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Races of Xanthomonas oryzae pv. oryzae, the causal agent
of bacterial blight of rice, interact with cultivars of rice in a gene-
for-gene specific manner. Multiple DNA fragments of various
sizes from all strains of X. o. pv. oryzae hybridized with avrBs3,
an avirulence gene from Xanthomonas campestris pv. vesicatoria,
in Southern blots; this suggests the presence of several homologs
and possibly a gene family. A genomic library of a race 2 strain
of X. o. pv. oryzae, which is avirulent on rice cultivars carrying
resistance genes xa-5, Xa-7, and Xa-10, was constructed. Six
library clones, which hybridized to avrBs3, altered the interaction
phenotype with rice cultivars carrying either xa-5, Xa-7, or Xa-10
when present in a virulent race 6 strain. Two avirulence genes,
avrXa7 and avrXal0, which correspond to resistance genes Xa-7
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and Xa-10, respectively, were identified and partially charac-
terized from the hybridizing clones. On the basis of transposon
insertion mutagenesis, sequence homology, restriction mapping,
and the presence of a repeated sequence, both genes are homologs
of avirulence genes from dicot xanthomonad pathogens. Two
BamHI fragments that are homologous to avrBs3 and correspond
to avrXa7 and avrXal0 contain a different number of copies
of a 102-bp direct repeat. The DNA sequence of avrXal0 is nearly
identical to avrBs3. We suggest that avrXa7 and avrXal0 are
members of an avirulence gene family from xanthomonads that
control the elicitation of resistance in mono- and dicotyledonous
plants.

Bacterial blight of rice, caused by Xanthomonas oryzae
pv. oryzae (Ishiyama) Dye (Swings et al. 1990), is a major
disease that is prevalent throughout Asia (Ou 1985). Races
of X. 0. pv. oryzae have been defined by use of rice cultivars
containing different resistance genes (Mew 1987). Race-
specific interactions such as those observed between X. o.
pv. oryzae and rice are thought to follow the gene-for-
gene model (Ellingboe 1976; Flor 1955), which predicts
that incompatible interactions are the consequence of
positive functions encoded by avirulence genes in the
pathogen and corresponding resistance genes in the host.
By analogy, races of X. o. pv. oryzae should contain
different complements of avirulence genes that correspond
to individual rice resistance genes.

Avirulence genes have been cloned from several different
species and pathovars of Xanthomonas (Bonas et al. 1989;
Canteros et al. 1991; De Feyter and Gabriel 1991; Gabriel
et al. 1986; Minsavage et al. 1990; Ronald and Staskawicz
1988; Swanson et al. 1988; Swarup et al. 1992; Whalen
et al. 1988). An avirulence gene corresponding to Xa-10
was previously reported on a 2.5-kb fragment from X. o.
pv. oryzae (Kelemu and Leach 1990). However, subsequent
analysis of this clone showed the presence of a phosphate-
binding protein gene that does not have avirulence activity
(C. M. Hopkins, F. F. White, and J. E. Leach, unpublished).
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Whether this gene plays a role in the plant-pathogen
interaction is unclear.

The avirulence genes avrBs3 and avrBsP, both from X.
campestris pv. vesicatoria (Doidge) Dye, are particularly
intriguing from two perspectives. First, avrBs3 and avrBs P
contain a 102-bp sequence in the coding region; this
sequence is repeated 17.5 and six times, respectively (Bonas
et al. 1989; Canteros et al. 1991). The close similarity be-
tween the two genes, with the exception of rearrangements
in the repeat structure, as well as the requirement of the
repetitive region for avirulence activity of avrBsP has led
to the suggestion that the repeat domain controls, in part,
the specificity of avirulence activity (Canteros et al. 1991).
Second, DNA sequences related to avrBs3 from X. c. pv.
vesicatoria were detected in seven additional pathovars of
X. campestris that cause disease on diverse dicotyledonous
plants (Bonas et al. 1989). Recently, homologs of avrBs3
from X. ¢. pv. malvacearum (Smith) Dye and X. c. pv.
citri (Hasse) Dye were shown to have avirulence activity
(Swarup et al. 1992). Although avirulence activity has yet
to be demonstrated for many of the Xanthomonas patho-
vars with sequences homologous to avrBs3, the presence
of avrBs3 homologs with avirulence function in several
pathovars implies a common resistance mechanism may
be operating in diverse dicot hosts. We were interested if
there were avrBs3 homologs that function as avirulence
genes in X. 0. pv. oryzae and if common resistance mecha-
nisms may be operating in dicot and monocot hosts.
Evidence for such common resistance mechanisms was
presented by Whalen et al. (1988), who showed that a non-
host avirulence gene from X. c¢. pv. vesicatoria controlled
the induction of resistance in monocot and dicot hosts.
We report here that avirulence genes from a monocot
pathogen, X. o. pv. oryzae, are members of a multiple
gene family with sequence similarity to avr Bs3.
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MATERIALS AND METHODS

Bacterial strains, plasmids, bacteriophage, and media.
Bacterial strains, plasmids, and phage used in this study
are listed in Table 1. Strains of E. coli were cultured in
Luria-Bertani medium (Miller 1972) at 37° C. Strains of
X. o. pv. oryzae were grown in either nutrient (Difco
Laboratories, Detroit, MI) or peptone-sucrose medium
(Tsuchiya et al. 1982) at 28° C. For culture on solid medium,
1.5% agar was added. Casein peptone glucose agar (CPGA;
Kelman 1954) was used for enumeration of bacteria from
plants. The concentrations of antibiotics incorporated into
media were carbenicillin (Cb), 100 ug/ml; cephalexin (Cp),
20 wg/ml; kanamycin (Km), 50 ug/ml; nalidixic acid (Nal),
50 ug/ml; spectinomycin (Sp), 50 ug/ml; and streptomycin
(Sm), 50 ug/ml.

