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Gene pthA is required for virulence of Xanthomonas citri on citrus plants and has pleiotropic pathogenicity
and avirulence functions when transferred to many different xanthomonads. DNA sequencing revealed that
pthA belongs to a family of Xanthomonas avirulence/pathogenicity genes characterized by nearly identical
102-bp tandem repeats in the central region. By inserting an nptI-sac cartridge into the tandemly repeated
region of pthA as a selective marker, intragenic recombination among homologous repeats was observed in both
Xanthomonas spp. and Escherichia coli. Intragenic recombination within pthA created new genes with novel host
specificities and altered pathogenicity and/or avirulence phenotypes. Many pthA recombinants gained or lost
avirulence function in pathogenicity assays on bean, citrus, and cotton cultivars. Although the ability to induce
cell division (hyperplastic cankers) on citrus could be lost, this ability was not acquired on cotton or bean
plants. Intragenic recombination therefore provides a genetic mechanism for the generation of multiple,
different, and gratuitous avirulence genes from a single, required, host-specific pathogenicity gene.

In gene-for-gene interactions between plants and microbial
plant pathogens, host plant resistance results from the genetic
recognition of resistance (R) genes in the plant and avirulence
(avr) genes in the pathogen (10, 17). It is unknown why micro-
bial plant pathogens carry genes that function to limit viru-
lence, since the majority of these genes are apparently dispens-
able (11). Numerous studies of pathogen avr genes have
revealed spontaneous loss-of-function mutations (15, 20). Not
surprisingly, these mutations can involve gene deletion (8) or
transposon insertion (16). Mutational analyses also reveal
spontaneous gain-of-function mutations that generate new
avirulence specificities and new pathogen races at approxi-
mately the same frequency as loss-of-function mutations (28).
Although presumably an avr gene may be reactivated by re-
verse mutation, there are no reports of natural mechanisms
whereby new avirulence specificities, pathogen races, or avr
genes are generated.
Xanthomonas citri is the causal agent of citrus canker dis-

ease, which occurs worldwide and is subject to eradication and
quarantine regulations in many countries. A pathogenicity
gene, pthA, is essential for the pathogen to cause hyperplastic
canker symptoms on citrus (29). Furthermore, when trans-
ferred to other xanthomonads, pthA confers the ability to in-
duce hyperplastic cankers on citrus and a hypersensitive re-
sponse (HR) on other hosts (30). Therefore, pthA exhibits
pleiotropic pathogenicity and avirulence functions. Southern
hybridization, restriction analysis, and partial DNA sequencing
have shown that pthA belongs to a major avr gene family
widespread in the genus Xanthomonas (30). Members of this
gene family include avrBs3 and avrBs3-2 of Xanthomonas
campestris pv. vesicatoria (2, 3); avrB4, avrb6, avrb7, avrBIn,
avrB101, and avrB102 of X. campestris pv. malvacearum (5, 8);
and avrXa10 and avrXa7 of Xanthomonas oryzae pv. oryzae
(14). Among these, only avrb6 and pthA are known to have
pleiotropic pathogenicity functions (5, 30, 35). The most strik-

ing feature of this gene family is the presence of nearly iden-
tical 102-bp tandem repeats in the central portion of the genes.
Deletion analyses have shown that the avirulence specificity of
avrBs3 is determined by the 102-bp repetitive motifs (13). By
exchanging the internal repeated regions between pthA and
avrb6, the 102-bp tandem repeats were found to determine
both avirulence and pathogenic specificities (35).
In most organisms, repetitive regions of DNA are known to

be active sites for homologous recombination (1, 22). The high
frequency of such events causes them to be major genome-
modifying forces in evolution. Intergenic recombination
among members of the avr-pth gene family was therefore pro-
posed to explain the high frequency of race change mutation
found in X. campestris pv. malvacearum (8). In this study, we
have analyzed the nucleotide sequence of pthA and demon-
strated that intragenic recombination can also account for the
creation of new avr-pth genes.

