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Xylella fastidiosa is a vector-borne, plant-pathogenic bacterium that causes disease in citrus (citrus variegated
chlorosis [CVC]) and coffee (coffee leaf scorch [CLS]) plants in Brazil. CVC and CLS occur sympatrically and
share leathopper vectors; thus, determining whether X. fastidiosa isolates can be dispersed from one crop to
another and cause disease is of epidemiological importance. We sought to clarify the genetic and biological
relationships between CVC- and CLS-causing X. fastidiosa isolates. We used cross-inoculation bioassays and
microsatellite and multilocus sequence typing (MLST) approaches to determine the host range and genetic
structure of 26 CVC and 20 CLS isolates collected from different regions in Brazil. Our results show that citrus
and coffee X. fastidiosa isolates are biologically distinct. Cross-inoculation tests showed that isolates causing
CVC and CLS in the field were able to colonize citrus and coffee plants, respectively, but not the other host,
indicating biological isolation between the strains. The microsatellite analysis separated most X. fastidiosa
populations tested on the basis of the host plant from which they were isolated. However, recombination among
isolates was detected and a lack of congruency among phylogenetic trees was observed for the loci used in the
MLST scheme. Altogether, our study indicates that CVC and CLS are caused by two biologically distinct

strains of X. fastidiosa that have diverged but are genetically homogenized by frequent recombination.

Emerging diseases have become increasingly important in
recent decades (51). Molecular characterization of pathogens
coupled with biological tests on host range and ecological pa-
rameters have proved to be essential in the development of
quarantine, containment, and control practices for such organ-
isms. Although much work on emerging diseases is focused on
human and animal pathogens, plants have also been targeted
by new and reemerging pathogens. Not surprisingly, biological
invasions, climate change, and farming techniques have been
identified as the main drivers of emerging plant diseases (4). In
addition, for many plant disease systems the lack of basic
knowledge about the genetic structure and biology of the
pathogen(s) involved may limit options for management. Such
knowledge is especially challenging to obtain for pathogens
with wide host ranges.

Xylella fastidiosa is a xylem-limited, plant-pathogenic bacte-
rium with a wide host range. This bacterium causes a growing
number of diseases in many crops throughout the Americas,
including grape, almond, citrus, peach, and coffee plants (21).
It is disseminated in nature by sharpshooter leafhoppers
(Hemiptera, Cicadellidae, Cicadellinae), which are xylem sap-
feeding specialist insects with generally polyphagous behavior
in relation to host plants (43). There is no evidence for any
vector-pathogen specificity required for transmission, with dif-
ferent X. fastidiosa strains being transmitted by different sharp-
shooter species to different host plants (1). There are, none-
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theless, differences in how efficiently transmission occurs,
depending on the vector-host plant-pathogen strain combina-
tion (1). Thus, this is an ecologically unique pathosystem, with
a bacterial pathogen that colonizes a wide range of hosts and
is transmitted by polyphagous vectors.

Most X. fastidiosa-colonized plants are asymptomatic (e.g.,
reference 40). Strains are grouped primarily on the basis of the
crop hosts in which they cause disease, and most strains do not
cause disease in plants susceptible to other strains of X. fastid-
iosa. For example, almond plants are susceptible to isolates
from grape plants but not vice versa (3). Oleander and grape X.
fastidiosa clades are monophyletic (47), but neither causes dis-
ease in cross-inoculation experiments (41). Therefore, biolog-
ical relationships must be tested and cannot be directly in-
ferred from evolutionary history alone. Currently, X. fastidiosa
strains are divided into four subspecies (45, 47): (i) X. fastidiosa
subsp. piercei (grape), (ii) X. fastidiosa subsp. sandyi (olean-
der), (iii) X. fastidiosa subsp. multiplex (several hosts), and (iv)
X. fastidiosa subsp. pauca (citrus). X. fastidiosa subsp. pauca is
the only one from South America, where X. fastidiosa causes
disease in citrus, coffee, and plum plants (39). Among such
diseases, citrus variegated chlorosis (CVC) has been relatively
well studied, but limited work has been done on coffee leaf
scorch (CLS) and plum leaf scald.

The relationships among coffee and citrus X. fastidiosa iso-
lates in Brazil have been controversial. There are essentially
three lines of evidence, each arguing either that these strains
are the same or that they are different. CVC emerged in 1987
in northern Sao Paulo state (7, 18), and CLS was first reported
in 1995 in the same region (35). However, several authors have
argued that CLS symptoms were present in coffee plants long
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before 1987 and were misdiagnosed as nematode infections or
plant nutritional imbalances (see reference 26 for discussion
on that). In addition, X. fastidiosa was later found to infect
coffee plants in other Brazilian regions, suggesting an old as-
sociation with that host. Genetically, the relationships among
coffee and citrus isolates are also poorly resolved. Results
obtained by using different typing methods have consistently
grouped isolates from these plants in a monophyletic clade,
separately from North American X. fastidiosa isolates (32, 47).
However, within South America, placement of citrus and cof-
fee isolates has been variable and dependent on the number of
tested isolates from each host plant and the methodology used
(e.g., references 29, 30, and 42). In certain cases, for example,
the fully sequenced citrus isolate 9a5c was found to be an
outgroup to citrus X. fastidiosa (29). Lastly, to our knowledge
only two biological cross-inoculation studies have been con-
ducted with citrus and coffee X. fastidiosa isolates, again with
inconclusive results. Li et al. (26) showed that CLS can be
caused by both coffee and citrus X. fastidiosa isolates. On the
other hand, another study showed that a CVC isolate of X.
fastidiosa colonized coffee plants but died off over time,
whereas no colonization of citrus plants was observed for a
CLS isolate (37). Therefore, previous research has not re-
solved whether CVC and CLS are caused by the same strain or
by different strains of X. fastidiosa.

In this study, we sought to clarify the relationships among
citrus and coffee X. fastidiosa isolates collected from different
regions in Brazil. We used microsatellite- and multilocus se-
quence typing (MLST)-based approaches to determine the
genetic structure of this pathogen and conducted cross-inocu-
lation assays to biologically characterize representative iso-
lates. We tested the hypotheses that X. fastidiosa isolates from
citrus and coffee plants are distinguished by host plant or
geographical location, their phylogenetic placement in relation
to North American X. fastidiosa, and colonization patterns in
citrus and coffee hosts.

