a
IBSBF1230 6.44 a 100 a 28.38 a 89.77 a
IBSBF1508 827 a 95.83 a 18.87 ab 72.55a
VC% (%) 50.53 18.63 5591 31.27

! Incubation period: number of days from inoculation to appearance of the first symptoms.

U Incidence: percentage of inoculation points showing disease symptoms.
v Severity: evaluated by measuring lesion extension 25 days after inoculation.

W Area under the disease progress curve: calculated according to Campbell and Madden (4).

* Data transformed into Log x + 0.5.

Y Average of eight replicates. Averages followed by the same letter in the column are not significantly different, as measured by Tukey’s test (P < 0.05).

z VC: variation coefficient.
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sive toward cashew seedlings than toward mango, Brazilian pepper,
and hog plum seedlings, which further confirms their specificity to
cashew trees. The lesions seen on the Brazilian pepper seedlings
were less severe than those seen on mango seedlings, as observed
by the slow progression of the disease and illustrated by the
smaller AUDPC. In hog plum seedlings, only strains TAQI3,
TAQ18, IBSBF1230, and IBSBF1508 caused lesions and were less
aggressive, indicating a lower susceptibility of this host to Xantho-
monas strains associated with the Anacardiaceae family. These
results are in agreement with those reported by Ah-You et al. (1).
The strains IBSBF873, TAQ13, and TAQ18 were as aggressive to
mango plants as the nonpigmented IBSBF1230 from mango tree
and X. citri pv. anacardii (IBSBF1508). These results partially
disagree with data from Pruvost (18), who found that pigmented
strains are less aggressive toward mango trees than nonpigmented
strains.

Based on several results from this study, we conclude that pig-
mented strains of Xanthomonas causing Xanthomonas spot in
cashew trees in Brazil are very aggressive in this host and should
not be considered casual pathogens. Based on our phenotypic,
molecular, and pathogenic results, we conclude that these strains
do not differ from X. citri pv. anacardii, but may be a variant of
this pathovar. However, further studies are needed to clarify the
taxonomic relationship of these strains.
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