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Intersubspecific Recombination in Xylella fastidiosa Strains Native to
the United States: Infection of Novel Hosts Associated with an
Unsuccessful Invasion

Leonard Nunney,® Donald L. Hopkins,” Lisa D. Morano,© Stephanie E. Russell,® Richard Stouthamer

Biology Department, University of California, Riverside, California, USA®; University of Florida, Mid-Florida Research and Education Center, Apopka, Florida, USA®;
Department of Natural Sciences, University of Houston—Downtown, Houston, Texas, USAS; Entomology Department, University of California, Riverside, California, USA®

The bacterial pathogen Xylella fastidiosa infects xylem and causes disease in many plant species in the Americas. Different sub-
species of this bacterium and different genotypes within subspecies infect different plant hosts, but the genetics of host adapta-
tion are unknown. Here we examined the hypothesis that the introduction of novel genetic variation via intersubspecific homol-
ogous recombination (IHR) facilitates host shifts. We investigated IHR in 33 X. fastidiosa subsp. multiplex isolates previously
identified as recombinant based on 8 loci (7 multilocus sequence typing [MLST] loci plus 1 locus). We found significant evidence
of introgression from X. fastidiosa subsp. fastidiosa in 4 of the loci and, using published data, evidence of IHR in 6 of 9 addi-
tional loci. Our data showed that THR regions in 2 of the 4 loci were inconsistent (12 mismatches) with X. fastidiosa subsp. fasti-
diosa alleles found in the United States but consistent with alleles from Central America. The other two loci were consistent with
alleles from both regions. We propose that the recombinant forms all originated via genomewide recombination of one X. fasti-
diosa subsp. multiplex ancestor with one X. fastidiosa subsp. fastidiosa donor from Central America that was introduced into
the United States but subsequently disappeared. Using all of the available data, 5 plant hosts of the recombinant types were iden-
tified, 3 of which also supported non-IHR X. fastidiosa subsp. multiplex, but 2 were unique to recombinant types from blueberry
(7 isolates from Georgia, 3 from Florida); and blackberry (1 each from Florida and North Carolina), strongly supporting the hy-

pothesis that IHR facilitated a host shift to blueberry and possibly blackberry.

U nderstanding the mechanisms of adaptive evolution in
pathogenic bacteria is central to long-term disease control.
One major focus of research into adaptive bacterial evolution has
been lateral (or horizontal) gene transfer (LGT), usually defined as
the transfer of genes (or genetic material) across species boundar-
ies (1-6). Until recently, discussions of LGT focused on the
transfer of novel genes, as exemplified by the discovery of the
plasmid-mediated transfer across species of the genes coding for
penicillin resistance (7); however, with the increasing availability
of genomic sequence data, it has become apparent that the transfer
of homologous gene copies (i.e., novel alleles) is also widespread
(8). These two kinds of exchange, the transfer of novel genes or
novel alleles, are fundamentally different. The acquisition of novel
genes can result in the acquisition of a completely new trait that
has already been refined in other taxa by natural selection (as in
the case of penicillin resistance). It can determine critical traits
such as virulence, antibiotic resistance, and ecological niche (9),
even though most of the material transferred appears to be evolu-
tionarily transient (10). In contrast the acquisition of novel alleles
is analogous to the effect of sexual reproduction in eukaryotes: it
increases the genetic variance that natural selection can act on but
does not, in itself, result in a qualitative change in the ecology of
the recipient (1). Due to these fundamental differences, we favor
reserving the term “LGT” for the transfer of novel genes, using the
term “interspecific” or “intersubspecific homologous recombina-
tion” (IHR) for the transfer of alleles; however, both processes, if
successful, lead to genetic “introgression,” a term commonly used
to describe the spread of genetic material across taxonomic
boundaries in plants and animals and now increasingly used to
describe the analogous process in bacteria (4, 11, 12).
Homologous recombination is almost ubiquitous among bac-
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teria, although the degree to which it occurs varies widely among
species (13). It involves the replacement of a stretch of DNA se-
quence in one individual’s genome by a homologous sequence
from another individual of the same (or closely related) species
following any of the 3 mechanisms of DNA transfer (transforma-
tion, transduction, or conjugation). It typically involves short
pieces of DNA (often <1kb) (14). Given the prevalence of homol-
ogous recombination, it is generally assumed that it is beneficial,
in some cases enabling bacteria to enhance their resistance to an-
tibiotics (15) and avoid host defenses (16, 17) or perhaps promot-
ing adaptation to novel environments (18). Analogy with the as-
sumed benefits maintaining sexual recombination in metazoans
strongly supports this view.

Documenting the adaptive benefit of homologous recombina-
tion in bacteria has proved difficult. This is to be expected even if
the benefits are large and common. Homologous recombination
typically falls off rapidly with genetic distance (19), so a well-es-
tablished population will usually reflect the mixing of relatively
similar alleles. This mixing can be easily detected by the lack of
clonality between genes and quantified using evolutionary models
(e.g., ClonalFrame) (20); however, detection of recombination
breaks within genes is more problematic. The approaches cur-
rently used (e.g., LDhat [21] and PHItest [22]) have very limited
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power; although the introgression test (11) has improved this sit-
uation (see below). Another approach is to test loci sequenced
from 2 or more taxa and use the genetic partitioning program
STRUCTURE (23, 24). Alleles that cannot be confidently allo-
cated to one or more of the taxa are likely to be mosaics generated
by recombination (4, 25).

To link recombination to adaptive change, it is useful to study
a system in which recombination is limited, recognizable, and
likely to lead to novel adaptation. Arnold et al. (26) recently made
an interesting link between the acquisition of novel adaptations in
bacteria via LGT and that via hybridization in metazoans. Excel-
lent examples of how interspecific introgression can result in ad-
aptation to new environments in higher plants are given in the
work of Rieseberg and colleagues on the effects of introgression in
sunflower species (for example, see reference 27). However, it is
not only metazoans that hybridize: bacterial homologous recom-
bination can sometimes result in interspecific introgression (e.g.,
in Vibrio spp.) (28). Interspecific hybridization of this kind is
likely to be relatively rare, suggesting that the ideal study system is
one with a significant frequency of homologous recombination
between well-defined groups within a species (such as serotypes or
subspecies). This level of study appears most likely to provide
valuable insights into recombination-related adaptive change in
pathogens. For example, Didelot et al. (29) showed that two hu-
man-pathogenic forms of Salmonella enterica (Typhi and Paraty-
phi A) are relatively dissimilar across about 75% of their genomes
but show marked convergence across the rest. They concluded
that this similarity reflects adaptation to the human host, driven
by homologous recombination and selection. Similarly, Sheppard
et al. (25) proposed that human activity (e.g., agriculture) has
probably led to an increase in recombination between Campylo-
bacter jejuni and Campylobacter coli and may have also created
novel environments that have favored the evolution of hybrids.

