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The gene for cultivar-specific avirulence to Phaseolus vulgaris
cv. Tendergreen in races 3 and 4 of Pseudomonas syringae pv.
Phaseolicola was isolated and sequenced. Genomic clones from
libraries of race 3 in pLAFR1 and race 4 in PLAFR3, which
altered the phenotype of race 5 from virulent to avirulent in
Tendergreen, were found to possess a common ~15-kb region
of DNA that contained the determinant of avirulence. Subcloning
and insertion mutagenesis with Tn/000 located an avirulence gene
within a 1.4-kb Bglll/HindIIl DNA fragment in races 3 and 4.
Comparison of the nucleotide sequences of regions of DNA that
confer avirulence confirmed that both races have an identical
gene for avirulence (designated avrPph3) comprising 801 base
pairs (bp) and predicted to encode a cytoplasmic protein of 28,703

Da. A sequence, TGCAACCGAAT, 91% homologous to the motif
found in promoter regions of avrB and avrD from P. s. pv. glycinea
was located 89-99 bp upstream of the start of the open-reading
frame 1. Hybridization experiments showed that avrPph3 was
not plasmid-borne and was absent from isolates of P. s. pv.
Pphaseolicola races 1, 2, 5, 6, 7, and 8, P. cichorii, P. s. pvs.
coronafaciens, glycinea, maculicola, pisi, syringae, and tabaci.
Cosegregation studies of crosses between cultivars resistant (Ten-
dergreen) and susceptible (Canadian Wonder) to races 3 and 4
and transconjugants of race 5 confirmed that a gene-for-gene
relationship controls specificity in the interaction between Tender-
green and races 3 and 4 of P. s. pv. phaseolicola.

Additional keywords: halo-blight disease, hypersensitive reaction, pathogenicity, race-specific reaction.

Analysis of the virulence of isolates of Pseudomonas
syringae pv. phaseolicola (Burkholder) Young et al. and
the susceptibilities of cultivars and lines of Phaseolus vul-
garis L. and related species of Phaseolus from Africa has
provided new insights into specificity in halo-blight disease
of bean. Taylor et al. (1987) described the identification
of race 3 of P. 5. pv. phaseolicola, which was recognized
by the induction of a very rapid hypersensitive reaction
(HR) in leaves and pods of cultivar Tendergreen (Harper
et al. 1987; Hitchin et al. 1989). Subsequent studies have
revealed the existence of at least eight races that may be
differentiated based on the presence of five putative genes
for avirulence in P. s. pv. phaseolicola and five matching
genes for resistance as outlined in Table 1 (D. Teverson
and J. Taylor, in preparation).

A determinant of cultivar-specific avirulence in Tender-
green was cloned from the race 3 isolate 1301A (Hitchin
et al. 1989). A cosmid library of race 3 was prepared in
pLAFRI1 (Friedman et al. 1982), and individual clones were
conjugated into P. s. pv. phaseolicola isolate NCPPB 52,
which must now be described as race 5, which is a par-
ticularly efficient recipient for triparental matings. Trans-
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conjugants were tested for their virulence on cultivars Cana-
dian Wonder, Red Mexican, and Tendergreen (Table 1).
In this way, the presence of genes controlling avirulence
or virulence could be examined. None of the clones tested
altered the race 5 phenotype from avirulent to virulent
on Red Mexican (i.e., no virulence factors were found),
but two clones with a common ~19-kb EcoRI fragment
conferred avirulence in Tendergreen (Hitchin ez al. 1989).
A second gene for avirulence, which regulates induction
of the HR in Red Mexican, has been cloned from a race
1 isolate of P. s. pv. phaseolicola (Shintaku et al. 1989).

The isolation of genes that control avirulence in phyto-
pathogenic bacteria has clarified the molecular control of
race specificity (Staskawicz et al. 1987, 1988; Daniels
et al. 1988; Keen and Staskawicz, 1988; Bonas et al., 1989;
Kobayashi et al., 1989, 1990; Keen et al., 1990). However,
as pointed out by Crute (1986) there is a need for genetical
analyses of both host and parasite in any studies of putative
gene-for-gene relationships. Cosegregation of resistance to
a race of a pathovar of P. syringae and to transconjugants
that contain cloned avirulence genes has now been demon-
strated in two host-parasite interactions, the infection of
pea with P. s. pv. pisi (Vivian e al. 1989) and soybean
with P. s. pv. glycinea (Keen and Buzzell 1991). As part
of a program to use the bean-P. 5. pv. phaseolicola inter-
action as a model system to study determinants of specificity
at the classical genetic and molecular levels, we have char-
acterized a gene for avirulence towards Tendergreen in races
3 and 4 and examined the inheritance of resistance in the
host plant. The gene has been designated avrPph3 as an
avirulence gene from P. s. pv. phaseolicola complementary
to gene R3 for resistance to halo-blight in Phaseolus
vulgaris. Use of the conventional capital letter designation
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for the gene, according to Demerec et al. (1966) (i.e., avrA),
has been avoided to prevent possible confusion with avrA
from P. s. pv. glycinea.