Plant material and plant inoculations. Cultivar Cas 209
contains the Xa-10 gene for bacterial blight resistance
(Yoshimura et al. 1983). IR24 is susceptible to all strains
of X. o. pv. oryzae used in this research. Cultivars IR-
BB5, IR-BB7, and IR-BB10 are near-isogenic to IR24 and
contain xa-5, Xa-7, and Xa-10, respectively (Ogawa and
Khush 1989; Ogawa and Yamamoto 1987).

Seeds were planted and incubated in growth chambers
as previously described (Reimers and Leach 1991). Leaves
of seedlings (10-11 days after planting) were inoculated
with bacterial suspensions (5 X 10° cfu/ ml in sterile distilled
water) by infiltrating bacteria into the intercellular spaces
with a needleless syringe (Reimers and Leach 1991). One
site per leaf was inoculated, except during the initial screen-
ing of transposon mutants when three individual mutants
were infiltrated into three different sites on the same leaf.
After infiltration, plants were returned to the growth cham-
ber and incubated under continuous light at 30° C and
75% relative humidity (RH) for 24 hr. At the end of the
light period, the normal light regime (12-hr light/12-hr
dark) was resumed. Plants were scored at 2, 4, and 5 days
after infiltration because incompatible responses involving
xa-5 and Xa-7 take longer to develop than those involving
Xa-10 (4-5 days for xa-5, 3-4 days for Xa-7, and 1-2 days
for Xa-10).

Recombinant DNA techniques. Genomic DNA isolation
from bacteria and Southern blot hybridization conditions
were as described (Leach et al. 1990). Colony blots, per-
formed as described by Maas (1983), were washed after
hybridization under high stringency conditions (Leach ez al.
1990). Otherwise, standard molecular biological techniques
were used (Ausubel et al. 1991). Restriction enzymes, calf
intestinal alkaline phosphatase, T4 DNA ligase, and nick
translation kits were purchased from Bethesda Research
Laboratories (BRL, Gaithersburg, MD) or Promega Bio-
tech (Madison, WI). Reactions were performed as described
by the manufacturers.

Construction of a genomic DNA library. Genomic DNA
from a race 2 strain of X. o. pv. oryzae (PXO086) was
partially digested with Sau3Al and fractionated in a 0.5%
agarose gel. Fragments larger than 25 kb were extracted
from the agarose by electroelution. The cosmid vector
pHMI was digested to completion with BamHI and treated
with calf intestinal alkaline phosphatase. The X. o. pv.
oryzae genomic and vector DNA fragments were ligated,
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packaged into lambda phage in vitro by use of Gigapack
Plus packaging kits (Stratagene, La Jolla, CA), and trans-
duced into E. coli HB101 (resistant to nalidixic acid, Nal").
Colonies were selected for resistance to Sp and Sm (50

Table 1. Bacterial strains, plasmids, and phage used in this study

Designation Relevant characteristics Source or reference

Xanthomonas oryzae pv. oryzae

PXO086 Race 2; avirulent to rice T. Mew, International
with xa-5, Xa-7, Xa-8, Rice Research
and Xa-10 resistance Institute, Los Bafios,
genes Philippines
PX0994 Race 6; virulent to rice S. H. Choi and
with xa-5, Xa-7, Xa-8, J. E. Leach
and Xa-10 resistance
genes; grows on 200
uM 5-azacytidine
PX099"2A Marker-exchange mutant This study
with functional avrXa7
gene in the chromosome
of PX0994
PX099"15A  Marker-exchange mutant This study

with functional avrXal0
gene in the chromosome
of PX099*

Escherichia coli

DHS5a F F’' recA, ¢80dlacZ, AMI5 Bethesda Research
Laboratories
S17-1 294 recA, chromosomally Simon et al. 1983
integrated RP4
derivative; Tp', Sm'
HBI101 F~, recA, Nal’, Sm" Boyer and Roulland-
Dussoix 1969
TBI JM83, lacZ, hsdR Baldwin ez al. 1984
Plasmids
pHMI Sp', Sm’, cos, parA, IncW,  R. Innes, Indiana
derivative of pRI140 University
(Innes et al. 1988)
pBluescript Ap', M13 Stratagene Inc., La
Jolla, CA
pRK2013 Km', Trat, Mob™, ColEl Friedman et al. 1982
replicon
pEC83 pLAFR3 clone with avrBs3  Minsavage et al. 1990
pXO05-15 pHMI clone from X. o. pv.  This study
oryzae that contains
avrXal0
pX029-29 pHMI clone from X. o. pv.  This study
oryzae that contains
avrXa7
pX06-33 pHMI clone from X. o. pv.  This study
oryzae that contains
avrxa5 and avrXal0
pBSavrXal0  pBluescript clone with a This study
3.1-kb BamHI fragment
from pXOS5-15
pBSavrXa7 pBluescript clone contain- This study
ing a 4.1-kb BamHI1
fragment from
pX029-29
pBSavrBs3 pBluescript clone con- This study
taining 3.3-kb BamHI
fragment internal to
avrBs3
pBSAIOL pBluescript clone con- This study
taining 4.5-kb BamHI
fragment from pXO05-15
pBSA7L pBluescript clone with This study
3.7-kb BamHI fragment
from pX029-29
Phage
Tn5-B20 lac fusion, Km" Simon et al. 1989




wng/ml of each). Restriction enzyme analysis of 17 randomly
selected clones revealed unique DNA fragmentation pat-
terns for each and an average DNA insert size of 34 kb.
On the basis of an insert size of 34 kb, 1,010 clones are
needed to represent each gene at least once with a prob-
ability of 999 if the X. o. pv. oryzae genome size is assumed
to approximate that of Pseudomonas fluorescens (Trevisan)
Migula (7.4 X 10° kb) (Bak et al. 1970; Clarke and Carbon
1976). A **P-labeled 2.5-kb fragment of X. o. pv. oryzae
DNA containing a single-copy sequence (Kelemu and Leach
1990) hybridized with three colonies of the approximately
1,400 that were screened.