Another species in which homologous recombination between
closely related but distinct taxa has been documented is the plant-
pathogenic bacterium Xylella fastidiosa (11, 30-32). X. fastidiosa is
a xylem-limited bacterium that is transmitted by xylem-feeding
insects, typically leathoppers, and is divided into four subspecies:
fastidiosa, sandyi, multiplex, and pauca (33, 34). These subspecies
have diverged genetically by 1 to 3%, apparently due to their geo-
graphical isolation over about the last 20,000 to 50,000 years (11,
34, 35). This isolation has now broken down, due presumably to
human activity (11, 31). The cooccurrence of the previously allo-
patric subspecies has resulted in intersubspecific homologous re-
combination (IHR), recombination that can be detected relatively
easily due to the preexisting genetic divergence of the subspecies
(11, 30-32, 35). Consistent with these observations, recent exper-
imental work has confirmed that X. fastidiosa is transformation-
ally competent (36) and that some isolates carry a conjugative
plasmid (37).

X. fastidiosa is known to infect a wide range of hosts, causing
scorch and dwarfing diseases (38, 39). In citrus, it causes citrus
variegated chlorosis (CVC), a disease restricted to South America,
and in grapevines in the United States and Central America, it
causes Pierce’s disease. In the United States, it also causes disease
in almond, apricot, plum, peach, alfalfa, pecan, and blueberry.
However, individual X. fastidiosa strains are not generalists. The
different subspecies infect a characteristic and largely nonoverlap-
ping range of plant hosts, and even within subspecies, different
genotypes show differences in host specificity (35). For example,
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FIG 1 Distance tree showing variation within X. fastidiosa subsp. multiplex
based on 31 IHR isolates (8 STs), 2 intermediate isolates (1 ST), and 110
non-IHR isolates (23 STs) using sequence data from the 7 MLST loci plus pilU.
The IHR and intermediate forms together define the “recombinant group” of
X. fastidiosa subsp. multiplex isolates. Where an ST included more than one
pilU allele, the allele most frequently associated with the ST was used in con-
structing the tree. The number of isolates per ST (N) is shown by xN when N is
>1. The tree is modified from that of Nunney et al. (35), where it was rooted by
X. fastidiosa subspp. fastidiosa, sandyi, and pauca.

in the South American X. fastidiosa subsp. pauca, citrus isolates do
not typically grow in coffee and vice versa (40, 41), and in X.
fastidiosa subsp. multiplex, Nunney et al. (35) found associations
between the genotype and host plant.

In their study of X. fastidiosa subsp. multiplex, Nunney et al.
(35) used the multilocus sequence typing (MLST) protocol of
Yuan et al. (31) to categorize 143 isolates. The MLST protocol is
valuable for gaining insight into the evolutionary history and ge-
netic diversity of taxa (42). MLST groups isolates into sequence
types (STs), where each ST defines a unique set of alleles across the
loci used (43). Based on 8 loci, 31 of these isolates (8 STs) were
identified as IHR forms (since 2 or more of 8 loci sequenced
showed evidence of intersubspecific introgression), and 2 isolates
(1 ST) were considered “intermediate” (1 ITHR allele), while the
remaining 110 non-IHR isolates (23 STs) showed no evidence of
introgression. The IHR and intermediate types together were con-
sidered to define the “recombinant” group of X. fastidiosa subsp.
multiplex isolates (35) (Fig. 1). Most (all except ST58) were ob-
served more than once, and 5 were found in two different U.S.
states or districts (see Table 1 in reference 35).

The analysis of Nunney et al. (35) was focused on the evolution
and host range of X. fastidiosa subsp. multiplex. For this purpose, it
was necessary to identify and exclude isolates whose recent evolu-
tion (and potentially whose host affinity) was influenced by inter-
subspecific recombination. As such, once the 23 non-IHR STs
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were identified, there was no further analysis of the remaining
recombinant group STs. In particular, no evidence was presented
for classifying some alleles as atypical of X. fastidiosa subsp. mul-
tiplex beyond the observation that they were never found in the
non-IHR group (i.e., no genetic analysis of any of the recombinant
alleles was presented).

Nunney et al. (35) did observe one intriguing pattern when
they compared their results to those of Parker et al. (44). Of the
143 isolates, 13 (7 non-IHR-type and 6 IHR-type isolates) were
also used in the study by Parker et al. (44), in which typing was
based on a different set of 9 loci. Unexpectedly, these 13 isolates
maintained the same grouping with the IHR and non-IHR types
corresponding, respectively, to the clade A and clade B groupings
(44). This highly statistically significant concordance (35) strongly
suggested that IHR is not distributed randomly across all X. fasti-
diosa subsp. multiplex isolates but instead is restricted to a small
subset, while the remainder is little influenced by IHR. However,
Parker et al. (44) failed to find evidence of intersubspecific recom-
bination within any of the X. fastidiosa subsp. multiplex isolates,
despite applying a series of 9 tests designed to detect recombina-
tion contained within the RDP4 program (45) and the PHI pro-
gram (22). This result presented a strong argument against our
hypothesis that clade A members cluster because they are recom-
binant types carrying alleles derived from IHR (35). Here we re-
examined the sequence data obtained in their study (44) by using
the more sensitive introgression test (11) to determine if their tests
missed evidence of IHR and, if so, whether it was confined to clade
A. A second related question concerned the relationship among
the recombinant IHR group members. In particular, what could
be concluded about the origin of the group given the observation
from 2 independent studies (35, 44) that the members appear to
form a well-defined cluster of genotypes? Third, we used the se-
quence data to examine the hypothesis that the introgressed DNA
was from X. fastidiosa subsp. fastidiosa, the subspecies that causes
Pierce’s disease. X. fastidiosa subsp. fastidiosa is native to Central
America, and all known isolates in the United States and northern
Mexico can be traced back to a single introduced genotype (32).

IHR would be of limited interest if it simply randomized the
genetic differences among the subspecies but had a minimal effect
on pathogenesis. For this reason, we were particularly interested
in documenting any possible invasion of new plant hosts associ-
ated with THR. The hypothesis is that IHR creates a range of novel
genotypes that are far more variable than can arise from a lineage
diversifying through point mutations, and this diversity facilitates
adaptive evolution of a kind not possible for a clonal lineage. This
kind of probabilistic evolutionary hypothesis can rarely be directly
proven based on an individual case; however, it makes predictions
that, if generally supported, would cause the hypothesis to be ac-
cepted. In the case of X. fastidiosa, compelling evidence support-
ing the hypothesis would be the invasion of a new native host plant
that is uniquely associated with IHR. Our data support this hy-
pothesis: in X. fastidiosa subsp. multiplex, IHR is indeed associated
with the invasion of at least 2 new native plant hosts, blueberry and
blackberry.

MATERIALS AND METHODS

To investigate intersubspecific homologous recombination (IHR), we an-
alyzed 31 isolates previously identified as IHR-type and 2 isolates previ-
ously identified as intermediate-type X. fastidiosa subsp. multiplex (35),
based on sequence of the 7 housekeeping loci used in the MLST scheme
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defined by Yuan et al. (31) plus a region of the pilU (cell surface) gene.
Together, these 33 isolates made up the recombinant group. Details re-
garding the isolation (where appropriate) and typing of the 33 isolates
were provided by Nunney et al. (35), and a summary of salient features is
provided in Table S1 in the supplemental material in that article. All
sequences used have previously been published and are available both in
GenBank (see reference 35 for accession numbers) and the MLST website
(http://pubmlst.org).