MATERIALS AND METHODS

Isolates. Xylella fastidiosa isolates were collected from symptomatic citrus and
coffee plants from four states in Brazil (Table 1). We cultured X. fastidiosa from
samples, following standard protocols (2), and triply cloned each isolate prior to
freezing cells at —80°C. We recovered frozen samples by plating suspensions on
PWG medium (20) to extract DNA for molecular analyses (37) and to mechan-
ically inoculate citrus and coffee plants for pathogenicity tests (see below). All
samples were tested with the diagnostic primer set RST31-33 to confirm their
identification as X. fastidiosa (31).

Microsatellites. We used the methods described by Coletta-Filho et al. (8) to
conduct a study on the population genetic structure of citrus and coffee X
fastidiosa isolates. This method is based on fast-evolving microsatellites (also
known as short sequence repeats [SSR] and variable number tandem repeats)
that permit genetic studies at the pathogen population level. We analyzed six loci
in this study, SSR20, -21, -26, -28, -30, and -40, which have been previously found
to be informative for CVC population genetics studies (8). Analysis of gels was
performed using Quantity One software (Bio-Rad, Hercules, CA) to assign the
fragment size for each sample locus, followed by manual checking of assign-
ments.

Microsatellite AMOVA. We tested the hypotheses that citrus and coffee X.
fastidiosa isolates were genetically clustered in different groups based on host
plant or geographical location. Populations were defined as isolates from the
same host plant collected in one state (for example, coffee isolates collected in
Minas Gerais state). We used analyses of molecular variance (AMOVA), as
implemented in ARLEQUIN 3.11 (12), to determine the covariance among
groups, among populations within groups, and among individuals within popu-
lations. Two analyses were performed, one by grouping populations by host plant
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and the other by grouping them by the state where they were collected. The
genetic separation among populations (a total of six populations, three from
citrus and three from coffee plants) was determined by comparing population
pairwise Fgr values, using ARLEQUIN 3.11. One thousand permutations were
used to test the significance of AMOVA and population pairwise Fg compari-
sons.

Microsatellite clustering analyses. Linkage equilibrium, the statistical inde-
pendence of the loci tested, suggests high rates of recombination in the case of
bacteria. Because the clustering methods that we used assume linkage equilib-
rium, we tested for its presence in our dataset by using LIAN 3.0 (19). LIAN 3.0
was also used to determine the diversity in samples. To determine the number of
genetic clusters in the microsatellite dataset, we used the software package
STRUCTURE 2.2 (38), despite the fact that it makes assumptions violated by
our dataset (i.e., linkage equilibrium). We tested the posterior likelihood of the
samples being divided into each number of genetic clusters (k) between one and
five by resampling the dataset 10 times (burn-in, 10,000 steps; run, 100,000 steps).
In addition to determining the k value with the highest likelihood, we also
determined AK, which provides an alternative on how to infer k rather than
examining only the likelihood values obtained from runs with different k values
(11). In addition, STRUCTURAMA (http://www.structurama.org/) was also
used to infer the population structure of the samples; however, it also assumes
linkage equilibrium. In STRUCTURAMA, samples are initially not assigned to
any specific population. We ran it for 100,000 generations, varying the number of
fixed populations from one to six. We also used BAPS 2.2 (Bayesian Analysis of
Population Structure) (9) to infer the number of genetic clusters in the dataset.
BAPS treats the number of populations and locus frequencies as random vari-
ables. We used the enumerative calculation to estimate population structure,
varying the number of putative populations (assigned as described above) from
one to six. In BAPS, populations were compared rather than individuals within
populations.

MLST. We sequenced 5 of 10 loci that were part of an MLST scheme previ-
ously used for X. fastidiosa (44). The loci sequenced were lacF, 1fbD, petC, cysG,
and leuA. Primers for the MLST scheme were originally designed based on North
American X. fastidiosa isolates, and not all functioned well with our samples. We
designed new reverse primers for rfbD (5'-TCCATAAACGGCGCCTTC-3")
and ¢ysG (5'-GCATATGTCTGTGCGGTGTGC-3") due to poor amplification
with the published primers. We were not able to amplify #0lC for most isolates,
and that locus was eliminated from the analysis. We did not test the other four
loci that were part of that MLST scheme. DNA was amplified using HotStart
HiFidelity polymerase (Qiagen, Valencia, CA), the sizes of the amplicons were
checked in agarose gels, and the DNA was later purified for sequencing with a
Qiagen PCR purification kit. Sequencing was performed at the DNA sequencing
facility of the University of California, Berkeley, CA. Alignments were prepared
with BIOEDIT 7.0.4 (15) for analyses.

We used START?2 (23) to obtain a summary of the MLST data and the allelic
profile for all samples. LIAN 3.0 was used to determine genetic diversity and
linkage equilibrium in the dataset. The different allelic profiles were identified as
seven sequence types (STs; ST1 to ST7) and these assigned STs used for the
analyses described below. We also ran an AMOVA using ARLEQUIN 3.11 to
determine the genetic structure of populations sampled, using the DNA se-
quences of the five loci (individually, not concatenated) as sources of data. As for
the microsatellites, we assigned X. fastidiosa to different populations based on the
host plants and states where they were collected. We also conducted Fgp pairwise
comparisons among the six populations.

Phylogenetic analyses. To test for phylogenetic congruency among the loci
sequenced, we conducted analyses using the citrus and coffee X. fastidiosa STs
and an outgroup (the genome-sequenced grape X. fastidiosa isolate Temecula;
GenBank accession no. AE009442) (50). We conducted phylogenetic analyses by
using PAUP* 4.0b.1 (D. L. Swofford, Sinauer, Sunderland, MA) and performing
maximum parsimony and maximum likelihood searches on individual loci and
concatenated sequences. We used Modeltest (36) to determine the best evolu-
tionary model for the dataset by using the Akaike information criterion for each
likelihood search (concatenated sequences, GTR+I; lacF, TrN; petC, TVM;
1fbD, TIN+I; cysG, HKY; and leud, HKY +1I). Support for analyses was obtained
with 1,000 (maximum parsimony) and 100 (maximum likelihood) bootstrap rep-
licates. To determine significant incongruence among tree topologies, we used
the Shimodaira-Hasegawa likelihood ratio test (48), as implemented in PAUP*.

