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Horizontally transferred DNA acquired through transformation and recombination has the potential to contribute to the diver-
sity and evolution of naturally competent bacteria. However, many different factors affect the efficiency with which DNA can be
transformed and recombined. In this study, we determined how the size of both homologous and nonhomologous regions af-
fects transformation and recombination efficiencies in Xylella fastidiosa, a naturally competent generalist pathogen responsible
for many emerging plant diseases. Our experimental data indicate that 96 bp of flanking homology is sufficient to initiate recom-
bination, with recombination efficiencies increasing exponentially with the size of the homologous flanking region up to 1 kb.
Recombination efficiencies also decreased with the size of the nonhomologous insert, with no recombination detected when 6 kb
of nonhomologous DNA was flanked on either side by 1 kb of homologous sequences. Upon analyzing sequenced X. fastidiosa
subsp. fastidiosa genomes for evidence of allele conversion, we estimated the mean size of recombination events to be 1,906 bp,
with each event modifying, on average, 1.79% of the nucleotides in the recombined region. There is increasing evidence that hor-
izontally acquired genes significantly affect the genetic diversity of X. fastidiosa, and DNA acquired through natural transforma-
tion could be a prominent mode of this horizontal transfer.

Homologous recombination is an important mechanism by
which horizontally transferred DNA is incorporated into the

genome of the recipient organism. In bacteria, DNA can be hori-
zontally acquired through three main mechanisms: transforma-
tion, conjugation, and transduction. Transformation is a likely
route of DNA acquisition by naturally competent taxa, which are
found in a wide range of phyla (1). Once inside the cell, DNA can
be incorporated into the genome or degraded; it has been hypoth-
esized that natural competence originally evolved as a nutrient
uptake system (2). However, there is potential for horizontally
acquired DNA to alter the recipient’s fitness and phenotype if the
DNA is recombined into the genome. Horizontal gene transfer
through natural transformation can increase the rate of adapta-
tion of pathogens to new environments (3). Natural transforma-
tion increased the pathogenicity of a Ralstonia solanacearum iso-
late when it recombined with DNA from a highly virulent strain
(4). Furthermore, it has been shown that adding a single gene to
Vibrio fischeri is sufficient to alter its host range (5). Thus, hori-
zontal transfer of even small segments of DNA can have significant
evolutionary effects.

Several factors can limit horizontal gene transfer through nat-
ural transformation and recombination. Gene transfer between
organisms can be hampered by geographic separation. The lack of
DNA uptake sequences, short DNA sequences recognized and
preferentially bound by competent cells, in donor DNA can pre-
vent the recipient from efficiently binding and transporting the
DNA across the membrane (6). Restriction enzymes can degrade
unmethylated or improperly methylated DNA in the cytoplasm
before it is recombined into the genome (7, 8). In addition, the
sequence similarity and size of transforming DNA can strongly
regulate recombination efficiency. In several organisms across do-
mains, recombination efficiency decreases exponentially with se-
quence divergence (9–13). However, in cases where sexual isola-
tion is caused by the difficulty of strand invasion of highly
divergent sequences, the presence of flanking regions of identity
can remove most recombinatorial barriers (10). The minimal ef-

ficient processing segment (MEPS), or the shortest length of se-
quence homology necessary for efficient recombination, can vary
greatly, depending on the organism, the recombination pathway
used, and other factors. In Escherichia coli, efficient recombination
has been observed with as little as 23 bp of sequence homology
(13). The MEPS requirements for eukaryotes has been studied
extensively, revealing great variation in this process: recombina-
tion efficiency in Trypanosoma brucei requires 50 bp of homology
for efficient recombination, while essentially no recombination
was observed in Saccharomyces cerevisiae with fewer than 248 bp of
flanking homology (14, 15). The total size of transforming DNA
can also affect recombination efficiency; R. solanacearum can nat-
urally transform and recombine 90 kb of DNA, but efficiencies
were 3 orders of magnitude lower than when the transforming
DNA was 1 kb in length (16).