To detect IHR, we employed a modified version of the introgression
test developed by Nunney et al. (11). In its original form, the test compares
aset of target sequences, some of which may have been involved in THR, to
a set of potential donor sequences. Each variable site is classified as F, a
fixed difference between the target sequences and the donor sequences, or
P, a polymorphic site within the target sequences where at least one vari-
ant base is shared with the donor set. A significant shift in the ratio of F to
P marks a recombination breakpoint. In the modified version of the test,
the targeted introgression test, the target sequence is known a priori (in
this case a member of the recombinant group) and is compared to two
references, the donor group, D (in this case X. fastidiosa subsp. fastidiosa),
and the ancestral group, A (in this case, X. fastidiosa subsp. multiplex). The
minimum number of nucleotide differences between the target and the
two references defines a ratio of D to A equivalent to the ratio of F to P and
can be tested in the same way (see equation 1 in reference 11).

In some cases, there is no breakpoint because the whole locus appears
to be an introgressed sequence (i.e., A => D throughout the sequence).
Although the signal of introgression across the entire sequenced region
may be clear, it is valuable to have a statistical test that documents the
strength of the signal. In this case, the null expectation (no introgression)
is the ratio that reflects the pairwise differences between the donor and
ancestral group versus the pairwise differences within the ancestral group
(i.e., the ratio of gene diversities T, ,; Versus m, ;). We used this ratio to
define the expectation of the D/A ratio for a chi-square test of complete
introgression.

Gene diversity and distance trees were calculated using MEGAS5 (46),
and the maximum parsimony tree was created using the PARS program in
Phylip (47, 48). Distance trees (using neighbor joining) and the maximum
parsimony tree (using allele numbers as characters) were used rather than
other methods, given the known occurrence of intersubspecific recombi-
nation in the data. ClonalFrame (20) was used to provide an independent
estimate of the relative importance of recombination versus mutation in
the recombinant group.

RESULTS

Characterization of the recombinant alleles. Based on 8 loci se-
quenced (7 MLST loci plus pilU), Nunney et al. (35) identified 9
sequence types (STs) belonging to the recombinant group of X.
fastidiosa subsp. multiplex. These STs all showed evidence of in-
tersubspecific homologous recombination (IHR) at one or more
of the 8 loci and were characterized by 18 alleles, 10 of which were
never found in non-IHR X. fastidiosa subsp. multiplex strains (35).
These 10 alleles were examined for evidence of IHR (Table 1) by
comparing them to the previously described non-IHR X. fastid-
iosa subsp. multiplex alleles (35) and to the known X. fastidiosa
subsp. fastidiosa and sandyi alleles (31, 32). Of these 10, 4 alleles
were found to be derived in their entirety from X. fastidiosa subsp.
fastidiosa, and 3 were found to be chimeric for X. fastidiosa subsp.
multiplex and fastidiosa sequences, with significant evidence of
one or more recombination breakpoints. These 7 alleles encom-
passed 4 loci: leuA, cysG, holC, and pilU.

Thelocus most strongly implicated in IHR was cysG, since all of
the 9 recombinant-group STs were characterized at this locus by 1
of 3 ¢cysG alleles (no. 6, 12, and 18) unique to the group. The
involvement of IHR in the genesis of all 3 of these alleles is illus-
trated by their close genetic relationship to X. fastidiosa subsp.
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TABLE 1 Recombination analysis of all of the alleles found in the recombinant group of X. fastidiosa subsp. multiplex that were not found in the
non-IHR group

X. fastidiosa allele no. (bp

difference) Total length
Allele  subsp. multiplex  subsp. fastidiosa  Region(s) of IHR? (bp) Ratio(s)“ P value
holC7 3(8) 19 (4) 1to (183 to 286) 379 8:0 vs 0:4 0.004
cysG6  3(7) 12 (7) 1to (23 to 46) and (435 to 481) 600 3:0 vs 0:5 vs 4:0 (vs 0:2)*  0.057, 0.057 combined = 0.022¢

to (516 to 524)

osGI2 3 (14) 12 (0) All (1 to 600) 600 14:0 <0.001
cysGI8 5(8) 14 (3) (48 to 258) to 600 600 0:3 vs 8:0 0.012
pilUl  3(17) 1(0) AlL (1 to 545) 545 17:0 <0.001
pilU9 3 (18) 1(1) All (1 to 545) 545 18:1 <0.001
leuA4 3(8) 9(2) All (1 to 708) 708 8:2 <0.001"
leuA6 3 (2) 9 (6) None (see the text) 708 2:6 NS¢
nuol4 3 (3) 5(6) None (see the text) 557 3:6 NS
holC9 4(2) 17 (5) (290 to 340) to 379 379 0:5 (vs 2:0)7 NS (0.10)

“ The number of base pair differences between the recombinant group allele and the most similar allele from non-IHR subsp. multiplex and from subsp. fastidiosa is shown as the
designation number of the most similar allele followed by the number of base pair differences in parentheses.

b Regions of suspected intersubspecific homologous recombination (IHR) are identified and in boldface when statistically significant (P < 0.05) based on one of two analyses (see
Materials and Methods): (i) recombination breakpoint analysis using the targeted introgression test, or (ii) a ratio test when the whole region appears to have been introgressed.

¢ Ratios are shown in the format “differences from the most similar X. fastidiosa subsp. multiplex allele:differences from the most similar X. fastidiosa subsp. fastidiosa allele” (see

footnote a) expressed 5’ versus 3’ of the suspected breakpoint.

4 A reversal of ratios at the end of a sequence sometimes lacks power but is suggestive of a breakpoint.
¢ Using Fisher’s combined probability test, x?,, = —23 In(p;), where the summation i is over the k tests.

/Based on a ratio test comparison of the observed ratio to a 1:11 ratio, reflecting the estimated values

£ NS, not significant.

fastidiosa and sandyi alleles (see alleles shown in boxes in Fig. 2).
Allele 12, apart from being found in the recombinant group, is an
X. fastidiosa subsp. fastidiosa allele (32). The other two alleles were
found to be chimeric: allele 18 contains a single recombinant re-
gion at the 3’ end of (at a minimum) 342 bp, while allele 6 has two

#18 MUL-REC]

#02 SAN-US

#15 FAS-CR

#25 FAS-CR

#01 FAS-US

#20 FAS-US

#14 FAS-CR

#12 MUL-REC/FAS-CR
#13 FAS-CR

#23 FAS-CR

FIG 2 Distance tree based on the sequence data of the cysG MLST locus
showing the close relationship of the 3 X. fastidiosa subsp. multiplex recombi-
nant group alleles (boxed) to those found in the other subspecies found in the
United States. The tree shows comparison of all 11 alleles identified from X.
fastidiosa subsp. multiplex isolates (MUL) to all published alleles of X. fastidiosa
subspp. fastidiosa (FAS) and sandyi (SAN). The tree is unrooted. Alleles de-
rived from intersubspecific homologous recombination (REC) include the X.
fastidiosa subsp. multiplex recombinant 12, which was identical to an X. fasti-
diosa subsp. fastidiosa allele from Costa Rica (CR). Allele 04 (marked with *)
was found in X. fastidiosa subsp. fastidiosa in the United States (US) and pre-
viously identified as resulting from intersubspecific homologous recombina-
tion (35).