MATERIALS AND METHODS
Bacterial strains, plasmids, and matings. Escherichia coli strains DH5a

(Gibco-BRL, Gaithersburg, Md.) and JM83 (37) and derivatives were grown in
Luria-Bertani medium (24) at 378C. X. citri 3213 (causes hyperplastic cankers on
citrus) (29, 30), X. campestris pv. citrumelo 3048 (causes water-soaked leaf spots
on citrus and common bean) (29, 30), X. campestris pv. malvacearum Xcm1003
(causes water-soaked leaf spots on cotton) (5), and derivatives were grown in
PYGM (peptone-yeast extract-glycerol-MOPS [morpholinepropanesulfonic
acid]) medium at 308C (7). Antibiotics were used as described previously (35).
Triparental matings were carried out to transfer plasmids from E. coli DH5a to
various Xanthomonas strains by using pRK2013 or pRK2073 as a helper plasmid
as described elsewhere (5, 29). To transfer plasmids into Xcm1003, the modifier
plasmid pUFR054 carrying XcmI and XcmIII methylase genes was used to
increase the transfer frequency (6).
DNA sequence analysis. The 4.1-kb SalI fragment carrying pthA in pZit45 (30)

was recloned into PGEM 7Zf(1) vector (Promega, Madison, Wis.) to yield
pUFY14.5. Sets of overlapping, unidirectional deletion subclones were gener-
ated in pUFY14.5 by using exonuclease III and mung bean nuclease as described
by Promega. DNA sequencing was performed by the DNA Sequencing Core
Laboratory of the Interdisciplinary Center for Biotechnology Research, Univer-
sity of Florida, Gainesville. Some sequencing was determined by using the
dideoxy nucleotide chain termination technique with the Amersham (Arlington
Heights, Ill.) multiwell microtiter plate DNA-sequencing system RPN1590. The
sequence was analyzed by using the GCG package (version 7.00) from Genetics
Computer Group, Inc., Madison, Wis.
Gene replacement and selection of marker-evicted strains. Gene pthA on

pZit45 was interrupted by ligating a 3.9-kb BamHI fragment containing an
nptI-sac cartridge (24), after Klenow end filling, to BalI-linearized pZit45. The
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resulting plasmids were screened by restriction analyses for location of the
nptI-sac cartridge within pthA. An SstI fragment carrying the pthA::nptI-sac
fusion from one of these plasmids (pUFY1.48) was recloned into suicide vector
pUFR004 (ColE1 mobP1 cat1 [16]), forming pUFY10.1. Marker exchange mu-
tant Xc1.2 (pthA::nptI-sac) was created by transferring pUFR10.1 to X. citri 3213
and selecting for colonies resistant to kanamycin (15 mg/ml) and sensitive to
chloramphenicol (35 mg/ml) and sucrose (5%). Marker-evicted strains of X. citri
were selected by plating Xc1.2 on PYGM medium containing 5% sucrose and
selecting colonies resistant to sucrose. The colonies were then screened for
sensitivity to kanamycin. Recombinant, marker-evicted derivatives of pUFY1.48
were selected in X. campestris pv. citrumelo 3048, E. coli DH5a (recA), and E.
coli JM83 (recA1) by plating on Luria-Bertani medium containing 5% sucrose.
Sucrose-resistant colonies were screened for sensitivity to kanamycin.
To calculate recombination frequencies, Xc1.2, 3048/pUFY1.48, DH5a/

pUFY1.48, and JM83/pUFY1.48 were grown in liquid media in the presence of
appropriate antibiotics to a density of 109 cells per ml. Serial dilutions were then
plated on media with and without 5% sucrose. Recombination frequencies were
calculated by dividing the number of sucrose-resistant (also kanamycin-sensitive)
colonies by the number of colonies grown on the medium without sucrose
selection (34). Data shown in Results are the means and standard errors of four
replicates obtained from two independent experiments.
Plant inoculations. Citrus (Citrus paradisi ‘Duncan’, grapefruit), common bean

(Phaseolus vulgaris ‘California Light Red’), and cotton (Gossypium hirsutum L.)
plants were grown under greenhouse conditions. Cotton lines used were
Acala-44 (Ac44) and its congenic resistance lines AcB1, AcB2, AcB4, AcB5,
Acb6, Acb7, AcBIn, and AcBIn3 as described previously (8, 30). Plant inocula-
tions involving X. citri or pthA or derivatives of pthA were carried out in BL-3P
level containment (refer to Federal Register vol. 52, no. 154, 1987) at the
Division of Plant Industry, Florida Department of Agriculture, Gainesville. Bac-
terial suspensions were standardized in sterile tap water to 108 CFU/ml and
pressure infiltrated into the abaxial leaf surfaces of the plants. Plant inoculations
were repeated at least three times on citrus and twice on bean and cotton plants.
Nucleotide sequence accession number. The nucleotide sequence of pthA has

been submitted to GenBank and assigned accession no. U28802.

