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Documenting the role of novel mutation versus homologous recombination in bacterial evolution, and especially in the invasion
of new hosts, is central to understanding the long-term dynamics of pathogenic bacteria. We used multilocus sequence typing
(MLST) to study this issue in Xylella fastidiosa subsp. pauca from Brazil, a bacterium causing citrus variegated chlorosis (CVC)
and coffee leaf scorch (CLS). All 55 citrus isolates typed (plus one coffee isolate) defined three similar sequence types (STs) domi-
nated by ST11 (85%), while the remaining 22 coffee isolates defined two STs, mainly ST16 (74%). This low level of variation
masked unusually large allelic differences (>1% divergence with no intermediates) at five loci (leuA, petC, malF, cysG, and holC).
We developed an introgression test to detect whether these large differences were due to introgression via homologous recombi-
nation from another X. fastidiosa subspecies. Using additional sequencing around these loci, we established that the seven ran-
domly chosen MLST targets contained seven regions of introgression totaling 2,172 bp of 4,161 bp (52%), only 409 bp (10%) of
which were detected by other recombination tests. This high level of introgression suggests the hypothesis that X. fastidiosa
subsp. pauca became pathogenic on citrus and coffee (crops cultivated in Brazil for several hundred years) only recently after it
gained genetic variation via intersubspecific recombination, facilitating a switch from native hosts. A candidate donor is the sub-
species infecting plum in the region since 1935 (possibly X. fastidiosa subsp. multiplex). This hypothesis predicts that nonre-
combinant native X. fastidiosa subsp. pauca (not yet isolated) does not cause disease in citrus or coffee.

Xylella fastidiosa subsp. pauca is a bacterial plant pathogen caus-
ing citrus variegated chlorosis (CVC), a disease thus far only

recorded in South America, primarily Brazil. It is considered to
pose a serious potential threat to the citrus industry in the United
States, and for this reason it is listed as a plant protection and
quarantine select agent by the U.S. Department of Agriculture
(USDA; see http://www.selectagents.gov/). It has caused signifi-
cant economic losses within Brazilian agriculture since the first
report of CVC in 1987 (5). The high economic impact of CVC
promoted the sequencing of an X. fastidiosa subsp. pauca CVC
strain (9a5c), the first plant pathogenic bacterium to have its ge-
nome completely sequenced and annotated (44). It also infects
coffee, another economically important plant in Brazil: coffee leaf
scorch (CLS) was first documented in Brazil in 1995 (3). X. fasti-
diosa subsp. pauca is presumed to be native to South America, and
both citrus and coffee have been grown in Brazil and other South
American countries since 1530/1540 and 1727, respectively (45,
35). This probable historical sympatry of host and pathogen raises
the important question of why the diseases of CVC and CLS did
not appear much earlier. We examine here the patterns of genetic
variation seen within X. fastidiosa subsp. pauca to gain insight into
this apparent paradox.

X. fastidiosa is a Gram-negative gammaproteobacterium lim-
ited to the xylem system of plants (46) and transmitted by xylem-
feeding insects (38). X. fastidiosa has been divided into four sub-
species (42, 43), and of these only X. fastidiosa subsp. pauca is
absent from the United States. However, all four are restricted to
the Americas.

This species is known to cause disease in a wide range of eco-
nomically important plants in the United States (16); however, the
three U.S. subspecies typically infect a limited range of different
hosts, and none infect citrus. The X. fastidiosa subsp. fastidiosa
causes Pierce’s disease of grapevines and almond leaf scorch, the
X. fastidiosa subsp. sandyi causes oleander leaf scorch, and the X.

fastidiosa subsp. multiplex is associated with scorch disease in a
range of trees, including almond, peach, and oak trees.

X. fastidiosa subsp. pauca isolated from citrus and coffee is
generally reciprocally host specific (1, 20), although infection of
coffee plants by citrus isolates has sometimes been observed (19,
37). These two forms of X. fastidiosa subsp. pauca are also found to
be genetically distinct (1, 6, 39, 47; see also reference 28). Almeida
et al. (1) used multilocus sequence typing (MLST) (21) to study
the sequence diversity of X. fastidiosa subsp. pauca based on the
scheme introduced by Scally et al. (41) for the North American X.
fastidiosa. In its original form, this MLST system was not opti-
mized for use on X. fastidiosa subsp. pauca, and only four of the
genes could be amplified, a problem that has now been corrected
(49). Based on these four genes (leuA, cysG, malF, and petC) plus
one other gene (rfbD) included in the Scally et al. (41) study,
Almeida et al. (1) showed that the coffee (CLS-causing) and citrus
(CVC-causing) strains are genetically distinct and that the phylo-
genetic trees of different genes using the same the X. fastidiosa
subsp. pauca isolates were heterogeneous (i.e., they were not con-
sistent with clonal evolution), providing strong evidence of re-
combination within the subspecies. This last result was consistent
with a previous analysis of North American X. fastidiosa, which
had indicated that recombination contributed about three times
more to genetic diversity (measured at the nucleotide level) than
point mutation (41).
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The high level of recombination-related diversity found in the
North American X. fastidiosa was in part due to intersubspecific
homologous recombination, a phenomenon analyzed in X. fasti-
diosa subsp. fastidiosa (31, 49), where X. fastidiosa subsp. multiplex
was the donor. Almeida et al. (1) suggested that the same process
may have occurred in X. fastidiosa subsp. pauca, with X. fastidiosa
subsp. fastidiosa (or perhaps some other North American subspe-
cies) as the possible donor. These researchers found patterns con-
sistent with intersubspecific recombination at two loci (leuA and
rfbD); however, the data were not analyzed in any detail or sub-
jected to statistical testing.

Intersubspecific recombination obviously requires the sympa-
try of two subspecies. X. fastidiosa subsp. fastidiosa and X. fastid-
iosa subsp. multiplex have been sympatric in the United States for
more than 100 years (32), providing ample opportunity for ge-
netic exchange. There appears to have been a similar opportunity
in South America between X. fastidiosa subsp. pauca and an intro-
duced North American form. Xylella causing plum leaf scald was
first detected in 1935 in Argentina and then in Paraguay and Brazil
(13, 18). Four genetic analyses of one plum isolate showed that it is
more closely related to the U.S. subspecies than to X. fastidiosa
subsp. pauca (6, 17, 27, 30).