To determine the relationship between X. fastidiosa isolates in South and
North America, we randomly selected two isolates from each one of the six clonal
clusters identified in North America by Schuenzel et al. (47), in addition to the
STs identified in this study. We used the five-locus concatenated sequence for the
analyses. Maximum parsimony and maximum likelihood searches were per-
formed as described above (model HKY+I was selected for the maximum
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TABLE 1. List of Xylella fastidiosa isolates used in this study, including cluster assignment based on MLST and microsatellite data

Genetic cluster” according to:

Isolate Host of origin MIST Microsatellite analysis City and state” Collector
STRUCTURAMA STRUCTURE

10 Citrus 1 1 1 Pedregulho, SP S. Lopes

11 Citrus 1 1 1 Pedregulho, SP S. Lopes

34 Citrus 1 1 1 Araras, SP J. Lopes

35 Citrus 1 1 1 Com. Gomes, MG J. Lopes

36 Citrus 1 1 1 Matao, SP S. Lopes

37 Citrus 1 1 1 Matao, SP S. Lopes

41 Citrus 1 1 1 Taquaritinga, SP J. Lopes

42 Citrus 1 1 1 Taquaritinga, SP J. Lopes

44 Citrus 1 1 1 Ubirajara, SP J. Lopes

45 Citrus 1 1 1 Gaviao Peixoto, SP R. Marques

46 Citrus 1 1 1 Gaviao Peixoto, SP R. Marques

53 Citrus 1 1 1 Com. Gomes, MG R. Marques

54 Citrus 1 1 1 Frutal, SP R. Marques

55 Citrus 1 1 1 Frutal, SP R. Marques

64 Citrus 1 1 1 Rio Real, BA F. Laranjeira

65 Citrus 1 1 1 Itapirucu, BA F. Laranjeira

6570 Citrus 1 1 1 Bebedouro, SP J. Lopes

66 Citrus 1 1 1 Rio Real, BA F. Laranjeira

67 Citrus 1 1 1 Itapirucu, BA F. Laranjeira

84 Citrus 1 1 1 Botucatu, SP P. Paiva

85 Citrus 1 1 1 Itaju, SP P. Paiva

47 Citrus 1 1 2 Gaviao Peixoto, SP R. Marques

18 Citrus 2 2 2 Neves Paulista, SP S. Lopes

86 Citrus 2 2 2 Sao Carlos, SP P. Paiva

88 Citrus 2 2 2 Cafelandia, SP P. Paiva

9a5c Citrus 2 2 2 Macaubal, SP Reference 7

29 Coftee 3 3 3 Garga, SP J. Lopes

51 Coffee 3 3 3 Lavras, MG M. Bento

1 Coftee 4 3 3 Ribeirdao Preto, SP S. Lopes

3124 Coffee 4 3 3 Matao, SP W. Li

4 Coftee 4 3 3 Cravinhos, SP S. Lopes

50 Coffee 4 3 3 Lavras, MG M. Bento

56 Coffee 4 3 3 Planaltina, DF C. Oliveira

57 Coffee 4 3 2 Planaltina, DF C. Oliveira

58 Coffee 4 3 2 Planaltina, DF C. Oliveira

59 Coffee 4 3 3 Planaltina, DF C. Oliveira

61 Coffee 4 3 3 Planaltina, DF C. Oliveira

62 Coffee 4 3 2 Planaltina, DF C. Oliveira

6756 Coffee 4 3 3 Matao, SP R. Almeida

73 Coffee 4 3 2 Sao Gotardo, MG L. Zambolim

80 Coffee 4 3 2 Sao Gotardo, MG L. Zambolim

32 Coffee 5 3 3 Muritinga Sul, SP J. Ottoboni

68 Coffee 6 2 2 Sao Gotardo, MG L. Zambolim

8 Coffee 7 2 3 Pedregulho, SP S. Lopes

24 Coftee 7 3 2 Garga, SP J. Lopes

33 Coffee 7 3 2 Varginha, MG S. Lopes

“ See text for cluster assignment using different methods.

" State abbreviations: BA, Bahia; DF, Distrito Federal; MG, Minas Gerais; SP, Sao Paulo.

likelihood search). Because of the evidence for recombination in X. fastidiosa
presented by Scally et al. (44) and this work, we also used SplitsTree 4 (22) to
perform a phylogenetic network analysis with the neighbor-net method. Phylo-
genetic networks better represent the evolutionary relationships among recom-
bining bacteria, as conflicting signals can be represented as a network instead of
a bifurcating tree. We used ClonalFrame 1.1 (10) to infer the relationships
among these taxa. ClonalFrame incorporates recombination into the phyloge-
netic analysis, accounting for both mutation and recombination rates when
estimating the posterior probabilities of trees. It assumes that mutation and
recombination rates are constant throughout the tree. We ran two chains on
ClonalFrame, with 100,000 burn-in steps followed by 500,000 iterations, record-
ing samples every 100 iterations. To assess for convergence of parameters among
runs, we used the Gelman and Rubin convergence test (14), as implemented in
ClonalFrame. PHItest (6), as implemented in SplitsTree 4 (22), was used to
determine the presence of recombination in the dataset. We also used TREE-

PUZZLE 5.2 (46) to perform a maximum likelihood mapping analysis (49) under
the HKY model for the same dataset (although here we used both concatenated
and single-locus sequences) by subdividing the taxa into four subspecies as
previously proposed (45, 47). This method determines the genetic relationships
among the groups we arbitrarily assigned instead of individual taxa (ST) and can
be used to test the monophyly of tested groups.

Host colonization assays. We conducted two tests to determine if CVC- and
CLS-causing isolates collected from symptomatic plants in commercial coffee
plantations and citrus orchards were able to colonize citrus and coffee plants
under greenhouse conditions. Although citrus plants infected with X. fastidiosa
readily show diagnostic CVC symptoms under greenhouse conditions (2), typical
symptoms of CLS (e.g., shortening of internodes, leaf size reduction, leaf scorch,
and yellowing) are not evident in less than 1 to 2 years if the pinprick inoculation
method is used (37). Therefore, we focused our assays on determining X. fastid-
iosa colonization of host plants and not symptom development (i.e., disease);
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TABLE 2. AMOVA for microsatellite (SSR) and MLST data on citrus and coffee X. fastidiosa isolates grouped by host plant and
geographical location (state)