RESULTS

Sequence analysis of pthA. The complete DNA sequence of
pthA was determined, and sequence comparisons revealed that
this X. citri gene is 98% homologous to avrBs3 and avrBs3-2 of
X. campestris pv. vesicatoria (2, 3), 97% homologous to avrb6
of X. campestris pv. malvacearum (8), and 95% homologous to
avrXa10 of X. oryzae (14) along its entire length. As observed
with all previously sequenced members of the gene family (8),
pthA is flanked by nearly identical 62-bp terminal inverted
repeats that precisely define the limits of homology. The pre-
dicted amino acid sequence encoded by pthA is presented in
Fig. 1. PthA has a calculated molecular mass of 122 kDa and an
isoelectric point of 7.72. PthA is a leucine-rich protein; leucine
accounts for 12.3% of the total (143 of 1,163) amino acids. In
the 34-amino-acid tandem repeat region, leucine accounts for
14.7% of the total (88 of 597) amino acids.
Gene replacement and selection of pthA recombinants in X.

citri. Plasmid pUFY10.1 carried the nptI-sac cartridge inserted
into repeat 10 of pthA. X. citri mutant Xc1.2 (pthA::nptI-sac)
was generated from wild-type strain 3213 by marker exchange
using pUFY10.1. Marker exchange was confirmed by Southern
hybridization analyses using an internal fragment of pthA as a
probe (Fig. 2, compare lanes 1 and 2) and using the nptI-sac
cartridge as a probe (not shown). When inoculated on plants,
Xc1.2 was unable to induce cankers on citrus or to elicit an HR
on bean (Table 1).
By plating Xc1.2 on a sucrose-containing medium and

screening for sucrose-resistant and kanamycin-sensitive colo-
nies, many marker-evicted strains of X. citri were obtained at a
frequency of (5.22 6 1.8) 3 1025. To examine the recombina-
tion events, total DNAs were extracted from 24 marker-evicted
derivatives of Xc1.2, digested with BamHI, and probed with a
32P-labelled internal StuI-HincII fragment (containing the tan-
demly repeated region) of pthA. As shown in Fig. 2 (lanes 3 to
18), the derivatives of Xc1.2 each exhibited a new band, in-
cluding some that were smaller than pthA, some that were
larger than pthA, and some that were similar in size. In one

case (lane 8, XcS20), there appeared to be a gene duplication
event. There was no change in the apparent size of any of the
other three fragments that hybridize with pthA in any deriva-
tive tested, indicating that intergenic recombination had not
occurred.

FIG. 1. Predicted amino acid sequence of PthA. The 34-amino-acid, leucine-
rich, tandem repeats are aligned and numbered for comparison. Letters A
through K represent different repeat sequences. Repeat sequences unique (to
date) to the PthA protein (p) and the qualifying amino acids (underlined) are
indicated.
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The 24 marker-evicted derivatives of Xc1.2 were inoculated
into citrus and bean plants. They exhibited different plant re-
action phenotypes, including some entirely new phenotypes,
distinct from that of the wild-type 3213 strain (Table 1). Five
derivatives reverted to the parental 3213 phenotype, inducing
strong canker lesions on citrus (XcS1, XcS9, XcS14, and
XcS15). Two derivatives caused weak cankers (XcS17 and
XcS20). Six derivatives elicited a previously unreported HR on
grapefruit (XcS6, XcS7, XcS11, XcS12, XcS13, and XcS24).
Eleven derivatives caused no pathogenic symptoms. In contrast
to wild-type strain 3213, XcS5 retained the ability to elicit
hyperplastic cankers on citrus plants but lost the ability to elicit
an HR on bean plants, indicating that these two pleiotropic
functions are separately encoded on pthA.
Intragenic recombination of pthA in X. campestris and E. coli.