Bacterial conjugation. Donor and recipient strains for
triparental matings (Ditta et al. 1980) were prepared as
described (Kelemu and Leach 1990). The bacterial mixtures
(X. o. pv. oryzae PX099", E. coli HB101 with the library
clones, and E. coli HB101[pRK2013]) were spotted onto
sterile 1.5-cm’ pieces of nylon membrane (GeneScreenPlus,
Du Pont, Wilmington, DE) on nutrient agar and incubated
at 28° C. After 24 hr, the membrane was transferred to
peptone-sucrose agar (PSA) + Sp + Sm + Cp (to inhibit
growth of E. coli) and incubated at 28° C for an additional
48 hr. The bacteria were rinsed from the membrane by
vortexing in 1 ml of sterile water, and the suspension was
plated on PSA + Sp + Sm + Cp and incubated 3-5 days
at 28° C. Biparental matings with S17-1 (Simon et al. 1983)
as the donor strain were performed on membranes as
described above.

Enumeration of bacterial multiplication. Bacterial sus-
pensions (5 X 10° cfu/ ml) of strains PX086, PX099*, and
transconjugants containing avr genes (PX099*[pX05-15]
or PX099%[pX029-29]) or mutated avr genes (PX099*
[pTn3-35] or PX0994[pTn35-53]) were infiltrated into one
site per rice leaf (Reimers and Leach 1991). Three leaves
from each treatment were harvested at 0.5, 24, 48, 72, and
96 hr post-infiltration and ground separately. Each ho-

pXO05-15

A10L
avrXai10
pX029-29 < 2
P gl BP P RF
ATL avrXa7

1kb

Fig. 1. Partial restriction map of clones with avrXa7 and avrXal0 activity.
Positions of transposon Tn5-B20 insertions that do (®) and do not (O)
inactivate the avirulence phenotypes are shown. Transposon insertions
used for marker exchange and physiological studies are indicated. B,
BamH]I, P, Pstl. BamHI fragments that hybridized with the 3.3-kb BamHI1
fragment of avrBs3 are indicated below the restriction maps with
horizontal lines.

mogenate was diluted serially in sterile distilled water and
plated in duplicate onto CPGA that was supplemented with
cycloheximide (75 ug/ml) for reducing fungal contamina-
tion. Colonies were counted 3-4 days after plating; values
from duplicate plates were averaged to obtain one replica-
tion. Treatments were replicated three times within each
experiment, and the experiment was performed three times.

Transposon mutagenesis and marker-exchange muta-
genesis. Clones of X. o. pv. oryzae DNA in pHMI were
mutagenized in E. coli strain TB1 by using AB20::Tn5
(Simon et al. 1989). Plasmid DNA was isolated from Km',
Sp", and Sm" transductants and transformed into E. coli
S17-1. The transposon-containing plasmids were analyzed
by restriction endonuclease cleavage and transferred into
X. 0. pv. oryzae PX099" by biparental conjugation. Mu-
tants were tested for pathogenicity and induction of re-
sistance in appropriate rice cultivars.

Active avirulence gene fragments were introduced into
the chromosome of PX099" by marker gene replacement.
Mutated clones containing TnJ insertions outside of avr Xa7
(Tn3-2A; Fig. 1) and avrXal0 (Tn5-15A; insertion to right
of avrXal0O as shown in Fig. 1, but outside the mapped
region) were selected. Transconjugants containing these
mutations (pX029-29[Tn5-2A] and pXOS-15[Tn5-15A],
respectively) were cycled four times in nutrient broth
containing Km, then plated on PSA + Km. Single colonies
that were resistant to Km but susceptible to Sm and Sp
were selected. Marker-exchange mutants were analyzed by
inoculation to plants and by Southern blot hybridization
experiments with the cosmid vector (pHMI) and the in-
ternal Hpal fragment from TnJ as probes.

Estimation of repeat number. BamHI fragments from
pX029-29 and pXO05-15 that hybridized to avrBs3 (Fig.
1) were cloned into pBluescript 11 (Table I). The clones
were partially digested with restriction enzyme Bal/l (I1BI,
New Haven, CT) as described (Ausubel et al. 1991), and
the fragments were separated on a 19% agarose gel. The
clone pBSavrBs3 containing the 3.3-kb BamH]I fragment
from avrBs3 was used as a control. Southern blot analysis
was performed with **P-labeled pBSavrBs3 as a probe.