Grouping” Method df Sum of Variance % O.f Fixation index (P)
squares component variation
Host plant
Among groups SSR 1 7.61 0.18 8.68 Fer = 0.086 (0.103)
MLST 1 254.76 10.90 67.89 Fepr = 0.679 (0.101)
Among SSR 4 10.66 0.15 7.16 Fye = 0.078 (0.018)
populations
Within groups MLST 4 26.35 0.29 1.87 Fyc = 0.058 (0.281)
Among individuals SSR 40 71.55 1.78 84.16 Fgp = 0.158 (<0.001)
Within populations MLST 40 194.35 4.85 30.24 Fgpr = 0.697 (<0.001)
Region (state)
Among groups SSR 3 11.48 0.06 3.25 Fepr = 0.032 (0.340)
MLST 3 126.36 -3.17 —27.10 Fer = —0.271 (0.610)
Among SSR 2 6.78 0.22 10.71 Fge = 0.110 (<0.001)
populations
Within groups MLST 2 154.73 10.05 85.68 Fge = 0.674 (<0.001)
Among individuals SSR 40 71.55 1.78 86.05 Fyr = 0.139 (<0.001)
Within populations MLST 40 194.35 4.85 41.42 Fgpr = 0.585 (<0.001)

“ Populations comprised isolates collected from citrus or coffee plants from different states.

however, we recorded the presence of symptoms on citrus plants. Because all
isolates were collected from symptomatic coffee or citrus plants, we assumed they
were pathogenic. In the first experiment, we tested if isolates maintained suc-
cessful infections in plants over time by quantifying their populations in an apical
leaf 11 months after inoculation. Healthy seedlings of Citrus sinensis (L.) Osbeck
cv. Caipira and Coffea arabica L. cv. Catuai vermelho (clone 99) were pin
inoculated in a single point of the stem with 5 wl of 10°- to 10'°-CFU/ml X.
fastidiosa suspensions, following methods previously described (2, 37); plants
were maintained in 1-liter pots containing a mixture of soil, manure, and sand
(3:2:1), inside an insect-free greenhouse at ESALQ, University of Sao Paulo,
Piracicaba, Brazil. Eleven months after inoculation, we tested all plants for the
presence of X. fastidiosa by the culturing method, which also allows for the
quantification of live cells in the sampled tissue (2). We sampled an apical but
mature leaf from plants because detection in these samples would imply cell
multiplication and movement (i.e., colonization) of host plants. Each sample
consisted of 0.1 to 0.15 g of the leaf petiole and main vein; primary isolation and
quantification of the number of CFU per gram of leaf tissue were carried out by
dilution plating on solid PWG medium as described before (2). Samples of
recovered bacterial colonies were confirmed as X. fastidiosa by PCR using the
diagnostic primer set RST31-33 (31). Table 7 lists the isolates used and the
numbers of plants tested. Twenty coffee and seven negative-control citrus plants
were buffer inoculated and tested negative for X. fastidiosa.

Because a recent report showed that one citrus isolate multiplied in coffee
plants and maintained low populations when inoculated at high titers (37), we
conducted a second bioassay that tested plants for bacterial colonization within
a shorter period (4 months) after inoculation at different distances from the
inoculation site. Our goal was to determine if early multiplication and movement
of isolates occur in nonreciprocal crosses. For this purpose, we mechanically
inoculated 10 healthy citrus and coffee seedlings in the stem at the base of the
fourth mature leaf (as in reference 2), with 7-ul drops of 10’-CFU/ml suspen-
sions of representative X. fastidiosa isolates (see Table 8). We also inoculated 10
citrus and coffee plants with buffer as negative controls. The citrus and coffee
cultivars used, as well as the potting and greenhouse conditions, were the same
as those in the first bioassay. The plants were evaluated by culturing 4 months
after inoculation at two different sites, the first leaf above the inoculation point
and a leaf 9 cm above that point.

Multiplex PCR detection of coffee and citrus X. fastidiosa isolates. We used the
only locus fixed in our study (lacF; see Results) to develop a host-specific scheme
for differential PCR detection of citrus and coffee X. fastidiosa isolates. Our
multiplex approach used three primers, a reverse primer shared by citrus and
coffee isolates (5" CCTCGGGTCATCACATAAGGC 3'; 10 pM, based on ref-

erence 44) and forward citrus (5" GCGCTGATTTGGCGTTACT 3'; 10 uM)-
and coffee (5" GTATGCTCTGGGCAATCCG 3'; 10 pM)-specific primers. We
noted that the reverse primer had one substitution compared to the genome
sequence of 9a5C (a fully sequenced citrus isolate), but amplification results were
not affected. The amplicon size obtained for CVC X. fastidiosa samples was 353
bp, whereas for CLS samples it was 597 bp. The PCR steps used were 94°C for
1 min, 66°C for 45 s, and 72°C for 1 min for 30 cycles.

Nucleotide seq; e accessi bers. Sequences obtained were deposited
in the GenBank database under accession numbers EU496570 to EU496799.

RESULTS

Microsatellite data analyses. We tested if X. fastidiosa iso-
lates collected from symptomatic citrus and coffee plants in
four Brazilian states were genetically grouped based on host
plant or geographical location. AMOVA showed no statistical
difference among groups of X. fastidiosa populations (Table 2),
failing to support the hypothesis that either host plant or ge-
ography was associated with the genetic structure of the iso-
lates. Grouping populations by host plant resulted in a lower
(but nonsignificant) P value than grouping them by the region
where the isolates were collected. Most of the variation ob-
served occurred among individuals within populations (Table
2), indicating that the loci used may evolve quickly. Differences
among populations within groups and isolates within popula-
tions were statistically significant, suggesting a genetic struc-
ture in the data. Populations within groups showed statistical
differences when grouped by state, indicating that coffee and
citrus X. fastidiosa isolates from the same region were geneti-
cally different (Table 2). Fgr pairwise comparisons showed an
interesting trend in which coffee populations were different
from citrus populations and vice versa (Table 3). The low
number of samples (n = 2 isolates) in the Minas Gerais citrus
population may have affected its pairwise comparisons. Be-
cause populations were not clearly grouped by host plant or
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TABLE 3. Fgy pairwise differentiation among Xylella fastidiosa populations by use of microsatellite and MLST data“

Result for indicated host and state

Host and state

(no. of isolates) Coffee Citrus
SP MG DF SP MG
Coffee
SP (8)
MG (6) —0.049/-0.158
DF (6) 0.089/0.222 0.060/0.262
Citrus
SP (20) 0.105%/0.633* 0.111%/0.641* 0.148%/0.809*
MG (2) 0.023/0.573* 0.044/0.555 0.221/1.000* —0.060/0.999
BA (4) 0.304%/0.653* 0.282%/0.655* 0.436%/1.000* 0.205%/0.563 0.279/0.999

“ The numerator and the denominator represent results based on microsatellite and MLST data, respectively (*, P < 0.05). See Table 1 for state abbreviations.

geographic location (AMOVA), we used BAPS to infer the
best structure for the citrus and coffee X. fastidiosa popula-
tions. BAPS partitioned the populations into three clusters
with a higher probability (0.833) than that for two clusters
(0.165). The three clusters were (i) citrus isolates from Sao
Paulo and Minas Gerais; (ii) citrus isolates from Bahia; and
(iii) coffee isolates from Sao Paulo, Distrito Federal, and Mi-
nas Gerais. Therefore, although AMOVA of microsatellite
data did not support the grouping of X. fastidiosa isolates by
host plant (P = 0.10) or region (P = 0.34), different tests
performed suggest some level of genetic clustering for coffee
and citrus X. fastidiosa populations. It must be emphasized that
the small numbers of loci and samples used per population
probably limited our conclusions with this analytical method.