—_—
0.005
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=0.001 and ., = 0.011 (see Materials and Methods).

within

short recombinant regions, one at the 5" end of at least 23 bp and
another toward the 5’ end of at least 35 bp (Table 1). The DNA
sequence variation defining these patterns is shown in Table 2.
The patterns seen in the DNA sequences of the 3 cysG alleles are
consistent with the hypothesis of a single IHR that introgressed
donor allele 12 into X. fastidiosa subsp. multiplex, followed by
subsequent intrasubspecific recombination reintroducing X. fas-

#03 MUL GBI tidiosa subsp. multiplex sequence to create alleles 6 and 18 (Table
| 419 MUL 2). There are no inconsistent sites, provided the 5" recombination
—— #07 MUL breakpoint in allele 18 starts (as shown) after position 71.

s M Introgression of X. fastidiosa subsp. fastidiosa sequence into X.

— #17 MUL .. . . .
#05 MUL fastidiosa subsp. multiplex was found in alleles at 3 other loci (leuA,
#04 FAS-US-REC* holC, and pilU) (Table 1). In the case of pilU, 7 of the 9 recombi-
#22 MUL nant STs carried either an allele identical to a known X. fastidiosa

subsp. fastidiosa allele (allele 1) or 1 bp different from it (allele 9).
Allele 1 is an allele that characterizes most U.S. isolates as well as
several STs found in Costa Rica, while allele 9 is unique to the
recombinant group.

The leuA locus has a single statistically significant recombinant
allele, allele 4 (leuA4). It differed by 2 bp from the X. fastidiosa
subsp. fastidiosa allele 9 but by 8 bp from the most similar non-
IHR X. fastidiosa subsp. multiplex allele. X. fastidiosa subsp. fasti-
diosa allele 9 could be the donor for its entirety (Table 1), although
if the recombination region started after (i.e., 3" of) site 10 but
before position 520 (Table 3), then only one site would be unex-
plained. That remaining site (position 550) carries a base unique
to this allele and is probably a novel mutation. If the recombina-
tion breakpoint was 3’ of position 295 then X. fastidiosa subsp.
fastidiosa allele 1 provides as good a match as allele 9 (Table 3).

Similarly, holC allele 7 was also 8 bp different from the most
similar non-IHR X. fastidiosa subsp. multiplex allele, providing
clear evidence that the 5" end was derived from X. fastidiosa subsp.
fastidiosa (Table 4). The pattern can be explained if X. fastidiosa

Applied and Environmental Microbiology


http://aem.asm.org

Intersubspecific Recombination in Xylella fastidiosa

TABLE 2 Regions of IHR in the X. fastidiosa cysG allele unique to the recombinant group isolates of X. fastidiosa subsp. multiplex®

Base at position in cysG MLST sequence’:

0 0 0 0 0 2 2 4 4 4 4 4 4 5 5 5 5
1 2 2 4 7 5 6 0 3 3 8 8 9 1 2 6 8
cysG allele 2 1 2 7 1 9 6 7 4 5 2 9 7 5 5 0 8
Recombinant allele 12 A A C G A G T C C G T A T T G A G
Recombinant allele 18 G* © T A C G T C C G T A T T G A G
Recombinant allele 6 A A C A* cC A ¢ cC T™™ G T A T T A* @~ G
X. fastidiosa subsp. multiplex allele 3/5 G C T A C A C C T G C G C C A C/A G
Potential donors
X. fastidiosa subsp. fastidiosa allele 12 (C.R.) A A C G A G T CcC C G T A T T G A G
X. fastidiosa subsp. fastidiosa allele 1 (U.S.) A C C G C G T G C G T A C T G A A
X. fastidiosa subsp. sandyi allele 2 G C C G A G T CcC C A T A C T G C A

@ The alleles are compared to the most similar X. fastidiosa subsp. multiplex alleles (which define the shaded bases), to the most similar X. fastidiosa subsp. fastidiosa allele found in
the United States (U.S.), to the X. fastidiosa subsp. sandyi allele (also from the United States), and to the most similar X. fastidiosa subsp. fastidiosa allele found in Costa Rica (C.R.)
but not the United States. Unshaded bases define sites different from the X. fastidiosa subsp. multiplex allele, while bases marked with asterisks are inconsistent with X. fastidiosa
subsp. fastidiosa sequence. Underlined bases are unique to X. fastidiosa subsp. fastidiosa and/or sandyi.

b The Costa Rica X. fastidiosa subsp. fastidiosa allele 12 is identical to recombinant allele 12. The italic regions show potential regions of secondary recombination involving the
reintroduction of X. fastidiosa subsp. multiplex sequence into the cysG12 ITHR background (see Table 1 for the breakpoint analysis).

subsp. fastidiosa allele 19 is the donor of the 5" region ending
somewhere between positions 183 and 286, since it leaves no in-
consistent bases (Table 4).

The loci leuA and holC each had an additional allele (no. 6 and
9, respectively) that were unique to the recombinant group, as was
an allele at another locus, nuoL4. Although these last 3 alleles did
not show statistically significant evidence of introgression (Table
1), they all showed a grouping of 2 or 3 nucleotide changes that
were not found in non-IHR X. fastidiosa subsp. multiplex but were
present in X. fastidiosa subsp. fastidiosa. Of these 3, the strongest
case for IHR is holC9 (P = 0.10) (Table 1), where a region of
possible IHR can be seen at the 3 end of the sequence (Table 4).

Origins of the recombinant group. Based on the recombina-
tion analysis, it is possible to reconstruct some features of the
ancestral X. fastidiosa subsp. fastidiosa strain that contributed to
the variation seen in the recombinant X. fastidiosa subsp. multi-
plex. Of particular interest is whether the most parsimonious re-
construction involves more than one donor genotype of X. fasti-
diosa subsp. fastidiosa. There is enough information from the 4 of
the 8 loci that showed significant IHR to address this question,
using the introgression patterns summarized in Table 1.

To examine the possibility the recombinant group was derived
primarily from a single X. fastidiosa subsp. multiplex recipient ge-
notype and a single X. fastidiosa subsp. fastidiosa donor genotype,
we defined both the most likely X. fastidiosa subsp. multiplex re-
cipient genotype and the most likely X. fastidiosa subsp. fastidiosa
donor genotype based on the alleles found in the recombinant
group (35). These alleles and their ST associations are summarized
in Fig. 3. For the recipient genotype, the simplest hypothesis is to
assume that the non-IHR X. fastidiosa subsp. multiplex alleles
present in the recombinant group are ancestral. These are leuA3
(STs 41 and 43), petC3 (all STs), malF5 (all STs), cysG? (no data),
holC4 (all STs except 27, 28, and 40), nuoL3 (all STs except 28 and
32), gltT3 or -7 (all STs), and pilU3 (STs 22 and 41). These data
define a single allele at 6 of the 8 loci examined, with a 7th locus
(gltT) defined by two possibilities and only cysG undefined.