DNA sequencing. Nested deletions of pBSavrXal0 were
generated in pBluescript 11 clones as described by Ausubel
et al. (1991). Sequence was also obtained from pBluescript
clones containing the 4.5-kb BamHI, 4.5-kb Pst1, and 2.0-
kb BamHI-Pstl fragments adjacentsto the 3.1-kb BamHI
insert of pBSavrXal0. Single-stranded template was pre-
pared as described (Viera and Messing 1987) and primed
with either T3, T7, or synthetic primers. The dideoxy se-
quencing method of Sanger et al. (1977) was performed
with a Sequenase Version 2.0 kit used according to the
manufacturer’s recommendations (U.S. Biochemical,
Cleveland, OH). Microgenie software (Beckman, Palo Alto,
CA) and the FASTP program (Pearson and Lipman 1988)
were used for sequence analysis.

Peroxidase assays. Apoplastic fluids were extracted from
rice leaves at 24 and 48 hr after infiltration with bacterial
suspensions as described (Reimers e: al. 1992). We
monitored the appearance of a cationic peroxidase (pl 8.6)
in the apoplastic fluids by using nondenaturing, cathodic
polyacrylamide gel electrophoresis (Thomas and Hodes
1981). Peroxidase activity was detected by incubating the
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gels in 100 mM sodium phosphate containing 18 mM
guaiacol, 0.01% 3-amino-9-ethylcarbazole, and 0.03% H,0,
at 30° C for 15 min (Reimers ef al. 1992). The experiment
was repeated twice.

RESULTS

Identification of avirulence genes from X. o. pv. oryzae.
Forty-three clones from a genomic library of strain PX086
hybridized with the 3.3-kb avrBs3 BamHI fragment. Six
of the clones, when mobilized into the virulent recipient
strain PX099", conferred an avirulent phenotype on
transconjugants with the inoculation of the appropriate
cultivar (Table 2). The phenotypes of the reactions varied
with the resistance gene involved in the interaction. Inter-
actions involving Xa-10 resulted in a dark brown color
throughout the infiltrated site within 24-48 hr, whereas
with xa-5 and Xa-7 a dark ring formed around the perimeter
of the watersoaked site at 48 hr, and the tissue within the
site became tan to brown after 72 hr. Compatible inter-
actions in both combinations remained watersoaked in the
infiltration site through S days, after which time the water-
soaked lesion had spread, and the leaf had wilted. The
resistance phenotype that was observed after inoculation
of 10-day-old seedlings with transconjugants PX099*
(pX06-33) containing avrxaS and avrXal0, PX099%
(pX029-29) containing avrXa7, and PX099%(pXO05-15)
containing avrXal( also was observed after inoculation
of 4-wk-old rice plants (Barton-Willis ez al. 1989; data not
shown). The interactions between transconjugants and tra-
ditional (non-isogenic) cultivars Cas 209 (Xa-10), IR1545-
339 (xa-5), and DV8S5 (xa-5, avrXa7) were consistent with
the reactions observed on near-isogenic cultivars (data not
shown).

The clones containing avrXa7 (pX029-29) and avrXal0
(pXO5-15) were subjected to further analysis by transposon
insertional mutagenesis, and the positions of the insertions
were determined by restriction digestion mapping. Inser-
tions that resulted in inactivation of avrXa7 and avrXal0
were located either within the 4.1-kb BamHI fragment of

Table 2. Interactions of Xanthomonas oryzae pv. oryzae strains and trans-
conjugants with near-isogenic rice cultivars

Rice cultivar®
IR-BB7 IR-BB10 IR24

Strain or transconjugant IR-BBS

X. 0. pv. oryzae
PXO086 (race 2) R®
PX099” (race 6) Se
PX099*(pHMI)
PX099*(pX029-29)
PX099*(pX07-29)
PX0994(pX023-38)
PX099*(pX05-15)
PX099%(pX07-2)
PX099*(pX06-33)
PX099"2A
PX099*15A

“IR-BBS, IR-BB7, and IR-BB10 contain the xa-5, Xa-7, and Xa-10 genes,
respectively, and are near-isogenic to the backcross parent IR24.

"R indicates the infiltration site turns brown, characteristic of an incom-
patible interaction.

¢S indicates the infiltration site is watersoaked, characteristic of a com-
patible interaction.
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pX029-29 and the 3.1-kb BamHI fragment of pX05-15,
respectively, or immediately adjacent to these regions (Fig.
1). Mutations in the 3.7-kb BamHI fragment of pX029-
29 (A7L) and the 4.5-kb BamHI fragment of pXOS5-15
(A10L), which are adjacent to the respective avr genes,
had no effect on avirulence activity (Fig. 1).

The phenotypes of incompatible interactions involving
cosmid-borne copies of the avirulence genes were charac-
terized by more intense lesions (darker brown) than those
observed with PXO86. The copy number of the cosmid
vector pHMI, which has a pSa replicon, in X. o. pv. oryzae
is unknown; however, the copy number of pSa replicons
in E. coli was estimated to be two to three per cell (Tait
et al. 1982). To determine if the differences in phenotype
resulted from increased copy number of the avr genes on
the cosmid, we generated marker-exchange mutants con-
taining active copies of avrXa7 (PX099*2A) and avrXal0
(PX099*15A) in the PX099* genome by using clones with
TnJ5 insertions outside of the avr genes (pTn5-2A and pTnS5-
15A, respectively) (Table 2). Our assumption was that ex-
change would occur into one of the numerous avrBs3-
related sequences in the PX099* genome or into adjacent
homologous regions. Absence of cosmid DNA and presence
of the transposon in the genomic DNA were confirmed
by Southern blot analysis (data not shown). The insertion
sites of the marker-exchange mutants were not charac-
terized. Resistant host reactions to the marker-exchange
mutants were less intense than those observed when the
clone was present on a cosmid, but were equivalent to
the responses observed after infiltration with PXO86. Sus-
ceptible interactions were similar in all combinations.