Xylella fastidiosa is a plant-pathogenic bacterium that colo-
nizes the xylem vessels of its host plants and inhibits the flow of
xylem sap, resulting in symptoms such as leaf scorching and
stunted growth (17). It is the causative agent of several economi-
cally important diseases, such as Pierce’s disease of grapevine, cit-
rus variegated chlorosis, and coffee leaf scorch (18). Recently, this
bacterium was shown to be naturally competent and able to ho-
mologously recombine acquired DNA into its genome in labora-
tory environments (19). Multilocus sequence typing (MLST)
studies have also shown evidence of recombination between dif-
ferent strains of X. fastidiosa, with horizontally acquired sequences
potentially playing a greater role in generating diversity than point
mutations (20–22). The different strains and subspecies of X. fas-
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tidiosa share a highly conserved core gene pool containing genes
likely responsible for adaptation to life in the plant xylem but also
have a highly diverse flexible gene pool, potentially responsible for
its wide host range (23). However, it is also possible that different
alleles, as opposed to unique genes, are responsible for the varied
phenotypes of X. fastidiosa: altering gene expression in one strain
of X. fastidiosa increased its virulence to a different host plant (24).
Recently emerged pathogenic strains of X. fastidiosa may have
resulted from the horizontal transfer of elements in the flexible
gene pool present in endemic populations to strains introduced
from new geographic regions (23).

There is increasing evidence that horizontally acquired DNA
affects the evolution of X. fastidiosa, with significant ecological
consequences, and that natural transformation is a likely route for
this to occur. This study examined how the characteristics of
transforming DNA affect the ability of X. fastidiosa to naturally
transform and recombine it into its genome. We examined this
process in two different contexts: the integration of novel DNA
experimentally and its occurrence in natural populations, as evi-
dent from genome sequence comparisons. The first context pro-
vides insight into how the flanking homologous region affects the
recombination efficiency and how much novel DNA can be in-
serted by recombination, neither of which has been studied exten-
sively in bacteria, while the second shows the extent of the effects
of recombination in a population of X. fastidiosa.

MATERIALS AND METHODS
Strains, media, and growth conditions. The X. fastidiosa subsp. fastidiosa
strain Temecula (25) was used in this study. Cells were grown in either
periwinkle wilt Gelrite (PWG) medium (26) or in modified X. fastidiosa
medium (XFM) (19). Where appropriate, kanamycin was added to a final
concentration of 30 �g/ml. We used E. coli strain EAM1 (8), which ex-
presses an X. fastidiosa methylase, to propagate plasmids. Previous work
has shown that transformation and recombination efficiencies are higher
for methylated plasmids than for unmethylated plasmids (8, 19).

Plasmid construction. Plasmids for testing the effects of both flanking
homology length and insert length were created by using the pGEM-
5zf(�) vector backbone (Promega, Madison, WI), which cannot inde-
pendently replicate in X. fastidiosa. Flanking homology length plasmids
were created by amplifying genomic DNA from an rpfF mutant (27) using
primers annealing approximately 26, 35, 50, 96, 200, 508, 760, 1,000,
2,000, or 4,000 bp upstream and downstream of the kanamycin resistance
marker with a SacI restriction site engineered into the 5= end of each
primer (Table 1). PCR constructs and the vector backbone were digested
with SacI and ligated to create p26, p35, p50, etc. (Fig. 1). Plasmids were
transformed into E. coli strain EAM1 for propagation as previously de-
scribed (19).