Although there was no evidence of recombination between
pthA and the other three DNA fragments that hybridize with
pthA in Xc1.2, the presence of the other three fragments raised
the possibility of intergenic recombination in this strain. To
avoid this possibility, plasmid pUFY1.48 was introduced into
three bacterial strains which carry no DNA that hybridizes with
pthA: X. campestris pv. citrumelo 3048, E. coli DH5a (recA),
and E. coli JM83 (recA1). Transconjugants 3048/pUFY1.48,
DH5a/pUFY1.48, and JM83/pUFY1.48 were plated on su-

crose-containing medium and screened for marker eviction.
Again, many marker-evicted derivatives were obtained. The
frequencies of marker eviction of pUFY1.48 in strains 3048,
DH5a, and JM83 were (4.16 0.4)3 1024, (1.16 0.1)3 1022,
and (1.0 6 0.1) 3 1022, respectively.
To examine the recombination events, plasmid DNAs from

24 marker-evicted strains from 3048 and 14 strains from DH5a
were analyzed. As shown in Fig. 3, different-size BamHI frag-
ments were observed, demonstrating the generation of new
members of the avr-pth family from pthA by intragenic recom-
bination.
Separation of Pth and Avr activities and confirmation of

homologous recombination. The plasmids derived from the 24
3048 (pCS series) and 14 DH5a (pDS series) marker-evicted
strains were individually introduced into X. citri B21.2 (a non-

FIG. 2. Southern hybridization of BamHI-digested, total DNA from X. citri
3213 and its pthA mutant derivatives. The blot was probed with the internal 2-kb
StuI-HincII fragment (containing the tandemly repeated region) of pthA. Strain
3213 carries four BamHI fragments which hybridize to pthA; the largest fragment
(arrow) encodes pthA. Not shown in lane 2 are two additional hybridizing frag-
ments (1.8 and 1.6 kb) resulting from the additional BamHI site in nptI-sac. Lane
1, 3213; lane 2, Xc1.2 (pthA::nptI-sac); lanes 3 to 18, the following nptI-sac-
evicted derivatives of Xc1.2: XcS1, XcS5, XcS9, XcS14, XcS17, XcS20, XcS2,
XcS3, XcS7, XcS8, XcS16, XcS19, XcS22, XcS13, XcS24, and XcS16, respec-
tively.

FIG. 3. (A) Intragenic recombinants of pthA generated in X. campestris pv.
citrumelo 3048. Plasmid DNAs were digested with BamHI and fractionated in a
0.7% agarose gel. Lane 1, pZit45 (pthA); lane 2, pUFY1.48 (pthA::nptI-sac);
lanes 3 to 19, pCS2, pCS16, pCS13, pCS14, pCS5, pCS6, pCS1, pCS17, pCS23,
pCS7, pCS11, pCS12, pCS15, pCS19, pCS21, pCS18, and pCS22, respectively.
(B) Intragenic recombinants of pthA generated in E. coli DH5a. Plasmid DNAs
were digested with BamHI and fractionated in a 0.7% agarose gel. Lane 1,
pZit45; lane 2, pUFY1.48; lanes 3 to 16, pDS2, pDS5, pDS4, pDS13, pDS1,
pDS10, pDS14, pDS9, pDS3, pDS6, pDS7, pDS8, pDS11, and pDS12, respec-
tively. Lanes M, molecular size markers.

TABLE 1. Phenotypes of X. citri marker-evicted strains on citrus
and bean plants

Strain(s)

Phenotype on the
indicated hosta

Citrus Bean

Xc3213 C HR
Xc1.2 0 0
XcS1, XcS9, XcS14, and XcS15 C HR
XcS5 C 0
XcS17 and XcS20 wC wHR
XcS12, XcS13, and XcS24 HR wHR
XcS7 wHR wHR
XcS6 and XcS11 wHR 0
XcS2b 0 0

a C, canker lesions; wC, weak canker lesions; wHR, weak HR; 0, no symptoms.
b Plus an additional 11 strains: XcS3, XcS4, XcS8, XcS10, XcS16, XcS18,