1010 T T T T T T T T T
IR-BB7 (Xa-7) IR-BB10 (Xa-10)
10°
8
'§ 10
<
© o7
105 o PX099 o PX099 .
@ PX099 (pX029-29) @ PX099 (pX05-15)
A PX086 A PX086
A PX099 (pTns5-53) A PX099 (pTn5-35)
105 L 1 ] ! Ly ] 1 1 1

0 24 48 72 96 24 48 72 96

Hours after inoculation

Fig. 2. Time course of bacterial growth in leaves of rice cultivars A,
IR-BB7 and B, IR-BBI10. Leaves were infiltrated with bacterial suspen-
sions and were sampled for 96 hr after infiltration. A, IR-BB7 infil-
trated with Xanthomonas oryzae pv. oryzae PX099" (O); PX086 (A);
PX099%(pX029-29) (®); PXO099*(pTn5-53) (A). B, IR-BBIO infiltrated
with X. o. pv. oryzae PX099* (O); PX086 (A); PX099*(pX05-15) (®);
PX099*(pTn5-35) (A). Values are means from three repetitions, and
vertical bars represent 1 SEM. Similar results were obtained in three
independent experiments.



In planta growth curves and induction of peroxidase
activity. The authenticity of the resistance reactions that
were induced by avrXal0 and avrXa7 were further cor-
roborated by analysis of in planta bacterial growth and
the induction of peroxidase activity. In the compatible
interactions, bacterial numbers increased steadily until 48
hr after inoculation to approximately 1 X 10° colony-
forming units per leaf, after which the rate of multiplication
decreased, and bacterial numbers did not substantially in-
crease (Fig. 2). In incompatible interactions, the multipli-
cation rate decreased between 24 and 48 (Xa-10) or 48
and 72 hr (Xa-7) (approximately 5 X 10’ colony-forming
units per leaf) (Fig. 2). Multiplication rates of the trans-
conjugants carrying the avr genes on pX05-15 and pX029-
29 were similar to those observed for strain PXO086 in
rice cultivars with the corresponding resistance genes (Fig.
2). If the cosmid-borne avirulence gene was inactivated
by insertion of Tn5, the multiplication rate of transcon-
jugants was similar to that of the virulent parental strain
PX099* (Fig. 2). Growth curves were similar for all strains
in IR24, which carries no resistance genes (data not shown).

An increase in the activity of a cationic peroxidase has
previously been shown to be correlated with incompatible
reactions (Reimers et al. 1992). To determine if this activity
was also associated with interactions involving the cloned
avirulence genes, we measured peroxidase activity of plants
inoculated with transconjugants carrying the active and
transposon-inactivated avrXa7 and avrXal(0. The activity
of the cationic peroxidase increased by 24 hr in the in-
compatible interactions (PX086 and PX099"* [pX05-15])
with IR-BB10 (Fig. 3). The activity of the peroxidase had
not increased in incompatible interactions with Xa-7
(PXO086 and PX099%[pX029-29]) at 24 hr, but had in-
creased by 48 hr. In the compatible combinations (PX099%,
PX099*[pTn5-35], and PX099*[pTn5-53] with Xa-10 and
Xa-7 [Fig. 3], and all strains with IR24 [not shown]), the
peroxidase activity increased by 48 hr after inoculation,
but the final levels were less than the activity observed
in the incompatible combination.

24 h 48 h
! 2 3 4 1 2_ 3 4
IR-BB7 N =
Xa-7)
5 6 7 8 5 6 7 8
- - .
IR-BB10 S *a-
(Xa-10)

Fig. 3. Peroxidase activity in extracellular fluids from rice leaves extracted
at 24 and 48 hr after infiltration with bacterial suspensions. Rice cultivars
IR-BB7 and IR-BB10 were infiltrated with suspensions of Xanthomonas
oryzae pv. oryzae PX086 (1 and 5); PX099” (2 and 6); PX099*{RX029—
29) (3); PX099*(pTn5-53) (4); PX099*(pX05-15) (7); PX099"(pTn5-
35) (B). Extracellular proteins (0.2 ug/lane) were separated in a
nondenaturing, cathodic gel (Thomas and Hodes 1981). Peroxidase
activity was detected with a mixture of the substrates guaiacol and 3-
amino-9-ethylcarbazole.

Hybridization of X. o. pv. oryzae genomic DNA with
avrBs3. The internal 3.3-kb BamHI fragment from avrBs3
(Bonas er al. 1989) hybridized with multiple BamHI frag-
ments in DNA from strains of X. o. pv. oryzae under high
stringency conditions (0.5X SSC [IX = 0.15 M sodium
chloride, 0.015 M sodium citrate, pH 7.0], 65° C) (Fig.
4). Approximately 12 DNA fragments from race 2 strains
of X. o. pv. oryzae hybridized with pBSavrBs3 ranging
insize from 2.8 to greater than 12 kb. Differences in banding
patterns were apparent among 18 strains representing six
races. However, restriction fragment patterns were similar
within race groups. For example, race 6 strains were dis-
tinguishable from the other five races by the presence of
a band of relatively high molecular weight (Fig. 4). Race
2 strains contained two high molecular weight bands that
distinguished them from strains of other races, with the
exception of one race 3 strain, PX0143 (Fig. 4). Genomic
DNA from more than 100 different X. o. pv. oryzae strains
from various geographic areas (including parts of Asia,
Australia, South America, and North America) were tested
for hybridization with avrBs3. DNA from all strains con-
tained multiple fragments that hybridized with the avrBs3
probe, with the exception of the strains from the United
States (Jones ef al. 1989), which showed no hybridization
signal under high stringency conditions (data not shown).