To construct plasmids with different lengths of nonhomologous
DNA, we first used primers F1 fwd SphI and F1 rev NcoI (Table 1) to
amplify the kanamycin resistance cassette and approximately 1 kb of DNA
upstream of the KanR insertion site within the rpfF mutant. This was
digested with SphI and NcoI and ligated into pGEM-5zf(�) to create pS1.
Approximately 1 kb of flanking DNA immediately downstream of the
kanamycin resistance marker in the rpfF mutant was amplified by using F2
fwd SalI and F2 rev SacI. We then digested this fragment and pS1 with SalI
and SacI and ligated the two together to create pS2. Nonhomologous
insert DNA fragments ranging in size from 1 to 5 kb with an NcoI site at
one end and a NotI site at the other were amplified from cDNA from a
single-stranded positive-sense RNA plant virus with no homology to any
region of the X. fastidiosa genome (GenBank accession number
JQ655296.1). All fragments were amplified from the region of approxi-
mately bp 3100 to 8100 by using the primers listed in Table 1. PCR prod-
ucts and pS2 were digested with NcoI and NotI and ligated together to

form pS2-1k, pS2-2k, pS2-3k, and pS2-5k (Fig. 2B). Plasmids were trans-
formed into E. coli strain EAM1 for propagation.

Transformation protocol. X. fastidiosa cells were harvested from
PWG plates after approximately 5 to 7 days of growth and resuspended in
200 �l of XFM to a final optical density at 600 nm of approximately 0.01.
After 2 days of growth at 28°C with constant shaking, we added the ap-
propriate plasmids to a final concentration of 5 �g/ml. After an additional
24 h of growth, cultures were plated on PWG with kanamycin and an
aliquot was frozen for quantification. We counted antibiotic-resistant col-
onies after approximately 14 days of growth. We confirmed the insertion
of the antibiotic resistance marker and additional nonhomologous DNA
(if appropriate) at the correct locus occurred by double recombination
events through PCR analysis of a random sample of antibiotic-resistant
colonies using primers rpfF-fwd and rpfF-rev (19), which anneal approx-
imately 730 bp upstream and 350 bp downstream of the putative kana-
mycin resistance marker and nonhomologous DNA (if appropriate) in-
sertion site. These primers produce an amplicon of about 1,200 bp in cells
with the wild-type locus and one of 2 kb in cells with the kanamycin
resistance cassette inserted in the proper location. Additional nonhomol-
ogous DNA from the plasmids was also amplified by these primers, with
recombination with pS2-1k producing a fragment of approximately 3 kb,
recombination with pS2-2k producing a fragment of 4 kb, etc. Cells were
quantified by using quantitative PCR as previously described (19). Re-
combination efficiencies were calculated on the basis of the number of
antibiotic-resistant colonies divided by the total number of cells present.
Fifteen replicates for each plasmid were used to measure the effect of insert
length on recombination efficiency; 6 to 15 replicates were used to test
each plasmid with different homologous flanking regions. The estimated
limit of detection was calculated as previously described (28).

TABLE 1 Primers used to construct plasmids

Primer use and name Sequence (5=–3=)
Homology length testing

26fwd CATGAGCTCCGTATCAGGTCACAA
26rev CCGGAGCTCTACCATTACGGAGA
35fwd TGTGAGCTCTCCTTACGGCGTATC
35rev ATAGAGCTCCGACCGGACTACCAT
50fwd ATCGAGCTCAATAATGCTTCACGC
50rev AAAGAGCTCCGTCCGCAACAT
96fwd TAAGAGCTCAGCATGGAACGCATA
96rev GCAGAGCTCGCACATAGAATCAAGT
200fwd TACGAGCTCCCTTCTTCAGCTACG
200rev ATAGAGCTCGACCGCCCTATTCC
508fwd ACAGAGCTCGTTCGGTGATGC
508rev GAAGAGCTCAATGCAGTGACGC
760fwd ATTGAGCTCTGTGGTGGTAAAGCG
760rev ATAGAGCTCGTATCCCAGATTGGCA
1kfwd AAAGAGCTCCAGGTGTTCGATCC
1krev CGAGAGCTCCCTGGTACATCAGTC
2kfwd ATAGAGCTCCTCCTTGAAGGAGGTGA
2krev TTAGAGCTCAGTGTGGCACCACTTC
4kfwd ATTGAGCTCTCAACCTATGCTGCCT
4krev ATAGAGCTCCAACGCCAAGAACAC