Clustering analyses. For the microsatellite data, we also
used a clustering approach to infer the structure of X. fastidiosa
isolates analyzed. This approach allowed for statistical meth-
ods for determining which isolates would be grouped together.
These methods assume linkage equilibrium, which was violated
(P < 0.001) when the whole dataset was used as well as when
citrus and coffee isolates were tested independently; however,
the standardized index of association (I,%) was <0.15 for those
data (0 indicates linkage equilibrium, and 1 indicates clonal-
ity). Thus, although assumptions were violated, the association
index observed was small. STRUCTURE reported the highest
probability when the number of clusters (k) was three, which
was confirmed when the AK value was determined to be larger
with three populations (data not shown). STRUCTURAMA

TABLE 4. ST assignment of coffee and citrus Xylella fastidiosa
isolates based on MLST allelic profile

Host and Result for: No. of
MLST lacF petC rfbD cysG leuA isolates
Citrus

1 1 1 1 1 1 22
2 1 2 1 4
Coffee
3 2 2 1 2 1 2
4 2 2 3 2 1 13
5 2 2 4 2 1 1
6 2 3 4 3 2 1
7 2 3 4 3 3 3

also estimated that clustering the isolates into three groups
resulted in a higher posterior probability. The assignments
made by STRUCTURAMA and STRUCTURE are compared
to the STs obtained with MLST (Table 1).

MLST data analyses. Sequencing of five loci identified seven
X. fastidiosa STs in Brazil, two from citrus plants and five from
coffee plants (Table 4). We found no citrus STs in coffee plants
or vice versa (Table 1). A dominant ST was identified in citrus
plants (ST1), accounting for 85% of the samples collected
throughout Brazil. The citrus isolate that has been sequenced
(50), 9a5c, belongs to the less common ST ST2. Similarly, ST4
was the most common ST obtained from symptomatic coffee
plants, accounting for 65% of isolates collected. Citrus isolates
had a lower index of association (I,° = 0.251) than coffee
isolates (1,5 = 0.578), and both were determined to be in
linkage disequilibrium, as they were by the microsatellite data
(as tested with LIAN). The allelic profile suggests evidence of
recombination between citrus and coffee isolates, e.g., petC in
ST2 and most coffee STs and rfbD for ST1 and ST3 (Table 4).
We detected no positive selection for the loci sequenced (Ta-
ble 5). AMOVA results for MLST data, which grouped isolates
into populations, like microsatellite data, and treated each
sequence as a locus, showed results similar to those for the
microsatellite analysis (Table 2). Grouping of populations by
host plant showed that 68% of the data variation occurred
among groups (citrus versus coffee) and 30% among individ-
uals within populations. Interestingly, only 2% of the variation
in that case was accounted for by differences among popula-
tions (different locations, i.e., states) within groups (host
plants), suggesting a lack of geographic structure for these

TABLE 5. Summary of MLST data of coffee and citrus
Xylella fastidiosa isolates

No. of
Locus L?él I%)t h I;?élgsf polymorphic d/ds"
sites
lacF 564 2 11 0.0695
petC 534 3 11 0.4048
rfbD 437 4 17 0.0625
cysG 1,227 3 10 0.0889
leuA 1,260 3 13 0.0589

“dn/ds represents the ratio of nonsynonymous to synonymous substitutions,
which are indicative of positive selective pressure on loci (none was observed here).
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FIG. 1. Concatenated and single-locus phylogenetic maximum likelihood trees of citrus (Ci) and coffee (Co) Xylella fastidiosa STs identified in
our survey, with a grape isolate (Temecula) as the outgroup. Asterisks represent branches supported by >80% bootstrap support with maximum
parsimony and maximum likelihood tree searching methods. Note the lack of congruency among trees for the citrus and coffee STs.

pathogens in Brazil and a separation based on host plant.
Similarly, Fgr pairwise comparisons also indicated that X. fas-
tidiosa citrus populations are genetically different from those
from coffee plants (Table 3). Although the MLST results iden-
tified STs specific to citrus and coffee plants without any over-
lap, the AMOVA did not separate X. fastidiosa isolates solely
on the basis of host plant. However, grouping populations by
host plant (P = 0.10) better explained the data than grouping
them by geographic region (state) (P = 0.61). Nevertheless,
comparisons among populations identified differences between
X. fastidiosa isolates causing disease in coffee and citrus plants.

Phylogenetic analyses. We conducted phylogenetic analyses
for all loci and concatenated sequences separately to deter-
mine congruency among trees (Fig. 1). Concatenated se-
quences grouped STs into a citrus group and a coffee group. A
third group (coffee ST6 and ST7) had 97% bootstrap support
with the maximum parsimony method but only 73% bootstrap
support with the maximum likelihood method. The inferences
with individual loci, however, produced a series of incongruent
trees with different relationships among STs, suggesting the
presence of recombination between citrus and coffee X. fastid-
iosa isolates. The Shimodaira-Hasegawa test, which in essence
compares the topologies of trees, confirmed a general lack of
congruency among all single-locus trees and among those in
relation to the concatenated tree (Table 6). These results in-
dicate that the use of phylogenetic trees to reconstruct the
evolutionary history of X. fastidiosa in Brazil is problematic.
The use of single (or few) loci for specific detection of X.

fastidiosa strains may have serious limitations, given the results
that we obtained, at least for CVC and CLS. lacF (ABC trans-
porter sugar permease) was the only locus examined that was
fixed in coffee and citrus isolates. The lack of support for locus
congruence is indicative of recombination among the STs. In
addition, we used tests available in RDP3.14 (Recombination
Detection Program) (28) to identify recombination events in
the concatenated dataset of the coffee and citrus STs (defaults
were used). The tests identified zero to three recombinant
regions in the dataset, depending on the method used (data not
shown).