XcS19, XcS20, XcS21, XcS22, and XcS23.
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pathogenic, pthA::Tn5-gusA derivative of 3213 which is virulent
only on citrus), X. campestris pv. citrumelo 3048 (virulent on
citrus and bean), and X. campestris pv. malvacearum Xcm1003
(virulent only on cotton). The resulting transconjugants were
inoculated onto citrus, bean, and cotton plants (Fig. 4). Similar
to the results observed with derivatives of Xc1.2, these pthA
recombinants exhibited altered phenotypes and/or host speci-
ficities. For example, pCS23 conferred to B21.2 and 3048 a
stronger ability to cause canker lesions on citrus than that
conferred by pZit45 (pthA), and a weak HR often preceded the
canker symptoms. Unlike pthA on pZit45, however, the recom-
binant gene on pCS13 did not confer the ability to elicit an HR
on bean plants to strain 3048. These results demonstrate that
the abilities to confer hyperplastic cankers on citrus plants and
the HR on bean plants are independently encoded on pthA.
Plasmids pCS1 and pCS6 conferred the ability to elicit an

HR on citrus and bean plants to B21.2 and 3048, respectively,
and the ability to elicit an HR on nine tested cotton lines
(Ac44 and eight resistant lines with different resistance genes)
to Xcm1003. All pthA derivatives tested that conferred to
Xcm1003 the ability to induce an HR on susceptible cotton line
Ac44 also elicited an HR on all tested cotton resistance lines.
The pthA derivatives that reduced water-soaking of Xcm1003
on Ac44 also conferred the ability to elicit an HR on one or
more of the resistant cotton lines. All pthA derivatives tested
conferred to Xcm1003 the ability to induce an HR on one or

more resistant cotton lines, indicating that all pthA derivatives
tested were functional genes.
Much of the variation within the predicted 34-amino-acid

repeat sequence of pthA occurred at positions 12 and 13, and
most repeats encoded either asparagine-glycine, asparagine-
isoleucine, or histidine-aspartate at these positions. The latter
two amino acid combinations in the pthA repeats could be
detected at the DNA level by the presence of SspI or BglI
restriction sites, respectively. The SspI restriction enzyme cut
specifically after the 36th nucleotide of the 1st, 3rd, 4th, and
5th repeats of pthA, while the BglI enzyme cut specifically after
the 38th nucleotide of the 7th, 9th, 15th, and 16th repeats. By
comparing the BglI and SspI fragments of intragenic recombi-
nants with those of pthA, the specific repeats deleted or af-
fected in 12 recombinants were tentatively determined (Fig. 4).
In order to establish the nature of the recombination events
and to precisely determine which repeats were affected, the
complete DNA sequences of pCS13, pCS16, pCS6, and pCS22
were determined. In all four cases, loss of the nptI-sac cartridge
involved a precise deletion of a multiple of 102 bp that pre-
served the 102-bp direct repeat structure characteristic of the
gene family. No frameshifts, inversions, or additions were
found; these results demonstrated that the recombination
events producing the four genes examined were homologous.
Deletions affecting the first eight repeats always reduced or

abolished the canker-eliciting ability of pthA (e.g., the deletions

FIG. 4. Biological activity of pthA and intragenic recombinants. Only the 102-bp tandem repeat region of the genes on the indicated plasmids are shown; each repeat
unit known or assumed present is represented by a solid block. For pCS6, pCS13, pCS16, and pCS22, internal deletions (blank areas) of precise multiples of 102 bp
affecting the indicated repeats were determined by DNA sequencing. For the remaining recombinants, restriction enzyme analyses (see text) were used to determine
the number of repeats deleted (assumed to be precise multiples of 102 bp); open blocks represent repeats present but not identified. BglI and SspI sites are indicated
by short vertical lines above and below the blocks. Activity conferred by the plasmid to the indicated strain when inoculated at a high (108 CFU/ml) level on the indicated
host plant is shown to the right of the figure. (When inoculated without the indicated plasmids, X. citri B21.2 [pthA::Tn5-gus] is asymptomatic on citrus, X. campestris
pv. citrumelo 3048 elicits water-soaking symptoms on bean, and X. campestris pv. malvacearum Xcm1003 elicits water-soaking symptoms on cotton.) 0, no change in
plant reaction phenotype; C, wild-type hyperplastic cankers; mC, moderate cankers, smaller than the wild type; wC, very small canker lesions; wHR, weak HR; rWS,
reduced water-soaking of Xcm1003 on cotton.
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in pCS1, pCS6, pCS11, pCS16, and pCS22). However, dele-
tions or recombinations that did not evidently affect the first
eight repeats could also reduce or abolish canker (e.g., those in
pCS5 and pCS9). This indicated either that the first eight
repeats play a role in proper spacing of a canker-active region
or that several regions in the repeats play essential roles or
both. Deletion of repeats 9 to 15 did not affect the ability to
elicit cankers (e.g., pCS13), demonstrating that these repeats
do not play an active role in canker elicitation, except perhaps
in spacing. Recombination events evidently affecting only re-
peats 9 to 14 and deleting one repeat resulted in clones with
little or no canker-eliciting activity (e.g., pDS9 and pCS5).
Interestingly, pCS16 and pCS22, each with 11.5 repeats and
varying only in the sequence of a recombinant repeat in posi-
tion 8, gave two different phenotypes (moderate cankers and
no cankers, respectively).