Insert length testing
F1 fwd SphI ATAGCATGCCAGGTGTTCGATCC
F1 rev NcoI AACCATGGACGGGCTGTCTCTTATAC
F2 fwd SalI TAAGTCGACGTACAGCGGACATTTATTG
F2 rev SacI CGAGAGCTCCCTGGTACATCAGTC
Insert rev NcoI ATCCCATGGTAGAACAACCATTTATCG
1k fwd NotI TATAGCGGCCGCATGACAGTCCATGAAG
2k fwd NotI TATAGCGGCCGCTCTATTGATGGCTAGG
3k fwd NotI TATAGCGGCCGCTCTGCGGATAAAGGTA
5k fwd NotI TATAGCGGCCGCCAGTGATGGTGG
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Genome comparisons. Homologous recombination events were in-
ferred with the program ClonalFrame (29), which models bacterial evo-
lution as the diversification of a clonal population with polymorphisms
arising because of a combination of mutations that affect single nucleo-
tides and allele conversions that affect contiguous regions of the chromo-
some and modify a small portion of the nucleotides in that region. The
analysis included four publicly available chromosome sequences from
X. fastidiosa subsp. fastidiosa: Temecula1 (GenBank accession no.
AE009442.1), M23 (accession no. CP001011.1), GB514 (accession no.

CP002165.1), and EB92.1 (accession no. AFDJ00000000.1). Chromo-
somes were aligned by using progressiveMauve (30) with default settings.
Small aligned blocks (�5 kb) were removed with the program strip-
SubsetLCBs; small alignment blocks are less likely to represent segments
of the ancestral chromosome, as reflected in the radically higher levels of
polymorphism (data not shown). Coding regions conserved among X.
fastidiosa subsp. fastidiosa, multiplex, and pauca were identified as recip-
rocal best BLAST hits among Temecula1, M12 (RefSeq accession no.
NC_010513.1 [26 January 2012]), and 9a5c (accession no. NC_002488.3)
by using the software DNAMaster.

RESULTS
Recombination efficiency depends on homologous sequence
length. We observed maximum recombination efficiency of a nat-
urally transformed plasmid into the X. fastidiosa genome when the
approximately 1-kb kanamycin resistance marker was flanked on
both sides by 1 kb of homologous X. fastidiosa DNA. The maxi-
mum recombination efficiency (number of recombinants recov-
ered per total number of cells present) was 5.62 � 10�5 (Fig. 1A).
Overall recombination efficiencies decreased for plasmids with 2-
and 4-kb flanking regions, but when efficiencies were normalized
for the different plasmid sizes (thus accounting for the total num-
ber of plasmids added), there was no significant difference among
the recombination efficiencies of plasmids with 1, 2, and 4 kb of
homologous flanking regions (P � 0.025). An analysis of variance
and a Tukey ad hoc test indicated that the recombination efficien-
cies of plasmids with 1 and 4 kb of flanking sequence homology
were significantly higher than those of plasmids with 96, 200, 508,
and 760 bp of flanking sequence homology (P � 1 � 10�4). When
taking into account the size difference of the plasmids, recombi-
nation efficiency was reduced by an order of magnitude when the
flanking region was decreased from 1,000 to 760 bp; a further
decrease by an order of magnitude occurred between 760 and 508

FIG 1 Recombination efficiencies of plasmids with flanking regions varying from 96 to 4,000 bp (A) and from 26 to 1,000 bp (B; note that the x axis in panel B
is on a log scale). Solid lines and squares show the recombination efficiencies (number of recombinants per total number of cells present) after normalization for
the total number of transforming DNA units present. Dotted lines and empty diamonds show overall recombination efficiencies. Recombination efficiencies
peaked with approximately 1,000 bp of flanking region and then plateaued. Recombinants were recovered with as few as 96 bp of homology, but rates were
essentially 0. Images on the right depict the regions cloned into the vector backbone pGEM-5zf(�) to create plasmids with various flanking regions. Homologous
DNA was amplified from the rpfF region of X. fastidiosa.