Restriction analysis of repeat domains. The 3.3-kb
BamHI fragment of avrBs3 is internal to the gene and
contains the entire repeat domain. The BamHI fragments
internal to avrXa7 and avrXalOQ as well as the adjacent
avrBs3-hybridizing, BamHI fragments with unknown
activity (A7L and AI1OL; Fig. 1) were analyzed for the
presence of a domain with a directly repeated 102-bp
sequence analogous to that found in avrBs3. The 0.9-kb

Race
& 1 2 3 4 5 6
ga_?ﬁsregss?:;‘!&?si‘s?;@
— ——— - -h‘
-— - . — e

Fig. 4. Southern blot analysis of genomic DNA from strains of Xantho-
monas oryzae pv. oryzae races |-6. DNA (3 ug) was digested with BamHI,
and the blot was probed with a *P-labeled pBSavrBs3, which contains
the 3.3-kb BamHI internal to avrBs3 (Bonas er al. 1989). Strains of X.
0. pv. oryzae (and race) are PX061 (1), PXOI (1), PXOI32 (1), PX086
(2), PX078 (2), PX0103 (2), PX087 (3), PXO088 (3), PX0143 (3), PXO7I
(4), PXOI125 (4), PXOL112 (5), PXO80 (5), PXO105 (5), PX099 (6),
PXO119 (6), PXO128 (6). Plasmid pX05-15, which contains avrXal0,
was digested with BamHI. Size markers are in kilobases.
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BamHI fragment of pX029-29 between A7L and avrXa7

(Fig. 1) did not hybridize to pBSavrBs3 and, therefore, e e g
was not analyzed for repeats. The BamHI fragments of AN A CA A A EAGEANA TGS TG T AT GAT GG TCTTCLEACREMETE T
avrXa7, avrXal0, A7TL, and AlOL were inserted into m w0 ar0 sw

OCmGC"CIGI:CCBG!tL‘CtIMCGﬁITIﬁGUTCMtEUE mcmmmmmem«:twcm:u WIWI Teccoeey

pBluescript to create pBSavrXa7, pBSavrXal0, pBSA7L, PE P FD AV LR
and pBSAI10L, respectively. The presence and number of R GCC03E AT €T EEEEE BTG CRCGGEEAE TCAGCON TGET BT CAGTICGATEST

o GGLTLEE LOCTREGTTE GATCTGETE
RRTMHSRTRLPSPPAPEPAFSAESFSOLLESFDP®

directly repeated sequences in each plasmid were demon- o @y Go  wo we  w oo g o
strated by partial digestion with Ball and Southern blot R i e i R A S SO
analysis with pBSavrBs3 as a probe. Each direct repeat Mo et comcscac et
from avrBs3 contains a unique Ball site; thus, a partial N i
digestion with Ball created a ladder of 102-bp units. We Ry B e R a0 R R EPENRET N Ao
estimated that avrXa7 and avrXal0 contained at least 25 e At ||u’_:?|\|.mm.l::?l.u |mummm::mmnllm:rwummmn:mnl
Sb d t' l d' tothenumber W EALVYGHEGFTNANI AL S G WP AALGET v Yoo
and 15 bands, respectively, corresponding - ww e e cme ww a5
of repeats (Fig. 5). The adjacent avrBs3-homologous se- N e v & F 6 v S 8 ARALERLLTERT
P g ] g

quences A7L and A10L had 17 and 19 bands, respectively. e ACACHCoAACAGGEE AT 1A At GEAAAME 150030 ACCUEAGAGEEAGI G AT GAC0A
On the basis of comigration with avrBs3, the tested avr Bs3-
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hybridizing fragments from X. o. pv. oryzae contain repeats R OA LA GAC AL AT A EAATAY G MGG AT A i
Of appr()ximately 102 bp in Size_ - n:o _— nzo 130 o 0 1160 170 1180 190 1200
Nucleotide sequence of avrXal0. The nucleotide R A v
sequence of avr Xal0 (Fig. 6) was determined from deletions ﬂ;ﬂ:ﬂ'?;;“{“?3;“2“‘;:':&'“"“’.5,3-;“‘“‘525“:“:&f‘g‘i“:‘:?::":“&:%““i“:é?‘;‘E“ﬁ::
of pBSaVrXaIO and cloned adjaccnt fl'agments. A 3,306"bp B0 A 130 M9 dme o e B oGm0 AWt
open reading frame, which would code for a 1,102-amino A A O O
acid, 116-kDa protein, was identified. The region 118 bp 1A AR AR 1 A LA CelTCALLETCAACETE
upstream of the translational start site of avrXal0 is 96.6% W0 Wb ws e G o 190 i
identical to the corresponding region of avr Bs3 and contains e i i i e e i e
putative Shine-Delgarno, —10 and —35 sequences similar 11T A AEECAGGE TG AT RN COAMOLACAI AN
to avrBs3 (Fig. 6). The 5’ region of avrXal0 between the VTR R B R L ',:w' g e e
putative translational start site and the beginning of the e e e i e e S
102-bp repeats (which would correspond to the “N-terminal SESCTUOL NN LIV U VOO SOOI SN OO O
domain” of the protein) is 93.2% identical at the nucleotide R e  eit mel Hi e SeE G
level (92.09% at amino acid level) to the corresponding region S Wl el B i e e s W
of avrBs3. Similarly, the 3’ or C-terminal region, between ‘
e R T
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Fig. 5. Southern blot analysis of fragments from plasmids pBSavrBs3, seen
pBSavrXal0, pBSavrXa7, pBSAlOL and pBSATL generated by partial
digestion with Ball for estimation of repeat number in cloned avirulence Fig. 6. Nucleotide and putative amino acid sequence of avrXal0. Possible
genes from Xanthomonas oryzae pv. oryzae. The blots were hybridized ribosomal binding site, —10, and —35 sequences, and the first of the
with *2P-labeled avrBs3. 102-bp repeats are underlined.
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the Ball site of the last repeat and the putative translational
stop codon, is 95.1 and 90.5% identical to avrBs3 at the
nucleotide and deduced amino acid levels, respectively. The
presence of a “C” residue at position 3,449 in avrXal0
in place of a “G” in avrBs3 forms a serine codon rather
than a stop codon. As a result, avrXal0 has eight more
codons than avrBs3, and the predicted protein of avrXal0
extends eight amino acids longer than avrBs3 at the C
terminus.