The present work was designed to analyze in detail the hypoth-
esis that X. fastidiosa subsp. pauca has been involved in intersub-
specific recombination and, if so, to determine whether it was
likely to be a major source of genetic variability. Our reason for
investigating this question was to gain further insight into the
paradox mentioned above: that although citrus and coffee have
been grown in South America for about 250 years or more, the
diseases of CVC and CLS only appeared around 25 years ago. A
host shift following intersubspecific recombination might explain
the time delay.

Our approach was first to type the available X. fastidiosa subsp.
pauca isolates using the seven-locus MLST scheme already used to
type X. fastidiosa (49), thus enabling a direct comparison among
the subspecies using standardized data. Second, the MLST data
were used to determine whether the hypothesis of intersubspecific
homologous recombination could be rigorously verified using a
new test specifically designed to detect genetic introgression and,
if so, whether introgressed sequence was a significant source of
genetic diversity. Third, we sought to determine whether our in-
trogression test was substantially more effective at detecting re-
gions of introgression arising from homologous recombination
than some commonly used recombination tests.

MATERIALS AND METHODS
MLST analysis. The MLST analysis was based on 55 isolates of X. fastid-
iosa subsp. pauca from citrus and 23 from coffee, including the 26 citrus
and 20 coffee samples previously analyzed by Almeida et al. (1). These
isolates were sampled from symptomatic plants in different regions of
Brazil, mostly from São Paulo state (79%) (see Table S1 in the supplemen-
tal material). The seven MLST genes (plus one cell surface protein coding
gene, pilU) were sequenced using previously described procedures (49).
According to the MLST protocol, each allele of a particular MLST gene
region was given a different number, building on the preexisting database
of known X. fastidiosa variation (maintained at www.pubmlst.org
/xfastidiosa). Thus, each isolate was characterized by its allelic profile,
consisting of the seven numbers defining the alleles at each of the seven
loci. Each unique allelic profile was assigned a sequence type (ST) number.
The STs were grouped into clonal complexes using the grouping criterion

that within each complex the STs must share five or more alleles with at
least one other member of the clonal complex (41, 49).

Introgression test. To detect regions of intersubspecific recombina-
tion, we developed an introgression test. The test was designed to detect
short regions of DNA that have introgressed into a native population (in
this case, X. fastidiosa subsp. pauca) from some donor group via homol-
ogous recombination by comparing native sequence variation to refer-
ence sequence from the probable donor. It is not essential that the refer-
ence group is the actual donor; the test can still be effective provided the
reference is an outgroup to both the native and the donor taxa. In the
present case, the reference group consisted of the North American sub-
species.

The test is based on the null expectation that within any given short
region of the genome there will be a constant ratio of the number of fixed
differences (F) between the native and reference populations compared to
the number of polymorphic sites (P) in the native population that share at
least one variant base with the reference population. In the absence of
homologous recombination, bases are shared between the native and ref-
erence populations due to common ancestry or, more rarely, due to ho-
moplasy, and the ratio (F:P) is dependent upon mutation, selection, and
genetic drift. Neighboring regions a few hundred bases long are expected
to be affected equally by all three processes. The introgression test detects
local heterogeneity in the F:P ratio by comparing the ratio of adjacent
regions. Heterogeneity arises when some genomes of the native taxon
carry a short stretch of introgressed donor sequence (and some carry the
ancestral sequence) next to a region with no history of introgression. The
region with introgression will have decreased F sites (fixed differences)
and increased P sites relative to the region with only ancestral native se-
quence. This pattern will continue to apply even if homologous recombi-
nation within the native taxon has mixed the ancestral and introgressed
sequence.

Potential “native” regions (i.e., no introgression) and “introgressed”
regions (i.e., those polymorphic for introgressed and native sequence) are
identified from the data. The criteria used to define the breakpoints be-
tween regions were as follows: (i) a reversal of site type (F to P or P to F) of
three or more consecutive sites; (ii) however, if this point differed depend-
ing on direction (evaluating 5= to 3= or 3= to 5=), then to be conservative the
partition maximizing the length of the nonrecombinant region was cho-
sen; (iii) an informative P site was weighted as two sites in the application
of criterion i; and (iv) if there was a potential breakpoint to a nonrecom-
binant region very close to the end of the sequence (typically involving two
or three F sites), then (to be conservative) the ambiguous region was
eliminated from the analysis, i.e., not included as part of the adjoining
recombinant region.

Consider the case where the sequence data begins with a high F (na-
tive) region and ends with a lower F (possibly introgressed) region. (The
argument is reversed if the first segment is high P and the second segment
is high F.) We choose a dividing line as described above, with the first
region containing L1 (� F1 � P1) sites of interest and the second contain-
ing L2 (� F2 � P2) sites, giving a total length of L12 (� L1 � L2) sites. We
wanted to know the probability of randomly getting a result at least as
extreme as that observed in the separation of F and P sites among these
two regions, sampling from F12 (� F1 � F2) fixed and P12 (� P1 � P2)
polymorphic sites. This is defined by the following equation:

P �
� �

i � 0

C L1 ! L2 !

�F1 � i�!�P1 � i�!�F2 � i�!�P2 � i�!�
1

2� L12 !

F12 ! P12 !�
(1)

where C equals the smaller of P1 and F2. The numerator is the number of
combinations that are at least as extreme as the observed sequence (i.e.,
having at least F1 fixed sites in the 5= region of L1 sites and at least P2

polymorphic sites in the 3= region), i.e., the sum of the number of com-
binations given a partition as extreme (i � 0) or more extreme (i � 0) than
the observed one. The total number of different combinations is L12!/
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(F12!P12!), but only half are relevant since half of these will have a higher
F:P ratio at the 5= end, and half will have a higher F:P ratio at the 3= end.
This defines the denominator.