FIG 2 Recombination efficiencies of plasmids with nonhomologous inserts of
different lengths ranging from 1 to 6 kb. Solid lines and squares show the
recombination efficiencies (number of recombinants per total number of cells
present) after normalization for the total number of transforming DNA units
present. Dotted lines and empty diamonds show the overall recombination
efficiencies. No recombinants were recovered when the total insert length was
6 kb. The image on the right depicts the region cloned into the vector backbone
pGEM-5zf(�) to create the plasmids. The flanking region size was kept con-
stant at approximately 1 kb on either side. The nonhomologous insert region
consisted of a kanamycin resistance cassette (approximately 1.1 kb) and 0 to 5
kb of DNA amplified from a plant virus with no regions of homology to the X.
fastidiosa genome (the total insert size for pS2 is approximately 1 kb, that for
pS2-1k is approximately 2 kb, etc.). Arrows over the homologous DNA regions
show the locations of primers rpfF-fwd and rpfF-rev, which were used to
screen antibiotic-resistant colonies for proper insertion of the kanamycin re-
sistance cassette and nonhomologous DNA.
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bp. Recombination efficiency increased exponentially with the
length of the flanking region in the range of 508 to 1,000 bp (r �
0.83, P � 1 � 10�5).

In separate trials, we tested the recombination efficiencies of
plasmids with flanking regions ranging from 26 bp to 1,000 bp
(Fig. 1B). A single instance of recombination mediated by 96 bp of
flanking region was observed, but no other instance of recombi-
nation of plasmids with less than 508 bp of homology flanking the
kanamycin resistance cassette was detected by the methods de-
scribed here. The estimated limit of detection of recombination
rates was approximately 6 � 10�8. Random samples of antibiotic-
resistant colonies from each treatment were analyzed by PCR to
confirm that additive integration at the correct locus occurred by
a double recombination event. All amplicon lengths were as ex-
pected.

Recombination efficiency decreases exponentially with the
size of the inserted nonhomologous DNA fragment. Recombi-
nation of pS2, which contained a kanamycin resistance marker
flanked on either side by 1 kb of homologous DNA, occurred in
approximately 1 out of every 2.24 � 10�6 cells (Fig. 2). Increas-
ing the size of the nonhomologous region by 1 kb (by using
plasmid pS2-1k) decreased the recombination efficiency by al-
most an order of magnitude (4.65 � 10�7). The recombination
efficiencies of pS2-2k and pS2-3k, having an additional 2 or 3
kb of nonhomologous DNA in addition to the 1-kb kanamycin
resistance marker, were 1.42 � 10�7 and 2.31 � 10�7, respec-
tively. We did not detect recombination between pS2-5k, hav-
ing a total nonhomologous insert size of approximately 6 kb,
and the X. fastidiosa genome. The estimated limit of detection
was approximately 9 � 10�8.

Recombination occurs in natural populations. The software
package ClonalFrame (29) was used to analyze four published X.
fastidiosa subsp. fastidiosa genomes to detect recombination
events resulting in allele conversion. The estimates of the Clonal-
Frame parameters indicated that the ratio of recombination
events to mutation events (�/�) was 0.48, while the ratio of the
number of nucleotides changed by recombination to the num-
ber of nucleotides changed through mutation (r/m) was 15.
This suggests that allele conversion was a major contributor to
clonal diversification, occurring half as often as point muta-
tions but contributing much more to the accumulation of poly-
morphisms in the core genome of this population. The average
size of each allele conversion event was 1,906 bp, with 1.79% of
the nucleotide sequence changed (95% credibility regions of
1,464 to 2,392 bp and 1.71 to 1.87%, respectively). To compare
the diversities of possible donor DNA sequences, we found that
the nucleotide sequence identity between the shared coding
regions of X. fastidiosa subsp. fastidiosa and multiplex was
98.4% and sequence identity between the shared coding re-
gions of X. fastidiosa subsp. fastidiosa and pauca was 97%.