We used different approaches to determine the genetic re-

TABLE 6. Shimodaira-Hasegawa test for congruency among tree
topologies for the five loci used in this study and
their concatenated sequence”

Result for:
Locus
Concatenation  petC cysG lacF leuA rfbD
Concatenation 0.001* 0.444 0.621 1.000 0.021*
petC 0.002* 0.047* 0.001* 0.656 0.001*
cysG 0.114 0.003* 0.001* 0.851 0.001*
lacF 0.001* 0.003* 0.001* 0.007* 0.001*
leuA 0.007* 0.001* 0.209  0.001* 0.001*
1fbD 0.001* 0.004* 0.001* 0.001* 0.003*

¢ P values (*, P < 0.05) represent differences in likelihood score between the
maximum likelihood topology of each locus (column) and that of the same locus
constrained by the maximum likelihood topology obtained for other loci (row).
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FIG. 2. Concatenated locus phylogeny of Xylella fastidiosa STs from coffee (Co) and citrus (Ci) plants in Brazil and two representative STs of
each North American genetic cluster previously identified (47). Plant hosts of origin: A, almond; Oak, oak; P, peach; Ol, oleander; G, grape.
(A) Maximum likelihood tree. The maximum parsimony search yielded similar topology. Bootstrap support (>90%) is indicated by an asterisk
where supported by both the maximum likelihood and the maximum parsimony methods. (B) Neighbor-net reconstruction of relationships among

X. fastidiosa STs.

lationships among the concatenated sequences of South and
North American X. fastidiosa isolates. Different reconstruction
methods suggest that diversity in Brazil, as determined by
branch length in trees, is larger for coffee isolates than for
isolates from any other X. fastidiosa-susceptible crop plant
previously studied. However, a more inclusive analysis is war-
ranted to determine if that is in fact true. It is interesting to
note that citrus X. fastidiosa was represented by a small clade
in the reconstructions, similarly to STs from other host plants
but not coffee plants. The maximum likelihood reconstruction
using concatenated sequences divided Brazilian X. fastidiosa
isolates into citrus and coffee clades. However, inferences on
the evolutionary history of these taxa are not possible due to
the presence of recombination among them. Thus, concatena-
tion of few locus sequences (Fig. 2A) may have applied impor-
tance (i.e., clustering of genetically and biologically similar
sequences) but limited value for evolutionary inference. The
presence of a network among Brazilian STs (Fig. 2B) is further
indication of recombination among those taxa. It also suggests
that recombination may occur more often among those taxa
than among others in North America. Interestingly, the neigh-
bor-net tree also shows evidence of recombination among
South and North American taxa and a lack of monophyly
between these geographic regions (Fig. 2B). Although Clonal-
Frame generated relationships similar to those for the other
methods (with runs that converged for all parameters tested),
it broke down the host plant subdivisions in the X. fastidiosa
subsp. multiplex clade (almond, peach, and oak; data not
shown). Those host plant relationships (peach and oak) within
X. fastidiosa subsp. multiplex also had no branch support in
other analyses (Fig. 2A).

In addition, we looked at the possibility of recombination
among the four proposed X. fastidiosa subspecies by using
TREE-PUZZLE. We assigned the isolates used for Fig. 2 to
their respective X. fastidiosa subspecies (following references
45 and 47). No conflicting phylogenetic signal was observed for
the concatenated sequence or for that of locus petC, cysG, or
lacF. However, that was not the case for leuA or rfbD. These
results indicate that recombination in X. fastidiosa may be
occurring not only within subspecies, such as X. fastidiosa
subsp. pauca (citrus and coffee isolates), but also among sub-
species. Recombination among isolates used for this analysis
was also detected using PHItest (6). Intriguingly, we noted that
the fbD allele for coffee ST4 can be divided into two frag-
ments, with part of the sequence having overall homology to
other alleles in X. fastidiosa subsp. pauca and one fragment at
the end of the sequence having strong homology to subspecies
in North America. Recombination between an X. fastidiosa
subsp. piercei isolate (Temecula) and ST4 was detected with
the software package RDP3.14 when the concatenated se-
quences of the X. fastidiosa subsp. piercei isolate were added to
an alignment of the citrus and coffee STs analyzed in this study
(data not shown).

Host colonization assays. We conducted two experiments to
determine if citrus and coffee X. fastidiosa isolates collected
from symptomatic plants were capable of colonizing both host
plants under greenhouse conditions. In the first experiment, we
looked at long-term colonization by sampling inoculated plants
11 months after inoculation (Table 7). We found no host plant
cross-infection for any of the STs tested, suggesting that the
citrus and coffee isolates tested are biologically distinct. Fur-
thermore, CVC symptoms were observed only in plants inoc-
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TABLE 7. Long-term patterns of citrus and coffee colonization by Xylella fastidiosa isolates®
Rate for:
Host and Isolz Citrus host Coffee host
MIST? solate
I s e CcvC L e CLS
nfection a Infection de
symptoms symptoms®
Citrus
1 10 1/2 (6.1) 12 0/20 0/20
1 11 4/13 (5.7 £ 0.5) 0/13 0/20 0/20
1 35 9/11 (6.3 = 0.1) 1/11 0/20 0/20
1 36 9/19 (4.9 = 0.3) 1/19 0/20 0/20
1 37 8/15 (5.4 = 0.3) 3/15 0/20 0/20
1 6570 8/11 (5.4 = 0.3) 1/11 0/20 0/20
2 18 3/6 (6.1 £0.4) 3/6 0/20 0/20
Coffee
3 29 0/14 0/14 7/20 (4.9 = 0.2) 0/20
4 1 0/13 0/13 18/20 (5.2 = 0.1) 0/20
4 4 0/16 0/16 12/20 (5.1 £ 0.1) 0/20
4 3124 0/16 0/16 6/20 (4.8 = 0.2) 0/20
5 32 0/13 0/13 11/20 (5.4 £0.2) 0/20
7 8 0/15 0/15 16/20 (4.9 = 0.1) 0/20
7 24 0/8 0/8 14/20 (4.7 £ 0.2) 0/20
7 33 0/7 0/7 11/20 (5.4 = 0.1) 0/20

“ Plants were sampled at one location (the leaf petiole on the apical portion of the plant) for X. fastidiosa culturing at 11 months after inoculation.

> See Table 1 for additional information on isolates.

¢ Number of infected plants/number of inoculated plants. In parenthesis is the mean number of CFU per gram of plant tissue (log,, value * standard error).