The probability (equation 1) assumes that the two regions encompass
the whole sequence; however, for any region internal to the DNA se-
quence one F (or P) must be ignored. This corrects the built-in bias due to
the nonrandom choice of the beginning or ending base. For example, a 5=
internal high F region will be chosen to start with an F site, and a 3=
internal high P region will be chosen to end with a P site. This nonrandom
base must be ignored when using equation 1. Consider the following
specific case: if an internal high F segment (region 1, with 7 F and 2 P sites)
is compared to a 3= high P segment (region 2 with 3 F and 11 P sites) that
runs all of the way to the end of the sequence, then the first F site is ignored
in defining F1 (� 7 � 1), whereas, since the end of region 2 is objective (it
corresponds to the end of the available sequence), all of its sites are
counted. Thus, F1 � 6, P1 � 2, F2 � 3, P2 � 11, and C � 2. The probability,
p, of a partition as extreme or more extreme is thus [10,192 � 728 �
14]/248,710 � 0.044, i.e., the partition is significant at the 5% level. A
program calculating the probability is available on request.

The performance of the introgression test was compared to that of
some published tests designed to detect recombination. We used the
RDP3.44 package to implement RDP (22), GeneConv (34), MaxChi (23),
Chimaera (36), and 3Seq (4).

Identifying regions of intersubspecific recombination. X. fastidiosa
subsp. pauca alleles from five of the seven MLST genes (49) and those
from the rfbD sequence analyzed by Almeida et al. (1) showed unusual
levels of divergence, so the sequence at these sites was extended at the 5=
and/or 3= end of the MLST sequence using a representative isolate of each
of the X. fastidiosa subsp. pauca STs: 1,465 bp 5= of leuA (giving a total
sequence length of 2173 bp), 695 bp 5= and 700 bp 3= of petC (total, 1,928
bp), 524 bp 5= and 716 bp 3= of cysG (total, 1,840 bp), 612 bp 5= of malF
(total, 1,342 bp), 544 bp 5= of holC (total, 923 bp), and 699 bp 5= and 559
bp 3= of rfbD (total, 1,705 bp). The primer information is given in Table S2
in the supplemental material.

Our introgression test was applied across these regions by comparing
the allelic variation in X. fastidiosa subsp. pauca to the intersubspecific
variation represented by the corresponding sequence from the three other
subspecies, using M12 (ALS0299, X. fastidiosa subsp. multiplex ST7), Te-
mecula1 (PD0001, X. fastidiosa subsp. fastidiosa ST1), and Ann-1
(OLS0002, X. fastidiosa subsp. sandyi ST5).

Analysis of genetic distance and divergence time estimation. Given
evidence of recombination, the genetic differences among the STs are best
documented by genetic distance rather than using a phylogenetic model
(which assumes clonality). We compared the concatenation of the seven
MLST sequences (4,161 bp) of all of the X. fastidiosa subsp. pauca STs and
compared these STs to the other X. fastidiosa subspecies, represented by
ST5 (the only X. fastidiosa subsp. sandyi ST), ST7 (representing X. fastid-
iosa subsp. multiplex), plus ST1 and ST18 representing X. fastidiosa subsp.
fastidiosa from the United States and Costa Rica, respectively (29, 32). The
distance tree with bootstrap values (from 500 replicates) was created using
the programs Seqboot, Dnadist, Fitch, and Consense from Phylip 3.69
(11, 12).

To estimate a diversification date for X. fastidiosa subsp. pauca, we
used sequence data from the seven MLST loci, including the supplemen-
tary sequencing that was obtained for the recombination analysis, plus the
sequences from rfbD and pilU. However, since intersubspecific recombi-
nation would bias downward the estimate of X. fastidiosa subsp. pauca
divergence from the other subspecies, we excluded all regions identified as
recombinant by our Introgression Test. Noncoding intergenic regions
were also excluded. The remaining sequence was concatenated in frame
using data from the following strains: one isolate representing each of the
X. fastidiosa subsp. pauca STs, plus reference sequences for the other sub-
species, again using M12, Temecula1, and Ann-1.

These data were used to define a phylogeny based on changes at syn-
onymous sites using PAML 4.4 (48), allowing the dN/dS ratio to vary

among branches (model 1 in the program). Assuming the neutrality of
synonymous substitutions allows the branch lengths to be used to esti-
mate a time scale (43). Specifically, this is calculated using the following
equation:

T � K/�G (2)

where T is the time in years, K is the estimated number of synonymous
substitutions per synonymous site, � is the per division mutation rate
(using 5.4 � 10�10 changes per site per generation), and G is the division
rate (using 1,000 generations per year). Measurement of the growth rate of
X. fastidiosa under ideal culture conditions (10) showed a maximum rate
(at 28°C) of G � 1,700, while G � 1,000 corresponds to growth at 22°C.
We consider that the number of divisions in the field, under conditions of
fluctuating temperature and low levels of nutrition, will be substantially
lower than this value. Thus, using a value of G � 1,000 is expected to lead
to estimated divergence times considerably shorter than the actual times.

To incorporate a measure of random variation and potential variation
in the rate of evolution across the genome, we applied a jackknife proce-
dure (see reference 43). Specifically, we divided the concatenated se-
quence into 10 regions, each containing 10% of the synonymous SNPs.
Eliminating each of these 10 regions in turn, we created 10 sets of results
from which we used the jackknife pseudovalues to estimate the mean and
variance of each divergence time.

Nucleotide sequence accession numbers. The MLST data are avail-
able at the MLST website (http://pubmlst.org), and the previously pub-
lished gene sequences are available at GenBank (32, 49). Newly deter-
mined from this study are holC allele 13 (JQ290485), nuoL allele 8
(JQ290486), cysG allele 9 (JQ290487), and the longer sequences from
CVC0145, CVC0251, COF0239, and COF0238 (JQ290488 to JQ290511).
The other longer sequences were from published genomes.

RESULTS
MLST-based genetic relationships. MLST of 78 isolates of X. fas-
tidiosa subsp. pauca revealed only five STs that were divided into
three clonal complexes (CCs) (Table 1). MLST of the 55 isolates
from citrus defined three STs that grouped as a single clonal com-
plex (CC1), and 86% had the same sequence type (ST11). The
second most abundant citrus ST (9%) was ST13, which included
the sequenced strain 9a5c (CVC0018) (44). ST12 was the final
citrus type (5%). This complex also included a single coffee isolate
(COF0237) of the common ST11. The other coffee isolates de-
fined two clonal complexes (CC2 and CC3), CC2 consisting of
ST16 and CC3 consisting of ST14. These two CCs represented 74
and 22% of the 23 coffee isolates (Table 1). The level of site poly-
morphism seen in citrus isolates was 0.31%, which is half of the
variation (0.77%) seen among the coffee isolates (after excluding
the one “citrus type” isolate, COF0237, which would further in-
flate the variation of the coffee isolates).