Similarly, we can define the most likely donor genotype at 4
loci: leuA9, cysG12, holC19, and pilUI (Tables 2 to 4). nuoL4, al-
though unique to the recombinant group, was not established as a
recombinant allele, so no ancestral donor can be proposed, and
the remaining 3 loci (petC, malF, and gltT) are also undefined
since the members of the recombinant group carry no X. fastidiosa

TABLE 3 Regions of IHR in the leuA allele unique to the recombinant group isolates of X. fastidiosa subsp. multiplex*

Base at position in leuA MLST sequence:

0 1 2 2 3 5 5 5 5 5 5 5 6 7
1 0 2 9 0 2 2 2 4 5 6 7 3 0
leuA allele 0 0 0 5 1 0 2 9 8 0 8 1 1 3
Recombinant allele 4 (o A C C G C G C G Cc* T C T A
Unique allele 6 C* A C C G C G C A* T G* T C* C*
X. fastidiosa subsp. multiplex allele 3 C A C C G T A C A T G T C C
Potential donors
X. fastidiosa subsp. fastidiosa allele 9 (C.R.) T A C C G C G C G T T C T A
X. fastidiosa subsp. fastidiosa allele 1 (U.S.) T A C T G C G C G T T C T A
X. fastidiosa subsp. sandyi allele 2 T G T C A C G T G T T C T A

“ The alleles are compared to the most similar X. fastidiosa subsp. multiplex alleles (which define the shaded bases), to the most similar X. fastidiosa subsp. fastidiosa allele found in
the United States (U.S.), to the X. fastidiosa subsp. sandyi allele (also from the United States), and to the most similar X. fastidiosa subsp. fastidiosa allele found in Costa Rica (C.R.)
but not the United States. Unshaded bases define sites different from the X. fastidiosa subsp. multiplex allele, while bases marked with asterisks are inconsistent with X. fastidiosa
subsp. fastidiosa sequence. Underlined bases are unique to X. fastidiosa subsp. fastidiosa and/or sandyi.
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TABLE 4 Regions of IHR in the X. fastidiosa holC allele unique to the recombinant group isolates of X. fastidiosa subsp. multiplex”

Base at position in holC MLST sequence:

0 0 0 0 0 0 0 0 0 1 1 1 2 3 3 3

0 2 5 7 7 ] 8 8 8 1 7 8 8 1 2 7

holC allele 9 7 6 7 8 3 6 7 9 0 6 2 7 7 3 2

Recombinant allele 7 T G G T A A T A G G A T C* G C* A

Unique allele 9 T G A C C G C G* G A A C* C* T T G

X. fastidiosa subsp. multiplex 3 T G A C C G C G G A A C C C C A
Potential donors

X. fastidiosa subsp. fastidiosa allele 19 (C.R.) T G G T A A T A G G A T T T T G

X. fastidiosa subsp. fastidiosa allele 1 (U.S.) G G A C C G C A A G A T T T T G

X. fastidiosa subsp. sandyi allele 2 T A G T A A T A G G G C T T C G

“ The alleles are compared to the most similar X. fastidiosa subsp. multiplex alleles (which define the shaded bases), to the most similar X. fastidiosa subsp. fastidiosa allele found in
the United States (U.S.), to the X. fastidiosa subsp. sandyi allele (also from the United States), and to the most similar X. fastidiosa subsp. fastidiosa allele found in Costa Rica (C.R.)
but not the United States. Unshaded bases define sites different from the X. fastidiosa subsp. multiplex allele, while bases marked with asterisks are inconsistent with X. fastidiosa
subsp. fastidiosa sequence. Underlined bases are unique to X. fastidiosa subsp. fastidiosa and/or sandyi.

subsp. fastidiosa sequence at these loci. There is ambiguity at the
pilU locus, since the recombinant allele 9 also occurs; however,
only allele 1 has been found in X. fastidiosa subsp. fastidiosa, so this
allele was assumed to be ancestral, with allele 9 subsequently aris-
ing by mutation.

Evaluation of the plausibility of a single initial IHR event is
complicated by the possibility of subsequent intrasubspecific re-
combination both within the recombinant group and between the
recombinant group and the dominant non-IHR X. fastidiosa
subsp. multiplex strains. Plausible sets of recombination events
were determined by creating a tree using maximum parsimony

A=9,C=?,F=?,G=12,H=19,L=?,T=?,U=1
fastidiosa donor (?)

A=4(fas-u),L=4(u) ST32
U=3 4,3,5,12,4,4,3,(3)
G=18(rec),H=9(u)
G=12
ootk 3,3,5,18,9,3,3,(3)
U=1 ST42
(fas) A=6 6,3,5,12,4,3,3,(9)
6,3,5,12,4,3,7,(9)
ST43
3,3,5,18,4,3,7,(9)
U=9
(fas) 6,3,5,187,3
5= -[?21 ,7,3,7,(1)
c=3 =
e L=4(U)6,3,5,18,7,4,7,(1)
H=4 T2
L=s G=6(rec) g3,56,7,3,7,(9)
= ST22b
3,3,5,12,4,3,3,(9)
. N ST22a
multiplex recipient (?) 3,3,5,12,4,3,3,(1)

'A=3,C=3,F=5,G=?,H=4,L=3,T=3,U=3

FIG 3 A maximum parsimony tree of the recombinant group STs showing a
possible evolutionary trajectory from the X. fastidiosa subsp. fastidiosa donor
that maximizes the fit to all of the IHR regions (Table 1) and from the potential
ancestral X. fastidiosa subsp. multiplex recipient (ST45). The gene names A, C,
F,G,H, L, T, and U refer to the MLST loci leuA, petC, malF, cysG, holC, nuoL,
and gltT and the non-MLST pilU. The numbers under each ST name are its
defining alleles (plus pilU added parenthetically). Within the tree, allele num-
bers following a gene name show substitutions with added annotation defining
the allele type: “rec” indicates evidence of an internal recombination break,
“fas” labels alleles wholly derived from X. fastidiosa subsp. fastidiosa; and “u”
denotes alleles unique to the recombinant group. Nonannotated alleles were
found in non-IHR X. fastidiosa subsp. multiplex.
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applied to the 10 8-locus genotypes (the 9 STs, with ST22 divided
into “a,” with pilU1, and “b,” with pilU9). Using allele numbers as
characters, there were 2 equally parsimonious trees, each with 14
steps. They differed only in the precise positioning of 22a (which
remained 1 step away from 22b in both); however, assuming a
basal introgression of pilUl, only the tree shown in Fig. 3 re-
mained. The hypothetical donor and recipient genotypes were
added to root the tree, with the tree dictating gltT3 (rather than
gltT7) in the ancestral recipient genotype.