4 Number of plants expressing symptoms/number of inoculated plants.

¢ Typical CLS symptoms were not recorded for coffee plants within 11 months after inoculation.

ulated with the citrus STs; typical CLS symptoms were not
observed within the evaluation period of this experiment. In
the second experiment, we determined patterns of colonization
4 months after inoculation (Table 8). We found no coffee
isolates colonizing citrus plants, but a few citrus isolates colo-
nized and moved within coffee plants. Taken together, the
results for these tests suggest that coffee X. fastidiosa does not
colonize or sustain long-term infections in citrus plants. In
addition, the data suggest that citrus isolates can colonize cof-
fee plants under greenhouse conditions but that eventually
those infections will probably die off (Tables 7 and 8). More-

detailed studies with additional sampling dates should be con-
ducted to test the latter hypothesis.

Multiplex PCR detection of coffee and citrus X. fastidiosa
isolates. The presence of recombination among citrus and cof-
fee STs is problematic for phylogenetic inference and devel-
opment of reliable markers for detection of isolates causing
disease in either host plant. The multiplex PCR approach that
we developed correctly separated all 46 isolates used in this
study on the basis of the host plant that they were collected
from (data not shown). Although these results validate this fast
and easy typing scheme, we tested only the isolates used in this

TABLE 8. Short-term patterns of citrus and coffee colonization by Xylella fastidiosa isolates®

Rate for infection of:

Host and

MIST? Isolate Citrus host Coffee host
First leaf 9 cm above IP First leaf 9 cm above IP
Citrus
1 11 3/10 (4.8 = 0.4) 0/10 0/10 0/10
1 35 2/10 (6.0 = 0.6) 0/10 2/10 (4.6 = 0.2) 0/10
1 85 3/10 (4.9 £ 0.2) 0/10 0/10 0/10
1 6570 6/10 (5.2 = 0.1) 4/10 (5.3 = 0.4) 0/10 0/10
2 9a5c 4/10 (5.4 £ 0.4) 1/10 (6.4) 2/10 (4.6 = 0.8) 0/10
Coffee
4 3124 0/10 0/10 0/10 3/10 (3.8 £ 0.4)
4 61 0/10 0/10 1/10 (4.9) 4/10 (6.4 = 0.1)
4 73 0/10 0/10 1/10 (4.5) 0/10
7 24 0/10 0/10 0/10 0/10
7 33 0/10 0/10 0/10 0/10

“ Plants were sampled at two locations above the inoculation point (IP) for X. fastidiosa culturing at 4 months after inoculation.

> See Table 1 for additional information on isolates.

¢ Number of infected plants/number of inoculated plants. In parenthesis is the mean number of CFU per gram of plant tissue (log;, value * standard error).
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study, for which we knew that lacF would differentiate the
CVC and CLS strains. Thus, we caution that this approach may
occasionally generate incorrect strain assignment if large num-
bers of samples are tested, as there is probably much more X.
fastidiosa diversity in Brazil that has not been appropriately
analyzed. In addition, our data show the presence of recombi-
nation among citrus- and coffee-colonizing X. fastidiosa iso-
lates, which may affect the usefulness of this diagnostic tool.

DISCUSSION

We used microsatellites and a five-locus MLST scheme to
study the genetic structure of X. fastidiosa isolates causing
disease in citrus and coffee plants in Brazil and conducted
biological tests to determine colonization patterns of isolates in
both plants. Diversity estimates for microsatellite data (citrus
H =0.613 = 0.117; coffee H = 0.632 = 0.117) were higher than
those observed using MLST (citrus H = 0.108 = 0.066; coffee
H = 0.311 = 0.086). These are not unexpected findings but
show the usefulness of microsatellites for population level
studies of X. fastidiosa, while MLST may be more appropriate
for strain/subspecies studies. Although citrus and coffee iso-
lates tended to cluster separately in our study, evidence for
recombination among those clusters indicates that further
work is necessary to define the evolutionary relationships be-
tween X. fastidiosa isolates causing disease in these hosts. That
research may also identify consistent differences among those
isolates that are associated with pathogen-host specificity, an
important question not addressed so far for X. fastidiosa. Nev-
ertheless, independently of the method used, citrus and coffee
X. fastidiosa isolates were usually grouped in different genetic
clusters and were biologically distinct in cross-inoculation ex-
periments.

Although both microsatellite and MLST provided similar
general results, MLST was more informative for our purposes.
In this study, STRUCTURAMA analysis of the microsatellite
data better matched the MLST results than did STRUCTURE
analysis. An increased number of loci for the microsatellite
study would probably enhance the resolution power of the
clustering algorithms used here (as already suggested [32]);
large numbers of microsatellites have been previously shown to
successfully group X. fastidiosa isolates (27). Nevertheless, mi-
crosatellite data assigned most isolates to groups based on host
plant of origin, with recombinant citrus ST2 occasionally
grouping with coffee STs. Despite the fact that the overall
assignment of isolates suggested that CVC and CLS are caused
by different strains of X. fastidiosa, AMOVA did not support
that interpretation (P = 0.1). The presence of widespread
recombination in the dataset and the small number of loci
tested may have been important factors affecting this analysis.
Similar factors may underlie contradictory results previously
published on the genetic relationships among CVC and CLS X.
fastidiosa isolates (29, 30, 42). The lack of geographical struc-
ture in the samples is not surprising. Coffee and citrus nurser-
ies in Sao Paulo state ship plant material to growers through-
out the country and are located in the region where both
diseases were first diagnosed. Strict regulations have been re-
cently implemented to control the production and shipment of
healthy citrus nursery trees in Sao Paulo and other Brazilian
states (J. R. S. Lopes, personal communication).

APPL. ENVIRON. MICROBIOL.

Our finding that the sequenced isolate 9a5c (ST2) is not a
common ST and is recombinant with coffee X. fastidiosa pro-
vides an explanation for why some citrus isolates were occa-
sionally not clustered together within the major CVC genetic
group (e.g., reference 29); we would have concluded similarly
if the MLST component of this work had not been performed.
This observation is of relevance as the genome sequence of
9aSc is the basis for methods of detection of the causal agent
of CVC, despite the fact that it is not the most common ST
causing the disease. Because the CVC strain is on the U.S.
government list of selected foreign threatening agents (5), ad-
equate genetic data on this strain of X. fastidiosa is of impor-
tance. Similarly, better biological characterization of CLS iso-
lates is necessary, as STs identified here may be biologically
distinct and explain differences in CLS symptoms observed in
Brazil (J. R. S. Lopes, personal observations). In addition to
causing disease in citrus and coffee plants in Brazil, both strains
have been reported to cause disease in grape plants (25).