DISCUSSION

Horizontal gene transfer plays a large role in generating genetic
diversity in a wide range of bacterial species, and natural transfor-
mation can be an important way for organisms to acquire novel
DNA sequences. The average import size of DNA acquired
through transformation for a variety of naturally competent bac-
teria is in the range of 1 to 10 kb (31–33), although natural trans-
formation and recombination of much larger segments of DNA
have been demonstrated (4, 16). Recombination of shorter frag-

ments may be inefficient because of degradation during uptake
and processing, or such events could be undetectable. Our exper-
imental data indicated that natural transformation in a popula-
tion of X. fastidiosa is consistent with these size parameters, as was
the average size of recombination events as determined by the
ClonalFrame analysis. These data support our hypothesis that
transformation is an important driver of horizontal gene transfer
in X. fastidiosa.

To determine the size requirements of recombination events in
natural isolates, we performed a ClonalFrame analysis of four ge-
nomes within X. fastidiosa subsp. fastidiosa. The small sample size
resulted from the lack of full genome sequences available within
the subspecies. We could not include genomes from outside X.
fastidiosa subsp. fastidiosa, as there is evidence of nonuniform
substitution rates between different subspecies (34), which vio-
lates one of the assumptions of ClonalFrame (29). In addition,
including genomes from the entire species led to long branches
between subspecies, decreasing the robustness of the results (data
not shown). Lastly, large insertion/deletion events in single ge-
nomes would not be detected in this analysis, as these regions
would not align properly (29). The average nucleotide replace-
ment rate for each recombination event was 1.79%, suggesting
that X. fastidiosa is routinely able to recombine with genomes with
98.2% similarity. On the basis of the sequence alignments of the
shared coding regions of various X. fastidiosa genomes, we found
that X. fastidiosa subsp. fastidiosa and multiplex share 98.4% se-
quence identity of their aligned regions, supporting conclusions
from previous MLST studies (20–22) that recombination between
different subspecies occurs at relatively high frequencies. Since
ClonalFrame models recombined fragments as originating from a
single population with the estimated level of divergence, it will
have largely ignored recombination events originating from
within X. fastidiosa subsp. fastidiosa, which would have altered
very few nucleotides. As the biology of the different subspecies
varies in terms of pathogenicity and host range (35), recombina-
tion could potentially result in the emergence of new strains with
markedly different phenotypes.

A log-linear relationship has been established between se-
quence divergence and recombination efficiencies for a number of
recombining bacteria, although the slope of the curve varies be-
tween species (9, 11, 36). Decreasing sequence similarity to ap-
proximately 90% reduces the recombination efficiency by 1 order
of magnitude for Streptococcus pneumoniae (11) and 3 orders of
magnitude for Bacillus subtilis (36). Although we did not deter-
mine the actual relationship between sequence similarity and re-
combination efficiency, the average replacement rate for recom-
bination events in X. fastidiosa, which indicates that, on average,
1.79% of the donor DNA nucleotide sequence differs from the
sequence of the recipient DNA, is consistent with previously re-
ported data.