The genetic distances among the concatenated sequences of
the five STs of X. fastidiosa subsp. pauca and their similarity to
representative STs of the other three subspecies are shown in Fig.
1. A maximum-likelihood tree with the same subspecific topology
but including more STs from X. fastidiosa subsp. multiplex and X.
fastidiosa subsp. fastidiosa was given in Nunney et al. (32). This
topology is consistent with prior analyses (see, for example, refer-
ences 1, 15, 43, and 49).

Intersubspecific recombination. Although the number of STs
was found to be very low, the pattern of variability among the
alleles making up these STs is complex. Specifically, it is bimodal,
with some allele pairs differing at one to four sites, while others
showed unexpectedly large single-nucleotide polymorphism
(SNP) differences, with no intermediate alleles bridging the dif-
ference. Using the allele numbers given in Table 1, the allelic dif-
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ferences were as follows: three allelic pairs differed by one SNP
(petC, 6 versus 8; cysG, 9 versus 10; and gltT, 8 versus 9), while
pairwise comparisons of two trios of alleles differed by 1, 2, and 3
bp (nuoL, 7, 8, and 9) and 1, 3, and 4 bp (holC, 10, 11, and 13);
however, collapsing these three pairs and two trios leaves five
comparisons that show minimum differences of 8 to 14 sites: leuA,
7 versus 8 � 8 SNPs (1.1% divergence); cysG, 9 versus 11 � 9 SNPs
(1.5% divergence); petC, 6 versus 7 � 10 SNPs (1.9% divergence);
malF, 7 versus 8 � 14 SNPs (1.9% divergence); and holC, 10 versus
12 � 10 SNPs (2.6% divergence). Such large allelic differences,
reaching the level of subspecific divergence (43), can arise (i) via
point mutation over a very long period of clonal diversification in
the absence of recombination or (ii) via the homologous recom-

bination of one allele with some genetically distinct taxon. The
first possibility is untenable given the strong evidence of homolo-
gous recombination in this species (49) and, specifically, in sub-
species pauca (1).

Given the second possibility, the introgression of genetic vari-
ation from some distinct taxon, these divergent pairs were inves-
tigated further for evidence of recombination with the other X.
fastidiosa subspecies. To increase the power of our analysis of these
MLST data, we sequenced further upstream, downstream, or both
depending on the pattern observed. These extended sequences
were investigated using our new introgression test (see Materials
and Methods). Regions of possible introgression via intersubspe-
cific recombination were identified as segments of sequence with

TABLE 1 MLST of 55 CVC and 23 CLS isolates of X. fastidiosa subsp. pauca showing all STs founda

ST

Allele type at each MLST locus

Plant host
No. of
isolates

Almeida et al.b

leuA petC malF cysG holC nuoL gltT Type
No. of
isolates

Clonal complex 1
ST11 7 7 7 9 10 8 8 Citrus 47 1 22

Coffee 1 0
ST12 7 7 7 9 13 8 8 Citrus 3 0
ST13 7 6 7 9 10 7 8 Citrus 5 2 4

Clonal complex 2
ST16 7 6 8 10 11 8 8 Coffee 17 3 2*

4 13
5 1*

Clonal complex 3
ST14 8 8 8 11 12 9 9 Coffee 5 6 1*

7 3
a Each ST represents a unique allelic profile defined across the seven MLST loci, and each member of a clonal complex shares at least five alleles with another member. Data from
Almeida et al. (1) are included in the last two columns of the table for comparison. The numbering of the alleles within each locus is arbitrary. It is not determined by genetic
similarity.
b All isolates used by Almeida et al. (1) were included in the MLST analysis. *, Subdivision of ST due to alleles at rfbD, a gene not included in the set of seven MLST genes.

FIG 1 Genetic distance tree relating the five X. fastidiosa subsp. pauca MLST sequence types (STs) identified from 78 Brazilian isolates to each other and to the
other X. fastidiosa subspecies. The tree is based on a concatenation of the seven MLST sequences. The other subspecies are defined by a single representative
sequence type, except subsp. fastidiosa, which is represented by one U.S. ST and one ST from Costa Rica. The numbers at each node indicate the bootstrap
percentages.
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very few “fixed” (F) sites (fixed differences between X. fastidiosa
subsp. pauca and all North American alleles) but with a concen-
tration of “polymorphic” (P) sites (X. fastidiosa subsp. pauca sites
sharing at least one variant with a North American allele). By itself,
an excess of P sites is not strong evidence of recombination; how-
ever, a sharp reversal of this pattern in the neighboring region of
sequence does provide strong evidence of a recombinational
breakpoint.

We first tested leuA, one of the two genes that Almeida et al. (1)
suggested might be involved in intersubspecific recombination
based on the observation that some fragments of the alleles were
not consistent with the expected phylogeny. We sequenced 2,173
bp (including the 1,256 bp analyzed in reference 1) and despite the
increased sequence length we found no evidence of such recom-
bination using five different preexisting tests for recombination
(see Fig. 2). However, application of our introgression test re-
vealed a different picture. We found strong evidence (P � 0.001)

of a breakpoint between a nonrecombinant 5= portion and a re-
combinant region 3= portion (Fig. 2), with nine fixed differences
and no shared polymorphism 5= of the breakpoint (9 F sites to 0 P
sites), compared to 6 F sites to 22 P sites 3= of the breakpoint. The
last nonrecombinant F site was 439 bp into the sequence and the
first recombinant P site was at position 451. Between these limits,
the precise location of the recombinational break is unknowable;
however, we used the midpoint between the limits to provide a
rough estimate. In this case, the midpoint defined a break at po-
sition 445 and hence a region of recombination �1,728, since the
3= end extended beyond the limits of our sequencing. This region
of recombination included all 708 bp of the leuA sequence used for
MLST. The details of the sequence differences (Table 2) show that
within the recombinant region ST14 is highly differentiated from
the other X. fastidiosa subsp. pauca STs (at 12 sites), but there is no
clear pattern in their relationship to the sequence of the other
subspecies.