DISCUSSION

The complete DNA sequence of pthA revealed that pthA is
highly similar to avrb6, avrBs3, avrBs3-2, and avrXa10 along its
entire length. Western blot (immunoblot) analyses using anti-
PthA serum revealed that the predicted 122-kDa PthA protein
was constitutively expressed in wild-type X. citri and in E. coli
and X. campestris pv. citrumelo cells carrying pZit45 (pthA)
(36). The primary region which differentiates pthA from other
members of the Xanthomonas avr/pth gene family is the 102-bp
direct repeat region. Experiments using chimeric fusions of
pthA and avrb6 have demonstrated that the DNA coding re-
gions outside the repeats are isofunctional and that the host-
specific pathogenicity and any avirulence phenotypes are de-
termined by the repeats (35). Despite the very few differences
in the predicted amino acid sequences of all members of the
avr/pth gene family, pthA is the only gene reported to date to
induce cell divisions in any plant, in addition to its pleiotropic
ability to confer avirulence to pathogens of cotton and bean
plants (30).
As shown in Fig. 1, the pthA repeats may be classified into 11

types (A to K), depending on slight differences in sequence.
Among them, repeat types B, C, E, H, E, and J have been
found only in PthA and not in the predicted peptide sequences
of the four other published members of the avr/pth gene family
sequenced to date (avrb6, avrBs3, avrBs3-2, and avrXa10). In
addition to the presence of unique repeats, PthA also differs
from its homologs in the arrangement of repeat types that are
found in other members of the gene family within the repeat
region. An analysis of 12 intragenic recombinants using BglI
and SspI restriction enzyme digestion and DNA sequencing of
four of the recombinants did not allow localization of a spe-
cific, canker-active repeat or block of repeats. These findings
are consistent with and extend the results of two studies of
avrBs3 and avrBs3-2 deletion derivatives (generated by restric-
tion digests) which also failed to localize HR activity (2, 13).
Furthermore, mutations affecting pthA activity on citrus plants
(cankers or an HR) did not necessarily affect activity on bean
or cotton plants (HR); host specificity and phenotypic plant
responses appeared to be determined by different repeat re-
gions. The data are consistent with the interpretation that
several regions in the repeats play essential roles in both host
specificity and phenotype elicitation.
Since the production of levan sucrase encoded by sac is

lethal to gram-negative bacteria in the presence of sucrose
(24), an nptI-sac cartridge was inserted into the middle of the
tandemly repeated region of pthA to provide selection for
recombination events within the repeat region. Homologous
intragenic recombinants of pthA were generated by single

crossover events between intragenic repeats on the same plas-
mid (cis recombination), resulting in deletion of the nptI-sac
marker and restoration of a smaller functional gene, or by
double crossovers between plasmids carrying identical copies
of the same gene (trans recombination). All of the E. coli and
most of the X. campestris pv. citrumelo intragenic recombinant
plasmids could have been generated by single cis crossover
events (Fig. 3). Double recombination events in trans can result
in functional genes carrying a smaller or larger number of
repeats than the original gene or the same number of repeats.
Presumably, trans recombination was responsible for generat-
ing pCS2, pCS23, and pDS2 (Fig. 3A) and also many of the X.
citri recombinants (i.e., XcS14, XcS3, XcS8, and XcS22; Fig. 2).
The frequency of pthA recombination in E. coli was observed