Our experimental work determined the parameters needed for
efficient additive integration, which required a double-crossover
event to allow the insertion of novel DNA flanked by two regions
of sequence homology. Homology-facilitated illegitimate recom-
bination, where a single region of high sequence similarity initi-
ates recombination that extends into areas of low sequence simi-
larity, can also occur, although this generally happens at
frequencies several orders of magnitude lower than for double-
crossover events (1). However, since our PCR analysis of antibi-
otic-resistant colonies used primers that annealed to the homolo-
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gous flanking region surrounding the insert, we were able to
confirm that the entire nonhomologous region was inserted into
the genome at the correct locus, strongly suggesting a double-
crossover event.

We observed recombination of naturally transformed DNA
with as little as 96 bp of flanking homology. However, it is possible
that the MEPS for X. fastidiosa is lower than 96 bp but that recom-
bination with these plasmids occurred at frequencies below our
limit of detection (approximately 10�8). In comparison, the
MEPS is 23 bp for E. coli, approximately 50 bp for R. solanacearum,
and approximately 70 bp for B. subtilis (13, 37, 38). We observed
an exponential relationship between flanking region length and
recombination efficiency for X. fastidiosa up to 1 kb, after which
recombination efficiency was insensitive to increases in flanking
region length. As the X. fastidiosa species shares a conserved set of
core genes, as well as more diverse flexible genes (23), the sequence
similarity provided by the conserved core genes could facilitate the
recombination of more variable genes responsible for host adap-
tation or pathogenicity. However, unlike with sequence similarity
and recombination efficiency, there is no consistent relationship
between homologous flanking region length and recombination
efficiency among different organisms. In R. solanacearum, for ex-
ample, there appears to be a logarithmic relationship between ho-
mologous flanking region length and recombination efficiency,
while in B. subtilis and S. cerevisiae, the relationship is linear over
the dynamic range (15, 37, 38). The differences among organisms
could be based on the recombination pathway used or the effi-
ciency of RecA, which detects homology between the donor and
recipient DNAs (13).

Our experimental data also provide a sense of how much non-
homologous DNA can be inserted into the X. fastidiosa genome,
which is relevant for assessing the potential of natural transforma-
tion and recombination to affect, for example, adaptation to novel
environments. Previous work with X. fastidiosa has shown that
altering a single gene can alter pathogenicity (24), illustrating how
the insertion or replacement of as little as 1 kb of DNA can signif-
icantly affect the phenotype. In R. solanacearum, recombination
efficiencies decreased exponentially with the length of the inte-
grated nonhomologous DNA fragment (16). A similar relation-
ship was observed in X. fastidiosa. No insertion of a DNA fragment
longer than 4 kb was observed, but it is possible that the integra-
tion of longer fragments occurred at frequencies below our limit
of detection. During the transformation process, donor DNA is
typically fragmented and reduced to single-stranded DNA before
entering the cytoplasm (39). Fragmentation of plasmids with long
stretches of nonhomologous DNA is more likely to result in pieces
containing only one homologous region, reducing recombination
efficiencies. Likewise, for plasmids with long homologous flank-
ing regions, fragmentation could trim the flanking region, possi-
bly explaining why there was no difference in recombination effi-
ciency for plasmids with 1 to 4 kb of flanking homology. Although
our experiments only tested for recombination at a single locus in
any given cell, studies with other naturally competent organisms
have shown that an individual cell is capable of acquiring multiple
independent strands of DNA at different loci by recombination
(31, 40). It is possible that X. fastidiosa is also capable of such
multiple cases of horizontal gene acquisition.

The analysis presented here illustrates the DNA size require-
ments necessary for efficient transformation and recombination
in X. fastidiosa. We have also paired experimental data with in

silico genome analysis to sample the effects of recombination on X.
fastidiosa in natural environments. There is evidence that isolates
of X. fastidiosa have been transferred between geographic regions
(20, 23), and it has been hypothesized that the strain responsible
for causing Pierce’s disease in the United States diverged from an
isolate introduced from Costa Rica (34). Understanding the DNA
requirements for recombination could provide insights into how
natural transformation affects the evolution of X. fastidiosa and
other naturally competent bacteria.
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