FIG 2 Regions of intersubspecific recombination were identified in five out of seven MLST gene regions plus rfbD using the introgression test. Recombinant
introgression was identified by a significant increase in the ratio of polymorphic (Poly) to fixed (Fixed) sites (as defined in the text). The Fixed/Poly pairs progress
from left to right along the sequence from 5= to 3=. The data from recombinant portions are in boldface, together with the number of informative sites (in
parentheses) and an estimate of length of the event (Rec. length). The “break position” (measured from the start position) is the midpoint between sites defining
where the regions start and end. Our detection of intersubspecific recombination was compared to the patterns revealed using five other recombination tests
(RDP, GeneConv [GC], MaxChi [MC], Chimaera [CH], and 3Seq [3S]; see the text). Each introgression detected is defined by the subspecific donor, the region
detected, and the significance. The sequence data available were extended beyond that available from MLST using one representative of each ST (see Table 2).
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The second sequence that Almeida et al. (1) suggested showed
some evidence of intersubspecific recombination was in a 437-bp
region of rfpD, a gene that Scally et al. (41) had considered in
developing MLST for X. fastidiosa but was not included in the final
scheme. The five standard recombination tests applied to the orig-
inal rfbD sequence failed to show recombination; however, when
applied to our extended data, all of the tests detected a 3= region of
introgression of about 777 bp (Fig. 2). This region is shown in
Table 3, 3= of the switch point (also shown) that is discussed be-
low. Two of them (GeneConv and 3Seq) identified another short
region of recombination (124 bp) just 5= of the switch point. All of
these tests identified X. fastidiosa subsp. fastidiosa as the donor.

Our introgression test indicated a rather different pattern con-
sisting of a single region of introgression of �1,443 bp containing
four informative P sites extending over all but the first 262 bp of
the region (P � 0.001; Fig. 2). This sequence includes a short
region of two fixed sites 4 bp apart (positions 676 and 680) that
marks a switch in the pattern of recombination across the X. fas-
tidiosa subsp. pauca STs (Table 3). In the 414 bp before this point
there are 18 polymorphic sites. Of the polymorphic sites, 94% in
ST13 and 78% in ST14 are identical to the North American sub-
species, whereas for ST16 the figure is just 22%. This suggests that
in this region ST16 carries a largely unrecombined X. fastidiosa
subsp. pauca sequence. However, after the 676 to 680 boundary,
there were 46 noninformative polymorphic sites and, of these,
ST16 shared 83% with the North American subspecies, a highly
significant increase (�2 � 20.9, P � 0.001), whereas the other STs
showed the opposite effect, a highly significant decrease (e.g.,
ST14: 17%, �2 � 17.3, P � 0.001). This switch may reflect two
separate recombination events or after introgression recombina-
tion within X. fastidiosa subsp. pauca.

Using the introgression test, we also detected a clear pattern of
introgression in malF, the second MLST region with highly diver-
gent alleles. We added 612 bp of 5= sequence to the portion of the
gene used for MLST, for a total sequence length of 1,341 bp. Our
analysis revealed a recombinant region of 633 bp (both break-
points P � 0.001; Fig. 2), which included 409 bp of the 5= end of
the MLST target sequence. The pattern of sequence divergence
within the recombinant region (Table 4) shows that the coffee STs
(ST14 and ST16) closely resemble the other three subspecies,
uniquely sharing 21 SNPs with them, whereas the citrus STs (ST11
to ST13) are strongly differentiated from them, uniquely sharing
only one SNP (at position 444). Four of the five other recombina-
tion tests detected intersubspecific introgression into both ST 14
and ST16, identifying the donor either as X. fastidiosa subsp. san-
dyi or as X. fastidiosa subsp. multiplex (Fig. 2). In the case of Max-
Chi, the recombinant region of ST16 identified was the same as
that found with the introgression test (Table 4).

The third MLST locus with divergent alleles was petC. The petC
MLST sequence data was increased to encompass the whole gene
plus 150 bp downstream. This 1,928-bp sequence showed a region
of recombination of about 698 bp (two breakpoints with P �
0.003; Fig. 2) encompassing all of the gene except for roughly the
first 75 bp, including all of the region used in MLST (533 bp). As in
the case of malF, within the recombinant region some STs were
very similar to their subspecific relatives; however, in this case they
were not the coffee-type STs, but ST11 and ST12, both from citrus.
These STs uniquely shared eight SNPs with the other subspecies,
whereas ST13, ST14, and ST16 uniquely shared only two SNPs
(Table 5). In addition, there were two informative sites involving
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all five STs. Although the petC recombinant region is easily detect-
able by eye (see Table 5), none of the five standard recombination
tests detected it.

The fourth MLST region with highly divergent alleles was cysG.
We extended the sequencing both upstream (524 bp) and down-
stream (717 bp) of the MLST region to encompass all but 75 bp of
the gene plus just over 500 bp downstream. None of the five stan-
dard recombination tests detected any introgression within the
resulting sequence of 1,840 bp. In contrast, applying the introgres-
sion test indicated that the sequence contained two regions (201
and 649 bp) consistent with intersubspecific recombination (Fig.
2). The breakpoints were highly significant (P � 0.002). We ex-
cluded 234 bp of sequence at the 3= end, where there was a possible
breakpoint defined by a region containing 3 F sites that was too
short to provide a reliable test (although based on the limited data,
the significance of the potential break was P � 0.052). This deci-
sion did not affect estimates of the recombinant fraction within
the centrally located MLST sequence, which included 180 and 167
bp of the two recombinant regions at its 3= and 5= ends, respec-
tively. In this sequence, it was X. fastidiosa subsp. pauca ST14 that
showed the most similarity to the other subspecies (13 unique
SNPs shared versus 5 for the other STs; data not shown).

The final MLST gene was holC. An additional 526 bp were
sequenced 5= of the MLST region; however, even with the extra
data, none of the five recombination tests detected sequence het-
erogeneity. In contrast, the introgression test revealed evidence of
two regions of intersubspecific recombination, one at each end of
the sequence (�543 bp at the 5= end and 158 bp at the 3= end), with
only a short region of about 18 bp between them where the vari-
ation was consistent with the South America versus a Central and
North America split (breakpoints, P � 0.001 and 0.014, respec-
tively; Fig. 2). The three most 3= sites (2 F sites and 1 P site) were
excluded from the analysis since they were suggestive of a nonre-
combinant region too short to test.