The most parsimonious tree (Fig. 3) showed that the pattern of
introgression was more complex than could result from a single
IHR. There are four main events that illustrate this complexity.
First, based on this tree, the grouping of STs 27, 28, and 40 is
defined by the introgression of h0lC7, a recombinant allele intro-
duced into the tree far from the basal recombination event. Sec-
ond, although the mutation of pilUI (introduced in the basal re-
combination) could explain the appearance of pilU9, a second
introgression of pilUI would be necessary to account for its ap-
pearance in STs 28 and 40. Third, a number of events are necessary
to account for the evolution of the cysGlocus. While cysG12, an X.
fastidiosa subsp. fastidiosa allele introduced in the initial recombi-
nation event, could give rise to cysGI8 by the introgression of X.
fastidiosa subsp. multiplex sequence (Table 2), this allele appears
in two places in the tree, necessitating a lateral transfer within the
recombinant group.

Despite this complexity, the hypothesis of a single primary IHR
event creating the founder of the recombinant group is strongly
supported by the pattern seen at the cysG locus. As noted above, all
members of the recombinant group share one of 3 alleles that
appear to be derived from a single introgression of donor allele 12.

Analysis of the X. fastidiosa subsp. fastidiosa donor. The pro-
posed X. fastidiosa subsp. fastidiosa donor is defined at 4 of the 8
loci: leuA9, cysG12, holC19, and pilUl. Of these 4 alleles, only
pilUI was found in an extensive genetic survey of 86 isolates of X.
fastidiosa subsp. fastidiosa within the United States and northern
Mexico (31). The results of this survey, combined with similar
genetic data from Costa Rica, led to the conclusion that all isolates
of X. fastidiosa subsp. fastidiosa found in North America were
derived from a single ancestral strain introduced from Central
America (32). Consistent with this hypothesis was the observation
that, in the North American isolates, no allele at the 7 MLST loci or
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the pilU locus was more than 1 bp different from the most com-
mon allele.

Given this background, we can examine the hypothesis that the
proposed ancestral donor is consistent with the X. fastidiosa subsp.
fastidiosa strains currently found in the United States. That allele
pilUI is found in the United States is consistent with this view.
Similarly, at leuA there is no inconsistency with U.S. allele 1 if the
recombination breakpoint in the recombinant allele 4 was after
(3") position 295 (discounting the derived base in allele 4 at posi-
tion 550 [Table 3]). If the breakpoint is before that point, then
Costa Rica allele 9 provides a better fit of only 1 bp, a minor
difference. In marked contrast, the alleles cysGI12 (found in its
entirety in the recombinant group) and holC19 (matching the 5’
end of recombinant allele 7) have only been found in Costa Rica,
not in the United States (28), and differ markedly from the U.S.
alleles. In particular, within the IHR regions, the U.S. X. fastidiosa
subsp. fastidiosa alleles cysG1 and holCI are 5 and 7 bp different,
respectively, from the recombinant group sequence, while the
Costa Rica alleles precisely match the donor sequence (Tables 2
and 4). These large differences require us to reject the hypothesis
that the primary X. fastidiosa subsp. fastidiosa donor was derived
from the introduced genotype that was the ancestor of all of the
North American X. fastidiosa subsp. fastidiosa isolates that have
been typed.

Estimating recombination rates in the recombinant group of
X. fastidiosa subsp. multiplex. The prevalence of recombination
over mutation in the evolution of the recombinant group was
supported by a ClonalFrame analysis: the estimated ratio of re-
combination events to mutation (p/8) was 19,310, with a 95%
confidence lower bound of 45.3. Addition of the potential ances-
tor and/or potential donor genotypes (Fig. 3) to the analysis main-
tained high estimates of the lower bound of p/6 (54.7 with the
ancestor only, 8.2 with the donor only, and 13.0 with both). These
lower bounds are high for a largely clonal organism, and they
illustrate the pervasive involvement of recombination in the gen-
esis of the recombinant group. They contrast markedly with the
mean estimate of p/6 = 0.02 with an upper bound of 0.06 obtained
for the non-IHR group (36).

Recombination in clade A. As noted earlier, Nunney et al. (35)
proposed that the two clades A and B in the X. fastidiosa subsp.
multiplex tree of Parker et al. (44) corresponded to isolates that
had been subject to IHR (clade A) versus those largely free of IHR
(clade B). However, this hypothesis is undermined by the absence
of evidence of intersubspecific introgression from X. fastidiosa
subsp. fastidiosa to X. fastidiosa subsp. multiplex in the analysis of
clade A by Parker et al. (44). However, in our reanalysis of these
data using the targeted introgression test (see Materials and Meth-
ods), we found that out of the 9 loci, 6 (copB, cvaC, fimA, psiA,
rpfF, and xadA) showed statistically significant evidence of IHR in
alleles found in the clade A isolates (Table 5). Furthermore, in this
reanalysis, all of the 6 clade A genotypes (10 isolates) carried re-
combinant alleles in at least 4 of these loci, while none of the 9
clade B genotypes (11 isolates) showed any similar evidence of
IHR.

As noted previously, the 6 recombinant group isolates
common to both studies were all classified into group A (35).
They encompassed 4 of the genotypes identified by Parker et al.
(44): Almond2 (ALS0022, ST27), the Blueberryl group (BB0385,
BB0387, and BB0493, all ST43), the Blueberry2 group (BB0488,
ST42), and the Ragweed group (AT0166, ST42). They showed
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significant evidence of IHR at 4 or 5 of the 9 loci (Table 5), so that
in total they showed significant evidence of IHR in 6 or 7 out of the
17 genes examined.

Plant hosts of the recombinant group. Given the identifica-
tion of a discrete recombinant subgroup within X. fastidiosa
subsp. multiplex, we investigated the possibility that it corre-
sponded with a shift in the plant hosts that were infected. Among
the 33 isolates defining 9 STs, there were 5 plant hosts represented
more than once: ST27 on almond (Prunus dulcis), ST27 and ST40
on purple leaf plum (Prunus cerasifera), ST22, ST28, ST42, and
ST58 on giant ragweed (Ambrosia trifida), ST32 on blackberry
(Rubus fruticosus), and ST42 and ST43 on blueberry (Vaccinium
corymbosum and V. corymbosum X Vaccinium angustifolium hy-
brid), to which we can add American elm (Ulmus americana) by
including the 4 additional clade A isolates from Parker et al. (44).
Closer examination of X. fastidiosa subsp. multiplex isolates from
these host plants, using the 143 isolates subjected to MLST (31),
showed that almond and purple leaf plum isolates (all from Cali-
fornia) were recombinant types only about one-quarter of the
time (almond, 25% [3/12]; purple leaf plum, 28% [4/14]). The
ratios in American elm from Washington, DC (and Alabama
[44]), and western ragweed from Texas were substantially higher
(67% [2/3] and 78% [7/9], respectively), but it was only in black-
berry (2 isolates), and blueberry (7 isolates, plus 3 more from
reference 44) that 100% of the isolates were recombinant. While
the sample size for blackberry was very small, the isolates were
geographically separate (Florida and North Carolina) and defined
a single sequence type (ST32) that was found on no other host.
ST32 differed from all other STs in the recombinant group, except
ST41, in carrying the nonrecombinant pilU3 allele (35). Blueberry
isolates were better represented and again were isolated from two
different states, Florida and Georgia. The 7 isolates that we typed
defined two STs: ST43, which was found in both Florida (3 iso-
lates) and Georgia (1 isolate) and was unique to these blueberry
isolates, and ST42, which was isolated in Georgia on blueberry but
also in Texas on western ragweed (plus a single isolate on western
soapberry).