The biological host range of X. fastidiosa strains is generally
poorly understood. This bacterium shows a broad host range
when nonsymptomatic systemic hosts are included in studies
(40), as disease is often not the outcome of X. fastidiosa-plant
encounters. It was observed here and in a previous study (37)
that X. fastidiosa CLS STs do not colonize citrus plants,
whereas citrus-X. fastidiosa STs can multiply in coffee plants
when higher inoculum concentrations are used, but the infec-
tion likely dies off in the latter host (26, 37). Our results match
those of Prado et al. (37), indicating that citrus and coffee X.
fastidiosa isolates are biologically distinct. Isolates used in that
study were typed here and belong to ST1 and ST4, the most
common citrus and coffee X. fastidiosa STs detected by us.
However, our results differ from those of Li et al. (26), who
used one isolate each from coffee and citrus plants to infect
coffee plants and observed CLS with both isolates. Possible
reasons for such discrepancy have been previously discussed
(37). We did not observe typical CLS symptoms, such as those
described previously (26), in our biological tests. It is possible
that symptoms of CLS appear only years after infection in the
laboratory or field and also that our greenhouse conditions
were not appropriate for the presence of CLS symptoms on
plants. We observed disease symptoms in citrus but not coffee
plants.

Scally et al. (44) were the first to show the presence of
homologous recombination in X. fastidiosa, although they pri-
marily analyzed North American isolates of this bacterium. We
were able to obtain data supporting the presence of recombi-
nation events among coffee and citrus X. fastidiosa isolates.
The network-like representation of the relationships among
coffee and citrus STs (Fig. 2B) compared to what was found for
North American isolates is also indicative of higher recombi-
nation rates in South America. That may be explained ecolog-
ically by the fact that citrus and coffee plants are grown sym-
patrically in Brazil and share leafhopper vectors of X. fastidiosa
(43), increasing the number of opportunities for recombination
events to occur. The diversity of species in the vector taxon
(Cicadellinae) is much higher in South America (43). Thus, X.
fastidiosa isolates infecting crop plants in North America usu-
ally have more-restricted geographical, vector, and host plant
ranges, potentially limiting recombination. Although high re-
combination rates may maintain the integrity of genetic clus-
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FIG. 3. Maximum likelihood mapping analysis with concatenated sequence and single-locus data by grouping of X. fastidiosa by subspecies: X.
fastidiosa subsp. pauca (citrus and coffee), X. fastidiosa subsp. piercei (grape), X. fastidiosa subsp. sandyi (oleander), and X. fastidiosa subsp. multiplex
(oak, peach, and almond). Values in the different regions of the equilateral triangle indicate support for possible tree topologies. Strong support
for specific topologies is indicated by high values at single vertices of the triangle.

ters, reducing divergence (17), X. fastidiosa with ecological
opportunities for recombination (sympatric host plants and
shared vector species) may speciate in the presence of a strong
selective force. We propose that the major force maintaining
the integrity of these clusters of sympatric, recombinogenic X.
fastidiosa in Brazil is their respective host plants, with selection
for pathogenicity (i.e., multiplication and movement within
hosts in this case, which are both required for pathogenicity
and vector transmission) driving speciation. It will be interest-
ing to compare genome sequences of CVC- and CLS-causing
X. fastidiosa isolates, as those may provide insights into what
drives host-pathogen specificity.

Reconstructing the evolutionary history and defining species
of recombinogenic bacteria is a challenging endeavor (16, 34).
In the case of X. fastidiosa, the use of nonrepresentative data-
sets and the reliance on individual markers or markers with
inadequate resolution have limited our understanding of the
biology and evolution of this pathogen. We used data from
Schuenzel et al. (47) on North American X. fastidiosa to de-
termine the relationship of those STs with those from Brazil. X.
fastidiosa isolates from North and South America formed dis-
tinct clades, without intermediate taxa. Four main clades were
identified in our study: (i) X. fastidiosa subsp. multiplex, (ii) X.
fastidiosa subsp. piercei, (iii) X. fastidiosa subsp. sandyi, and (iv)
X. fastidiosa subsp. pauca. CLS isolates were not included in
the studies that described these subspecies, but we assume that
those isolates would belong to X. fastidiosa subsp. pauca. From
our results with coffee ST, it seems clear that increasing the
number of X. fastidiosa isolates tested using an MLST scheme
will improve our understanding of the evolutionary relation-

ships among strains of this pathogen. In addition, it would
permit researchers to determine the degrees of clonality and
recombination among these taxa, which would be useful for
estimating the robustness of pathogen-specific detection mark-
ers. The study of isolates from Central America (32) and Tai-
wan (24) with an MLST approach would provide important
information on the evolutionary history of X. fastidiosa. A
recent genetic study of isolates from Costa Rica showed that
they cluster with North instead of South American X. fastid-
iosa, although specific relationships were poorly resolved with
the methods used (32). It was intriguing to identify a probable
recombination event between a South American isolate from a
coffee plant and North American isolates (one grape isolate
was tested, but others have similar sequences for that locus as
well). A previous report indicated that an isolate of X. fastid-
iosa from plum plants in Brazil had more genome similarity, as
determined by microarray hybridization studies, to strains in
North America than to those in Brazil (33). Those authors
suggested that the introduction of contaminated plant material
may explain that observation. It will be interesting to geneti-
cally analyze plum leaf scald-causing X. fastidiosa from Brazil
and compare those data with data for samples from other host
plants. More research is needed to address this question, but
our results support the lack of monophyly between North and
South American X. fastidiosa isolates.

The combination of microsatellite- and MLST-based ap-
proaches in the present study increased our understanding of
the genetic relationships among X. fastidiosa isolates collected
from symptomatic citrus and coffee plants in Brazil. Although
we argue that further characterization of this system is neces-
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sary, our results allow us to conclude that CVC and CLS are
caused by genetically distinct groups of X. fastidiosa that are
frequently recombining. In addition, results from this and a
previous study (37) indicate that CVC isolates may multiply
but do not sustain infection in coffee plants, while CLS isolates
do not colonize citrus plants. However, because recombination
is an integral component of this pathosystem and our sample
was relatively small, future studies should increase the number
of isolates tested genetically and biologically to confirm or
reject some of the hypotheses we have proposed. Furthermore,
recombination may be widespread in X. fastidiosa and is po-
tentially very important to its evolution, adaptation to new host
plants, and speciation. In addition, horizontal gene transfer of
pathogenicity factors may drive the emergence of new X. fas-
tidiosa diseases (13).
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