The recombination history of this region is complex, since in
the allelic phylogeny both ST16 and the X. fastidiosa subsp. fasti-
diosa group in the “wrong” place (Fig. 3). The details of these
events will be considered elsewhere. In brief, the 5= recombinant
region (543 bp including 17 bp of the MLST sequence), included
93 polymorphic sites, of which 56 were informative. This number
of informative sites was much greater than that seen in the other
comparisons (60% versus 0 to 15% in other polymorphic regions:
see Fig. 2), which is consistent with bidirectional introgression
involving the transfer of X. fastidiosa subsp. pauca sequence to
ST01 (X. fastidiosa subsp. fastidiosa), as well as a reverse transfer to
X. fastidiosa subsp. pauca from the other subspecies. In the 358-bp
3= region (all within the MLST site), the data suggest the one-way
introgression from the other subspecies into X. fastidiosa subsp.
pauca seen in the other examples, in this case into ST16.

To attempt to determine which subspecies was the donor for
intersubspecific recombination, we examined sites within the re-
combinant regions where X. fastidiosa subsp. pauca was invariant,
but the reference sequences of the other three subspecies differed.
The donor DNA was indicated by whichever of the variants was
present in X. fastidiosa subsp. pauca, so a site was scored as positive
if the target subspecies and X. fastidiosa subsp. pauca have the
same base. Based on the recombinant regions of leuA, petC, malF,
cysG, and rfbD, there were 73 such sites, and the scores of the three
subspecies were indistinguishable: X. fastidiosa subsp. multiplexT
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59%; X. fastidiosa subsp. sandyi, 58%; and X. fastidiosa subsp.
fastidiosa, 53%.

We also considered the question of whether citrus and coffee
STs differed in their levels of intersubspecific recombination. To
this end, we summed the number of P sites within recombinant
regions where a given ST shared a base with the three other sub-
species (the unshaded sites in Tables 2 to 5). Summing across
recombinant regions of leuA, petC, malF, cysG, and rfbD showed
that ST16 and ST14 (coffee types) had 81 and 70 such shared sites,
while the three citrus types (ST11 to ST13) all shared 47. This
substantial difference indicates that, at least based on our limited
sample of genes, the coffee forms have undergone more intersub-
specific recombination than the citrus forms.

The MLST gene regions represent a small (4,161-bp) random
sample of the sequence of housekeeping genes. Within this sam-
ple, we identified two regions of introgression within each of cysG
(180 � 167 bp) and holC (17 � 158 bp), one region within malF
(409 bp), and all of leuA (708 bp) and petC (533 bp). There were
no indications of introgression within nuoL or gltT. Thus, seven
regions of introgression were identified totaling 2,172 bp out of a
total of 4,161 bp (52%). The other recombination tests detected a
total of only 409 bp, all in malF (just 10% of the MLST data).

Estimated divergence time of X. fastidiosa subsp. pauca.
Documenting the time scale of the separation of X. fastidiosa
subsp. pauca from the other X. fastidiosa subspecies is complicated
by the evidence of extensive intersubspecific homologous recom-
bination. We minimized this problem by eliminating the regions
recognized as probable recombination sites from the data, since
the remaining nonrecombinant regions could be expected to give
an accurate phylogenetic picture. The data used for this analysis
included our additional sequence as well as the MLST regions. A
concatenation of the nonrecombinant coding regions consisted of
5,271 bp, and the resulting tree (based on synonymous substitu-
tions) showed an early split of X. fastidiosa subsp. pauca from the
other three subspecies (Fig. 4), consistent with the only other tree
based on synonymous substitutions (43). If we assume that neu-
tral evolution in X. fastidiosa subsp. fastidiosa, X. fastidiosa subsp.
sandyi, and X. fastidiosa subsp. pauca has been occurring at similar
rates (X. fastidiosa subsp. multiplex is consistently slower for rea-
sons considered elsewhere [see reference 32]), then the time of the
split between X. fastidiosa subsp. pauca and the other subspecies
can be estimated at about 60,000 years ago. Our jackknife estimate
of the variance suggests that the standard error of this estimate is
roughly 14,000 years, i.e., roughly the square root of (3.4)2 �
(54.2/84.2)(17.0)2 (Fig. 4). The time estimates shown in Fig. 4 are
dependent upon specific parameter values (see Materials and
Methods); however, the relative branch lengths are independent
of these values.

DISCUSSION

The value of MLST schemes in documenting the genetic variation
of bacterial species is well established, both in general (see refer-
ence 21) and specifically for the case of X. fastidiosa (32). The
MLST scheme previously proposed for this species (41, 49) is
based on seven randomly chosen housekeeping genes subject to
the typical levels of selective constraint (as measured by a range of
0.08 to 0.32 in the ratio of nonsynonymous to synonymous sub-
stitution rates [dN/dS]; see reference 41). We typed 78 X. fastidiosa
subsp. pauca isolates from Brazil, which included completing the
typing of 46 isolates studied previously (1). Given this overlap
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with the earlier study, we focused on examining novel features of
the sequence data. However, the basic genetic patterns of limited
genetic variability (we found only five STs) and the genetic sepa-
ration of coffee and citrus isolates (see Fig. 1) were similar to the
patterns observed using SNPs (47), fluorescent amplified frag-
ment length analysis (17), and partial MLST (1).

The lack of ST variation is consistent with strong host-plant
selection, enabling only a specific limited range of genotypes to be
pathogenic on a given plant host. Supporting this view is the find-
ing that the coffee and citrus forms are generally host specific (1,
20), while the possibility of rare exceptions to this rule (19, 37) was
supported by our finding of just one coffee isolate with a citrus
genotype (ST11) among the 23 coffee isolates typed.