DISCUSSION

Analysis of the recombinant group of X. fastidiosa subsp. multiplex
showed three important results. First, intersubspecific recombi-
nation (IHR) was shown to have occurred in 50% of 8 loci scat-
tered throughout the genome that were chosen independently of
the data (7 housekeeping loci for MLST and one nonhousekeep-
ing cell surface locus for comparison) (30). Second, it was shown
that the donor of the introgressed sequence was X. fastidiosa
subsp. fastidiosa, a subspecies introduced from Central America
into the United States as a single strain (32). However, the intro-
gressed sequence at two of the loci did not come from any of the X.
fastidiosa subsp. fastidiosa genotypes that have been found in the
United States. This result suggests that another introduction of X.
fastidiosa subsp. fastidiosa must have occurred, an introduction
that resulted in successful IHR, after which the donor genotype
seems to have disappeared. This involvement of an unexpected X.
fastidiosa subsp. fastidiosa strain supports the hypothesis that the
members of the recombinant group share a single ancestral IHR
event. Third, the hypothesis that IHR has facilitated a shift to new
hosts is strongly supported by the example of blueberry, where 10
isolates have been typed (7 from the present study, plus 3 addi-
tional isolates from another study [44]) and potentially supported
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TABLE 5 Characteristics of the alleles found in the clade A X. fastidiosa subsp. multiplex isolates of Parker et al. (44)”

X. fastidiosa allele
subgroup (bp

difference)’
subsp. subsp. Maximum
Locus  Subgroup multiplex fastidiosa  Region of IHR length (bp)  Ratio(s) P value(s)
acvB All All (0) All (45) None 0:45
copB Al All (4) All (2) (1to 789)° 789 42 <0.001¢
cvaC Rag, Elm Oakl (15) All (0) 1to 285 285 15:0 <0.001¢
BB, -2, and -3 Plum (8) All (9) (135 to 13) to (220 to 222) 285 1:5vs 7:0vs 0:4  0.010, 0.015, combined = 0.0014
Alm2 Oak1 (0) All (15) None 285 0:15
fimA All Oakl (4) Ca05 (4) (268 to 378) to 506 506 0:4 vs 4:0 0.029
gaa All Oakl (0) All (13) None 1,064 0:13
pglA All (—EIm) Lupine (8) All (2) 1to 497 497 8:2 <0.001¢
Elm Lupine (6) All (4) 1to (374 to 395) 497 6:1vs0:3 0.067
pilA BB1,-2,and -3; Rag  Plum (7) All (49) None 353 7:49
Alm2 Lupine (7) All (48) None 353 7:48
Elm QOakl (0) All (54) None 353 0:54
rpfF All (—Rag) All (0) All (36) None 777 0:36
Rag All (4) All (32) 1to (94 to 158) 777 4:1vs 0:31 0.0002
xadA  BBI and -3, Alm2 Redbud (9) Gafl (14) (834 t0901) to 1060 1,060 2:12vs 7:2 0.0083
BB2 Redbud (0) Gafl (22) None 1,060 0:22
Rag Lupine (2) Gafl (21) None 1,060 2:21
Elm Redbud (1) Gafl (22) None 1,060 1:21

@ Regions of suspected intersubspecific homologous recombination (IHR) in the alleles found in clade A based on our analysis are identified and in boldface. All differences were
statistically significant (see P values). Parker et al. (44) divided clade A into 6 subgroups: Ragweed (Rag), Elm, Blueberryl (BB1), BB2, BB3, and Almond2 (Alm2). Only Elm and

BB3 are not represented in the present study (see the text).

¥ The number of base pair differences between each clade A allele and the most similar allele from their clade B X. fastidiosa subsp. multiplex isolates and from the X. fastidiosa

subsp. fastidiosa isolates is shown in parentheses. For additional details, see Table 1.
¢ Excludes the minisatellite region at positions 69 to 356 (based on Elm).
@ Based on a comparison of the observed ratio to a 1:11 ratio (see Table 1).

by the example of blackberry (based on 2 isolates, both defining an
ST not found in any other host).

A link between the shift to a novel plant host and homologous
recombination has not been previously identified. Of course, the
direct causation of this link can never be proved without knowl-
edge of the genetic changes driving this shift. It can always be
argued that the link is fortuitous and that one or more point mu-
tations in the nonrecombined X. fastidiosa subsp. multiplex ge-
nome are causal in the host shift. Arguing against this possibility
are 2 additional pieces of information. First, both blueberry and
blackberry are native to the United States, so if only a simple ge-
netic change was required to infect these species, why did the
native nonrecombinant X. fastidiosa subsp. multiplex apparently
never acquire these changes? Second, a similar but even more
extensive mixing of the genomes of X. fastidiosa subspp. fastidiosa
and multiplex is found in the only form of X. fastidiosa that infects
another U.S. native plant, mulberry (49; L. Nunney, E. L. Schuen-
zel, M. Scally, R. E. Bromley, and R. Stouthamer, unpublished
data). Furthermore, in other bacterial species, it has been demon-
strated that recombination can drive rapid evolution, both in the
laboratory (18, 50) and, in the case of Helicobacter pylori, in mice
(51). Similarly, McCarthy et al. (52) concluded that lineages of
Campylobacter jejuni in chickens versus cattle and sheep were able
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to shift host type, because rapid adaptation was facilitated by re-
combination with the resident host population.

In the study by Nunney et al. (35), it was shown that the re-
combinant genotypes formed a well-defined group (Fig. 1), dem-
onstrating that intersubspecific homologous recombination was
not randomly distributed across the X. fastidiosa subsp. multiplex
isolates. This work was based on a survey of 143 X. fastidiosa subsp.
multiplex isolates using just 8 loci. There were 33 isolates that
showed some evidence of IHR in at least 1 locus: all but 2 showed
statistically significant evidence in at least 2 loci, while the remain-
ing 110 showed no such evidence (35). The generality of this dis-
crete group of recombinant forms was supported by our analysis
presented here of the sequence data from 9 more loci sequenced by
Parker et al. (44). These loci divided isolates into 2 groups (clades
A and B) that appeared to correspond to the recombinant and
non-THR groups, respectively (35), even though Parker et al. (44)
found no evidence of IHR. Upon reanalysis, we found statistically
significant IHR in 6 of the 9 loci in the clade A data but no evidence
of IHR in the clade B data. Clade A included 6 isolates that we had
typed in the present study, and each of these showed evidence of
IHR in 4 or 5 of the additional 9 loci. Thus, in two independent
samplings that together examined 17 loci, there was clear evidence
of substantial genomewide IHR in the recombinant group iso-
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lates, amounting to 50% (4/8) of the genes showing IHR across the
MLST locis plus the pilU locus (Table 1). The average was higher
(67% [6/9]) when based on the loci sequenced by Parker et al. (44)
(Table 5); however, this was probably biased upwards by the man-
ner in which the loci were chosen (as rapidly evolving variable
loci).