The repeat of avrXal0 is 102 bp in length, which is the
same length as that of avrBs3 (Fig. 7), and is present in
15.5 directly repeated copies. The sequence of each copy
in avrXal0 is almost identical to the other copies with
the exception of a 6-bp region (starting at nucleotide num-
ber 34), which we hereafter refer to as the variable region.
The variable region alternates between six possible nucleo-
tide sequences with no discernible order. The 102-bp repeat
represents a repeat domain of 34 amino acids in the pre-
dicted protein sequence (Fig. 8). Most of the nucleotide
variations do not result in amino acid substitutions with
the exception of the variable region, which represents
codons 12 and 13 in the protein repeat domain. Codon
12 encodes either asparagine or histidine, whereas codon
13 encodes isoleucine, glycine, asparagine, aspartate, or
serine. No apparent order is discernible from the amino
acid sequence in the repeat domain, except histidine at
codon 12 is only present with glycine or aspartate at codon
13.

The avrXalO gene has two fewer copies of the repeat
than avrBs3. The fourth codon of the avrBs3 repeat encodes
either glutamate or glutamine compared to aspartate, ala-
nine, or valine for the avrXal0 repeat, and the 32nd codon
in avrBs3 is for alanine, compared to aspartate, alanine,
or threonine in avrXal0. In addition to the amino acid
combinations present in the variable region of avrBs3,
avrXal0 contains the combinations histidine-glycine (re-
peats 2, 4, and 12) and asparagine-asparagine (repeats 7
and 11).

DISCUSSION

We have identified clones from X. o. pv. oryzae that
contain three avirulence genes (avrxas, avrXa7, avrXal0),
which control bacterial elicitation of resistance in rice cul-
tivars carrying the xa-5, Xa-7, and Xa-10 resistance genes,

variable
Region
avrXal0

avrBs3
[ [ T CACCAT

Fig. 7. Nucleotide sequence of the avrXal0 repeat domain. Dots represent
identical nucleotide compared to repeat 1 of avrXal0. The repeat number
is indicated to the left of each repeat. The first repeat of avrBs3 is shown
for comparison (Bonas ez al. 1989). The 6-bp variable region is indicated
above the repeat region.

respectively. All of these genes were found on cosmid clones
containing sequences homologous to avrBs3, an avirulence
gene from the pepper pathogen X. c. pv. vesicatoria (Bonas
et al. 1989). Two of the genes, avrXa7 and avrXal0, were
localized by transposon mutagenesis to regions of the clone
that hybridized to avrBs3. The identification of a 102-bp
repeated sequence within the active regions of avrXa7 and
avrXal0 and other closely linked homologous sequences
along with the DNA sequence of avrXal0 indicates that
these genes are most likely homologs of avrBs3. The third
gene (avrxa5) is contained within a clone that hybridized
with avrBs3 and is likely to be an avrBs3 homolog. The
avrBs3 homologs in X. o. pv. oryzae, therefore, represent
a family of genes of which some are involved in the induc-
tion of gene-specific resistance in rice. In contrast, avrBs3
and the avrBs3-like gene avrBs P are the only related aviru-
lence genes found in X. ¢. pv. vesicatoria (Canteros et al.
1991).

Recently, a similar family of genes has been identified
in X. c¢. pv. malvacearum (Swarup et al. 1992). We also
detected multiple copies of avrBs3-related sequences in
X. o. pv. oryzicola (Fang, Ren, Chen, Chu, Faan, and Ulu)
Dye (Swings et al. 1990), X. c. pv. vasculorum (Cobb) Dye,
X. c. pv. translucans (Jones, Johnson and Reddy) Dye,
X. c. pv. secalis (Reddy, Godkin and Johnson) Dye, and
X. c. pv. undulosa (Smith, Jones and Reddy) Dye (data
not shown). Relatively few of the avr Bs3 homologs detected
in Xanthomonas spp. have been established as avirulence
genes, and some may have no avirulence activity. The wide-
spread occurrence of the genes may reflect their involvement
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Fig. 8. Amino acid sequence of the avrXal0 repeat domain. The repeat
number is indicated on the left, and the 2-aa (amino acid) variable region
is indicated above. The first repeat of avrBs3 (Bonas et al. 1989) is below
for comparison.
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in pathogenicity (Swarup er al. 1992) or, alternatively, in
functions unrelated to pathogen-plant interactions.