Contained within this relatively simple pattern of low variabil-
ity was an unusual feature that has not previously been noted: high
levels of sequence divergence (1 to 3%) between some alleles, lev-
els that are typical of subspecific differences (see reference 43). For
example, while the three STs observed on citrus (ST11 to ST13)
were identical across four of the seven MLST genes and differed by
one and three SNPs at two more of them, at the seventh locus 1
pair of alleles differed by 10 bp, creating the clear genetic separa-
tion of ST13 from the other two citrus STs (Fig. 1). Similarly, the
two coffee STs (ST14 and ST16) were very similar across four of
the MLST genes (�1-bp difference); however, they were differen-
tiated by widely divergent alleles at the other three loci (differing
by 8, 10, and 13 bp). It is extremely difficult to construct any
scenario in which such large allelic differences could have accu-
mulated within X. fastidiosa subsp. pauca via point mutation. Two
factors that would promote diverse alleles are clonality and a
strong geographical genetic structuring of the population. How-
ever, this species (including this subspecies) is subject to signifi-
cant levels of (intrasubspecific) homologous recombination (1,
41), and there is no evidence of genetic structure in this subspe-
cies, at least among the different states within Brazil (1).

The most parsimonious explanation for these large allelic dif-
ferences is that variation has been acquired by X. fastidiosa subsp.
pauca through intersubspecific recombination. Such recombina-
tion has been observed at low levels in X. fastidiosa subsp. fastid-
iosa in North America (31, 32, 49), and very high levels of recom-
bination between X. fastidiosa subsp. fastidiosa and X. fastidiosa
subsp. multiplex have been implicated in the genesis of the strain
that infects mulberry (31). We tested for the occurrence of inter-
subspecific recombination in X. fastidiosa subsp. pauca after com-
bining MLST data with data from additional locally targeted se-
quencing. We showed that these large allelic differences were
entirely consistent with intersubspecific recombination, confirm-
ing the previous tentative suggestion of its occurrence in X. fasti-
diosa subsp. pauca (1). More importantly, we found that the de-
gree of intersubspecific recombination was extremely high. Based
on the small but random sample of housekeeping genes used in
the MLST of this species, our estimate was that there was evidence
of subspecific introgression across 52% of the 4,161 bp that are
used in typing. We also found that the coffee STs had undergone
roughly 50 to 70% more intersubspecific recombination than
the citrus STs, based on a count across all of our sequence data of
the polymorphic sites (within X. fastidiosa subsp. pauca) where
STs shared a base with the three potential donor subspecies.

We detected intersubspecific recombination using our intro-
gression test. We were motivated to develop a new test because
Scally et al. (41) found that, given the patterns of polymorphismT
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found in X. fastidiosa, the available recombination tests were often
ineffective at isolating regions of recombination, even those that
were easily detected by eye. We compared the introgression test to
five other tests (RDP (22), GeneConv (34), MaxChi (23), Chi-
maera (36), and 3Seq (4) (see Materials and Methods), and the
introgression test was clearly superior. The introgression test
identified eight regions of recombination (totaling 6,053 bp) in
six loci, whereas the best-performing tests (3Seq, MaxChi, and
Chimaera) identified just two of these regions (Fig. 2). 3Seq

identified the most recombinant bases (1,793 bp across these
two regions, subdivided into three pieces), just 30% of the total
found with the introgression test. Examples of recombination
breakpoints only detected by the introgression test are shown
in Tables 2 and 5.

The effectiveness of the introgression test does not depend on
including the true non-native donor in the analysis. It requires
either that the reference taxa include the true donor or that they
are an outgroup relative to the donor and native pair. Obviously,

FIG 3 Genetic distance tree based on sequence data from the expanded holC MLST region showing representatives of the five X. fastidiosa subsp. pauca MLST
sequence types (STs) and the other X. fastidiosa subspecies. The tree is consistent with two intersubspecific recombination events, one causing the similarity of
ST16 to X. fastidiosa subsp. multiplex and X. fastidiosa subsp. sandyi and another causing the similarity of ST01 (X. fastidiosa subsp. fastidiosa) to X. fastidiosa
subsp. pauca. The numbers at each node indicate the bootstrap percentages. For the isolates used, see Table 2.

FIG 4 Estimates of the time of divergence of the S. American X. fastidiosa subsp. pauca from the Central and North American subspecies, based on the rate of
synonymous substitution in the nonrecombinant gene regions. The time estimate of the long branch separating X. fastidiosa subsp. pauca from the other
subspecies (84.2 thousand years [Kyrs]) is split into 54.2 and 30.0 Kyrs to approximately equalize the two halves of the tree; however, the tree is unrooted, and
this split is for illustration only. For details of the estimation of divergence times and their jackknife standard errors, see Materials and Methods. Time estimates
less than 5,000 years were omitted. For the isolates used, see Table 2.
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the power of the test declines as the donor and native taxa become
more closely related relative to the reference taxa.

The genetic introgression into X. fastidiosa subsp. pauca acts to
reduce its apparent phylogenetic distance from the other subspecies.
Identifying recombinant and nonrecombinant regions in the se-
quence data allowed us to correct for this bias and to estimate the time
of separation of X. fastidiosa subsp. pauca from the other three sub-
species. Schuenzel et al. (41) introduced a method for estimating the
age of bacterial taxa using a central result of neutral evolutionary
theory: the rate of substitution at neutral sites is equal to the neutral
mutation rate. Applying this result to synonymous substitutions, they
estimated that the X. fastidiosa subsp. fastidiosa/X. fastidiosa subsp.
sandyi clade split from X. fastidiosa subsp. multiplex about 30,000
years ago. X. fastidiosa subsp. pauca is an outgroup to these subspe-
cies, and here we carried out a similar analysis to estimate when X.
fastidiosa subsp. pauca diverged from the other subspecies. After re-
moving all regions of suspected intersubspecific recombination from
the sequence data, analysis of the remaining (	5 kb) sequence from
nine different genomic locations (the seven MLST loci, plus pilU and
rfbD) indicated that X. fastidiosa subsp. pauca diverged from the other
subspecies of X. fastidiosa about 60,000 years ago. The jackknife-esti-
mated standard deviation of about 14,000 years showed that this age
estimate is fairly consistent across the regions of the genome sampled.

Given such a long evolutionary history, we would expect that
X. fastidiosa subsp. pauca would be a genetically diverse group
through the accumulation of both beneficial and neutral muta-
tions in different lineages. In contrast, it appears that most of the
genetic variation detected has its origins in intersubspecific re-
combination. To resolve this paradox, we propose the following
hypothesis: that intersubspecific recombination was instrumental
in facilitating the recent invasion of citrus and coffee, that coloni-
zation of these new hosts created a genetic bottleneck, and that
native nonrecombinant X. fastidiosa subsp. pauca (with its ex-
pected genetic variability) has yet to be found.