to be recA independent. Strain DH5a (recA) yielded recombi-
nants at nearly the same frequency as strain JM83 (recA1).
Since recombination involving small repeated sequences (,1
kb) is affected only slightly by recA mutations (22), recombi-
nation of pthA was expected to be recA independent. The
frequency of pthA recombination in E. coli was much higher
than that observed in X. campestris pv. citrumelo and X. citri.
This may be due to differences in the copy numbers of plasmids
in which intragenic recombination occurred. Recombination of
pthA in X. citri Xc1.2 involved a native plasmid, while recom-
bination in E. coli and X. campestris pv. citrumelo involved
pUFY1.48, which appeared (on the basis of our plasmid DNA
extractions) to be present at a higher copy number in E. coli
than in X. citri or X. campestris. However, since we did not
determine plasmid copy numbers, these results may be due to
different genetic backgrounds in each strain.
The role of the 34-amino-acid, leucine-rich, tandem repeats

in determining pathogenic or avirulence specificity is striking,
but it is not known how the repeats determine these functions.
Leucine-rich repeats are often involved in protein-protein in-
teractions, and one of the important biological functions for
repetitive domains in prokaryotic and eukaryotic proteins is
ligand binding. In a family of clostridial and streptococcal
ligand-binding proteins, for example, conserved C-terminal re-
peat sequences function as binding sites (33). Similarly, 34-
amino-acid repetitive motifs called tetratricopeptides found in
proteins encoded by many mitotic genes (e.g., CDC16, CDC23,
and nuc21 of yeasts and BimA of Aspergillus nidulans) are
implicated to pair with WD-40 repeats found in many proteins,
including the b-subunit of G-proteins and some transcriptional
factors (12, 26, 32). Recently, a family of cloned plant resis-
tance genes was shown to encode proteins containing leucine-
rich repeats (4, 27). It is possible that the repetitive domain of
Pth or Avr proteins may also function as a ligand binding site,
specifically interacting with the leucine-rich repeats encoded
by the corresponding plant resistance genes.
The evolutionary success of many plant pathogens may rely

on their ability to avoid host recognition. Tandemly repeated
motifs in pthA and other members of the gene family provide
hot spots for recombination and thus may accelerate evolution
of this gene family. Intragenic recombination between inexact
repeats not only introduces genetic variation, but also has the
potential to amplify mutant repeats. As shown in Results, ho-
mologous recombination can lead to either duplication or de-
letion of repeat blocks. Such a mechanism for generating ge-
netic variation at a high frequency may, however, also have the
negative side effect of generating new avr genes.
Previously reported natural mechanisms for microbial race

change included deletions (8), point mutations (15, 20), and
transposon inactivation (16) of avr genes and always resulted in
a loss of avirulence on a specific host plant and not gains of
specific avirulence. In this study, we demonstrated that intra-
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genic recombination of a bacterial gene not only caused the
loss of pathogenic or avirulence phenotypes on a specific host,
but in some cases resulted in the gain of new pathogenic
phenotypes and avirulence specificities. Some intragenic re-
combinants lost the ability to confer cankers on citrus and
instead elicited an HR on citrus, indicating that normosensitive
(canker) reactions and HRs may share a very similar signal
transduction pathway, as initially suggested by Klement (18).
The gene-for-gene concept is a major model for research on

the reciprocal evolution between plants and parasites (31). In
the pathogen, avirulence genes may mutate and evolve to over-
come resistance by evading host recognition. In the plant,
resistance genes may also evolve to recognize new avirulence
genes, resulting in new resistance genes. Recent genetic map-
ping data have shown that disease resistance loci (especially
those corresponding to different races of the same pathogen)
are often clustered within small genetic intervals, suggesting
that intralocus recombination may be responsible for generat-
ing resistance specific for new races of plant pathogens (9, 21,
23). Intragenic recombination of pthA demonstrated in this
report provides compelling evidence that intragenic and in-
tralocus recombination may play an important role during the
reciprocal evolution of gene-for-gene interactions.
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