The total number of functional avrBs3-related genes in
the genome of X. o. pv. oryzae is not known. However,
the number of avrBs3 homologs can be estimated from
the number of BamHI fragments that were observed in
Southern analysis. Without considering doublets or mul-
tiple copies on larger fragments, we found that total
genomic DNA from race 2 strains, for example, contained
approximately 12 hybridizing BamHI fragments. From the
work described here, at least two of the fragments are
contained within active avirulence genes. An antiserum that
was raised against the AvrBs3 protein was previously shown
to cross-react with six to seven proteins in an extract of
strain PXO86, indicating that several genes may be ex-
pressed and encode antigenically similar proteins to avrBs3
(Knoop et al. 1991). Although the number of avr Bs3-related
genes that are transcribed and translated cannot be precisely
determined from the data, we have shown that multiple
avirulence genes are expressed in X. o. pv. oryzae. On
the basis of this information, models for avirulence gene
actionin X. o. pv. oryzae will have to account for expression
of multiple genes whose products may be closely related,
but have different specificities.

Incompatible interactions between X. o. pv. oryzae and
rice are characterized by an increase in the activity of an
extracellular cationic peroxidase and a decrease in the rate
of bacterial multiplication (Barton-Willis et al. 1989;
Reimers et al. 1992; Reimers and Leach 1991). The tim-
ing of both these events corresponds with the phenotypic
reaction observed on the plant leaf. However, the timing
of incompatible interactions between different avirulence
gene-cultivar combinations varies. Incompatible interac-
tions involving cultivars carrying Xa-10 were characterized
by an increase in the extracellular cationic peroxidase
within 16-24 hr, which coincided with a decrease in the
rate of bacterial multiplication (beginning at 24 hr) (Reim-
ers et al. 1992). In incompatible interactions with avrXa7,
the increase in cationic peroxidase activity and the decrease
in the rate of bacterial multiplication were not observed
until 48 hr. The timing and intensity of the browning
response characteristic of resistance also were delayed in
incompatible interactions with avrXa7 as compared with
avrXal0. Previously, differences in interactions between
PXO086 (a wild-type race 2 strain carrying both avrXa7
and avrXal0) and plants with Xa-7 or Xa-10 resistance
genes could have been explained as the effect of other genes
in PXO86. However, we have demonstrated that the timing
of the different interactions when avrXa7 and avrXal( are
in the same genetic background (PX099%) is the same as
that observed in the wild-type strain (PX086) (Figs. 2,3).
We, therefore, conclude that the timing of the physiological
and phenotypical reactions is dependent on the specific
avirulence-resistance gene combination. In addition, differ-
ences observed in the phenotypes of interactions after inocu-
lation with PX099* containing the chromosomal or plas-
mid-borne avirulence genes indicate that avirulence genes
may have a dosage effect in specific interactions. However,
more extensive characterization (e.g., growth curves and
insertion mapping) of the marker-exchanged mutants
(PX099"2A and PX099%15A) is necessary to confirm a
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dosage effect.

The cosmid clones with the functional avirulence genes
contain additional copies of the avrBs3 homologous
sequence with unknown function in tandem (Fig. 1). In
contrast, avr Bs3 and avrBs P, the two avirulence genes from
X. c. pv. vesicatoria, are not adjacent to one another, and
tandem, nonfunctional sequences are not present (Bonas
et al. 1989; Canteros et al. 1991). Clone pX06-33, which
encodes both avrxa5 and avrXal0 activities, contains two
BamHI fragments similar in size to those present in pXO5-
15, which encodes only avrXal0 activity. We are investi-
gating whether pXO05-15 and pX06-33 are overlapping
clones and, if so, whether avrxa$ activity is encoded by
the homolog A10L and is affected during cloning. Alter-
natively, the avrXal0 gene may be represented in more
than one copy on the genome or the same gene may encode
avrxa5 and avrXal0 activities in pX06-33.

The X. o. pv. oryzae avirulence genes, avrXa7 and
avrXal0, are very similar to avrBs3. We can account for
the differences in the sizes of the BamHI fragments con-
tained within the genes (avrBs3, 3.3 kb; avrXa7, 4.1 kb;
avrXal0, 3.1 kb) by the differences in estimated copy
numbers of the 102-bp repeat structure (17.5, 25, and 15.5,
respectively). Bonas et al. (1989) reported that the sequence
of the avrBs3 repeat motif is highly conserved, that is,
few differences in the nucleotide sequences were observed
among the repeats. Comparison of repeat units from
avrXal0 with those of avrBs3 suggests that the repeat motif
of avrXal( also is highly conserved even among different
Xanthomonas species, with the exception of a 6-bp variable
region (position 34 of the repeat). Herbers et al. (1992)
have shown that the specificity of the cloned avrBs3 gene
can be changed by deleting specific repeats within avrBs3.
We propose that the variation in sequence in the variable
region of different genes suggests that the region has some
relevance to the specificity of each protein product. The
arrangement of specific repeats within the gene, the se-
quence of a specific repeat unit, or a combination of ar-
rangement and sequence may provide the distinguishing
features of each gene with regard to avirulence specificity.
The high degree of similarity between the sequence of the
N-terminal and C-terminal domains of avrXal0 and avr Bs3
also supports the notion that the specificity of the different
avirulence genes lies within the repeat domain.

Our work adds to the growing list of related genes that
function to confer avirulence and extends the types of plants
with which they interact from dicots (pepper, Bonas et
al. 1989; tomato, Canteros et al. 1991; and cotton, Swarup
et al. 1992) to a monocot (rice). Although nothing is known
about how the avirulence genes function to confer re-
sistance, it is tempting to speculate that the sequence re-
latedness of the avr genes implies similarity in avirulence
gene function and in the mechanism of host recognition.
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