The natural plant hosts of X. fastidiosa subsp. pauca are un-
known, and yet they must exist. We know of no studies in the
native environment attempting to identify such hosts. To date, the
only study examining alternate plant hosts was a study of weed
infection within orange groves, where 10 of 23 weed species were
found to be infected (20); however, within a grove a weed may test
positive simply because of repeated feeding by leafhoppers carry-
ing X. fastidiosa subsp. pauca from citrus. There is no evidence that
any of these weed species support X. fastidiosa subsp. pauca infec-
tion at locations remote from citrus.

The known record of Xylella-related disease in South America
goes back less than 50 years, even though the phylogenetic data indi-
cate that X. fastidiosa is a long-term native of South America and the
two affected crops, citrus and coffee, have been commercially grown
for several hundred years. Citrus variegated chlorosis (CVC) was de-
scribed in Minas Gerais, Brazil, in 1987, and in Sao Paulo soon after
(5), and coffee leaf scorch (CLS) was first noted in Sao Paulo, Brazil,
in 1995 (7), although Li et al. (19) suggested that that CLS probably
appeared earlier than this, but only by about 30 years.

Why did these diseases appear only very recently? One possi-
bility is that X. fastidiosa subsp. pauca invaded Brazil and Argen-
tina from some other region of South America. Arguing against
this possibility is the fact that there are relatively few natural geo-
graphical barriers in South America (excepting the extreme west),
that the continent has abundant populations of potential vectors
(40), and that both citrus and coffee are grown in other parts of the

continent, and yet there are no reports of Xylella-related disease in
those areas (i.e., areas other than Argentina, Paraguay, and Brazil).

The alternative possibility that we propose is that X. fastidiosa
subsp. pauca was originally unable to infect coffee and citrus but
that adaptation to these host plants only became possible follow-
ing the introduction of novel genetic variation resulting from in-
tersubspecific recombination. Obviously, such an event requires
the proximity of donor DNA, and it appears likely that this con-
dition prevails. Current evidence suggests that only one subspecies
of X. fastidiosa evolved in South America; however, an apparently
distinct form of X. fastidiosa causes plum leaf scald in Argentina,
Brazil, and Paraguay (13, 18). Four genetic analyses of the Brazil-
ian plum isolate PL9746 suggest that it is genetically distinct from
X. fastidiosa subsp. pauca and is probably an example of X. fastid-
iosa subsp. multiplex. Array-based hybridization of genomic DNA
against the X. fastidiosa subsp. pauca strain 9a5c showed that
PL9746 has clear regions of similarity to North American X. fasti-
diosa (based on gene absences relative to 9a5c), but no subspecific
comparisons were made (30). Da Costa et al. (6), using arbitrarily
primed PCR, found that PL9746 was roughly equidistant from X.
fastidiosa subsp. pauca isolates, a North American plum isolate,
and a North American grape isolate. However, more recently, two
genomic fingerprinting studies (17, 27) both showed that while
PL9746 was distinct from both coffee and citrus isolates of X.
fastidiosa subsp. pauca, it had a very close relationship with
PLS0135 (ATCC 35871), an isolate from plum that Schaad et al.
(42) named as the type of the subspecies multiplex (ST41 [see
reference 33]), and it had a clear separation from grape isolates (X.
fastidiosa subsp. fastidiosa). The conclusion that PL9746 is a rep-
resentative of subspecies multiplex is consistent with its plum host.
As noted above, the type for subspecies multiplex was isolated
from plum, and furthermore two different plum isolates
(PLS0026 and PLP0070) have been used to represent this subspe-
cies in phylogenetic analyses (one each in references 43 and 49).
We have typed an additional 16 plum isolates, and none of them
were X. fastidiosa subsp. fastidiosa or X. fastidiosa subsp. sandyi
(unpublished data).

Notwithstanding these data, at present we cannot exclude the
possibility that PL9746 represents another, as-yet-undescribed,
South American subspecies of X. fastidiosa that evolved in geo-
graphical isolation from X. fastidiosa subsp. pauca. This view gains
some weak support from our finding that the sequence data failed
to identify which of the known subspecies is the source that has
recombined into X. fastidiosa subsp. pauca. Within the recombi-
nant regions, the sites that are polymorphic within X. fastidiosa
subsp. pauca are almost always monomorphic across the potential
donor subspecies or they are “informative,” with the exact same
polymorphism as X. fastidiosa subsp. pauca (see Tables 2 to 5).
Additional information was gleaned from sites within recombi-
nant regions where the potential donor sequences varied but X.
fastidiosa subsp. pauca did not. If variants present in only one
particular subspecies are also present in the X. fastidiosa subsp.
pauca sequences then this would strongly support that subspecies
as the donor. However, although X. fastidiosa subsp. multiplex
does have the highest percentage of such sites (59%), the values for
the other two subspecies (58 and 53%) are indistinguishable.

Over the last 20 years it has become increasingly apparent that
homologous recombination is almost ubiquitous among bacteria,
although the degree to which it occurs apparently varies widely
among species (9, 14, 26). It typically involves short pieces of DNA
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(often �1 kb [8, 24, 26]), which is consistent with the sizes of the
recombinant fragments that we have identified in X. fastidiosa subsp.
pauca, which averaged 757 bp (an underestimate, since the eight frag-
ments included three with only one end identified [see Fig. 2]).

It is generally assumed that homologous recombination is ben-
eficial by enabling bacteria to avoid host defenses (9, 25), but it has
also been speculated that it may promote adaptation to novel
hosts (2). Moreover, there is another example in X. fastidiosa
where massive intersubspecific recombination has resulted in the
colonization of a new host. Isolates from mulberry are a mix of X.
fastidiosa subsp. fastidiosa and X. fastidiosa subsp. multiplex ge-
nomes, and mulberry is a plant host that neither parent subspecies
is capable of infecting (31). In the present study, we have estab-
lished a strong circumstantial case for the involvement of the same
kind of intersubspecific homologous recombination in the shift of
X. fastidiosa subsp. pauca from its unknown native hosts to citrus
and coffee. The next step is to determine whether a nonrecombi-
nant native form of X. fastidiosa subsp. pauca can be found and
tested for its host specificity. Our prediction is that it will infect
citrus and coffee poorly or not at all.
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