None of the IHR events in 6 of the 9 loci identified using the
targeted introgression test, or in the case of complete introgres-
sion, a chi-square test, were detected by Parker et al. (44) using
PHI (22) and the 9 tests implemented in RDP (45). This failure of
the standard tests of recombination to detect IHR was previously
noted by Nunney et al. (11), motivating the development of their
introgression test.

We examined the hypothesis that the recombinant group ST's
were derived from a single IHR event involving a X. fastidiosa
subsp. multiplex recipient and an X. fastidiosa subsp. fastidiosa
donor. The distribution of allelic differences among the recombi-
nant STs was consistent with them all being derived from a single
initial event, but a small number of other intersubspecific and
intrasubspecific recombination events would also be needed (Fig.
3). More importantly, the genotypes seen in the recombinant
group can be accounted for entirely, or very nearly so, based on a
single X. fastidiosa subsp. fastidiosa donor genotype. For example,
the substantial variation in cysG (alleles 12, 18, and 6) can all be
accounted for by an ancestral introgression of X. fastidiosa subsp.
fastidiosa allele 12 followed by subsequent intrasubspecific recom-
bination of X. fastidiosa subsp. multiplex sequence to form the
other two alleles (Table 2). In contrast, variation at pilU could be
accounted for by a second donor contributing the (so far undis-
covered) X. fastidiosa subsp. fastidiosa pilU9 allele, but it could
also have arisen by a single mutation in pilUI unique to the re-
combinant group. A possible single X. fastidiosa subsp. multiplex
recipient genotype was also identified (Fig. 3). This genotype is
consistent with a known ST: setting (the undefined) cysG to allele
3 (cysG3) makes the recipient identical to ST45, which was sam-
pled from the states of California, Kentucky, and Texas (35). Else-
where, we consider a slightly different hypothesis regarding the
origin of the recombinant group in which the donor and recipient
subspecies are reversed—i.e., that it was derived from a single IHR
event, but involving an X. fastidiosa subsp. multiplex donor and an
X. fastidiosa subsp. fastidiosa recipient; however, apart from the
role reversal, the conclusions are unaltered (Nunney et al., unpub-
lished data).

The ancestral reconstruction allows us to consider the second
question posed earlier: is the donor consistent with the X. fastid-
iosa subsp. fastidiosa genotypes found in the United States? The
answer is very clearly “no.” The original donor (or donors) carried
cysG12and holC19 (or another holC allele with an identical 183-bp
5" end). These alleles are both found in isolates from Central
America, but no X. fastidiosa subsp. fastidiosa isolate found in the
United States comes close to matching this criterion: the most
similar U.S. ST has a 12-bp mismatch. There has been extensive
sampling of X. fastidiosa subsp. fastidiosa within the United States,
based on 85 isolates sampled across the United States (California,
Florida, Georgia, Kentucky, North Carolina, and Texas) from 15
different host plants (31). There is very little variation within X.
fastidiosa subsp. fastidiosa isolates from the United States, consis-
tent with the hypothesis that all X. fastidiosa subsp. fastidiosa iso-
lates currently found in the United States are derived from a single
strain introduced from Central America (32). Based on these data,
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we conclude that the X. fastidiosa subsp. fastidiosa donor (carrying
cysG12 and holC19) was introduced into the United States from
Central America and recombined with a native X. fastidiosa subsp.
multiplex genotype similar to ST45; however, this donor lineage of
X. fastidiosa subsp. fastidiosa was ultimately unsuccessful and died
out. We can never conclusively prove the absence of this genotype
from North America. However, X. fastidiosa has been extensively
sampled from many plant species throughout the United States,
and no isolates of X. fastidiosa subsp. fastidiosa have been found
that carry alleles similar to the inferred donor alleles cysG12 and
holC19 (31); indeed all X. fastidiosa subsp. fastidiosa isolates so far
found in the United States are consistent with the introduction
into the United States of just a single genotype (32).

The transient presence of the donor genotype is consistent with
a single large-scale introgression event founding the recombinant
group. This raises the possibility that conjugation might have been
involved; however, if this was the case, the genomic DNA was
broken into pieces prior to homologous recombination, since the
data show short regions of recombination. The data from the
MLST loci plus pilU show 7 significant recombination events (Ta-
ble 1), and 3 of them included at least one recombination break-
point. Since these loci range in length from roughly 400 to 700 bp,
this result would be consistent with an average recombination
length of no more than a few kb, similar to the 2.6-kb average
length observed by Nunney et al. (32) in a comparison of two X.
fastidiosa subsp. fastidiosa genomes (see also reference 53 for an
updated four-genome comparison with a mean size of 1.9 kb).
Similarly, the regions identified from the data of Parker et al. (44)
showed the same pattern, with a high proportion of recombina-
tion breakpoints identified within the sequenced loci (Table 5). In
this context, it is important to note that Rogers and Stenger (37)
have found a conjugative plasmid in X. fastidiosa. Furthermore, a
high rate of transformation has been demonstrated in the lab (36),
and it has been shown that this process can result in efficient
recombination with only a few hundred bases of homologous se-
quence (53). Both conjugation and transformation may have been
involved in the evolution of the recombinant group, since the
data raise the possibility of both large-scale intersubspecific and
smaller-scale intrasubspecific recombination (Fig. 3).

The results support the general conclusion that successful re-
combination is a rare but important event, a possibility empha-
sized by Wiedenbeck and Cohan (5) in their review of bacterial
adaptation to new environments. However, given the high rates of
recombination observed experimentally in X. fastidiosa (36), this
rarity is somewhat surprising, perhaps suggesting that in X. fasti-
diosa the majority of intersubspecific recombination events fail
due to their negative fitness consequences. Fitness loss due to re-
combination is consistent with the high level of plant host speci-
ficity observed among the genotypes of X. fastidiosa (35). On the
other hand, it is clear that recombination can create combinations
that are beneficial to the species, enabling it to invade new plant
hosts. Specifically, the successful invasion of blueberry and black-
berry appears to have resulted from large-scale recombination
between two subspecies, a pattern that appears to be repeated in
the invasion of mulberry (49; Nunney et al., unpublished data).
Furthermore, Nunney et al. (11) suggested that introgression into
X. fastidiosa subsp. pauca in South America from a donor (pre-
sumed to be introduced X. fastidiosa subsp. multiplex) may have
enabled X. fastidiosa subsp. pauca to infect citrus, causing the
economically devastating disease of citrus variegated chlorosis
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(CVCQ). This would help explain why CVC did not appear in Brazil
until the 1980s (54), despite the presence of the native pathogen
and vectors ever since citrus was introduced several hundred years
ago. These observations raise an important concern: that mixing
of genetically divergent forms of the same species can result in
recombinant forms capable of invading new niches—in this case,
new plant hosts. Thus, the presence of a pathogen in an area
should not lead to the assumption that further introductions will
cause no further harm; in fact, as a result of recombination, fur-
ther introductions may result in a qualitative worsening of the
problem.
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