MATERIALS AND METHODS

Bacteria and plasmids. Principal bacterial isolates, cos-
mids, and plasmids used are noted in Table 2; additional
strains and constructs are given in Hitchin ez al. (1989).
Isolates and transconjugants of P. s. pv. phaseolicola were
grown on King’s medium B agar at 25° C and Escherichia
coli strains on Luria-Bertani (LB) agar or in LB broth
at 37° C (King et al. 1954; Miller 1972). Antibiotics, ob-
tained from Sigma (Poole, Dorset), were usually used at
the following concentrations (ug ml™"): nalidixic acid, Nal
(50); streptomycin, Sm (25); tetracycline, Tc (15), and ampi-
cillin, Ap (40).

Cloning procedures. A genomic library of race 4 was
prepared with the basic methods described by Hitchin et
al. (1989), except that total DNA from P. s. pv. phaseolicola
was partially digested with Sau3 Al and fragments of 20-30
kb were ligated into the BamHI site of pPLAFR3 (Staskawicz
et al. 1987). The library was screened for determinants of
avirulence by conjugation of individual clones into race
S with the helper plasmid pRK2013 (Figurski and Helinski
1979). Transconjugants were tested for pathogenicity in
pods of Canadian Wonder, Red Mexican, and Tendergreen
(Hitchin et al. 1989).

DNA of pRK290, pLAFR3, and plJ3200 was isolated
from E. coli HB101 by the cleared lysate procedure (Clewell
and Helinski 1969) and was purified by CsCl/EtBr gradient
centrifugation (Maniatis et al. 1982). Restriction fragments
from pPPY310 and pPPY420 were cloned into pRK290
(BglI digests only), pLAFR3, or plJ3200 after recovery
of DNA from agarose gels using Geneclean (Stratech
Scientific, Luton). Ligations were performed with T4 DNA
ligase (Boehringer Mannheim Corp., Lewes, Sussex)
according to the manufacturer’s instructions. Avirulence
genes were also subcloned into pLAFR3 from pPPY423
by religation of a HindIII/ Bg/ll double digest. Small scale
preparations of plasmids were done with the methods of
Birnboim and Doly (1979) or Holmes and Quigley (1981)
Basic procedures for handling DNA were as described in
Maniatis et al. (1982) or Ausubel et al. (1987).

Insertion mutagenesis with TnZ000. The 8.5-kb BglIl
fragment of race 3 DNA cloned from pPPY310 into
pRK290 to form pPPY311 was found to confer cultivar-
specific avirulence. The avirulence gene was located on
pPPY311 by Tnl000 insertions (Auyer 1978). DNA of

pPPY311 was transformed into the E. coli F' strain K12S
and conjugated into the F~ strain AB1157; positive selection
for transconjugants was with streptomycm (25 ug ml™)
and tetracycline (10 pug ml™'). Plasmid DNA derived
from colonies of AB1157 (pPPY311) was isolated, and the
Tnl000 insertions were localized by restriction mapping
with BamHI and HindIII. Only about 50% of the plasmids
recovered were found to contain Tn/000. Those with in-
sertions in cloned DNA were mobilized into race 5 by
triparental mating and transconjugants were tested for
virulence.

Plants and pathogenicity tests. Leaves and pods of
cultivars of French bean were inoculated as previously
described (Harper ez al. 1987; Hitchin ez al. 1989). The
compatible interaction in pods is expressed by the devel-
opment of water-soaked lesions at sites of stab-inoculation
and in leaves by the collapse of infiltrated tissue during
the second day after inoculation and formation of chlorotic
halos after 5 days. Incompatibility to races 3 and 4 is
expressed by the HR observed as the formation of sunken
brown lesions in pods and the collapse of infiltrated leaf
tissue within 24 hr of inoculation (Harper et al. 1987).

The inheritance of resistance was examined in the F,
and F, populations of crosses between Canadian Wonder
(susceptible) and Tendergreen (resistant to races 3 and 4).
Ten families were derived from crosses with both cultivars
as the female parent. Crossing was performed as described
by Bliss (1980). Crosses with Canadian Wonder as the fe-
male parent were more frequently successful. In the analy-
sis of the segregating F, progeny, all strains and trans-
conjugants examined were inoculated into at least three
pods detached from each plant.

DNA hybridization experiments. DNA of genomic
clones and plasmids containing subcloned fragments was
recovered from E. coli by the cleared lysate method and
purified by CsCl/EtBr gradient centrifugation. Plasmid
DNA was isolated from P. s. pv. phaseolicola by the
methods of Birnboim and Doly (1979) and Kado and Liu
(1981). Total DNA was obtained from races of P. s. pv.
phaseolicola, pathovars of P. syringae, and P. cichorii with
the CTAB procedure described in Ausubel et al. (1987)
and Walters et al. (1990).

For genomic Southerns the 3.4-kb BamHI fragment
containing avr Pph3 and the predominantly intragenic 558-
bp Sspl fragment were 1solated from pPPY3001 and
pPPY4001, respectively, and **P-labeled in low melting
point agarose by the random priming method (Feinberg
and Vogelstein 1983) by using a Pharmacia oligolabeling
kit (Pharmacia Ltd., Milton Keyner, Bucks.). In other

Table 1. Proposed gene-for-gene relationships among bean cultivars and races of Pseudomonas syringae pv. phaseolicola

Races and avirulence (4) genes

Cultivars/lines and

resistance (R) genes 141) 2A42) 3(43) 4(A2+ A3) 5(41 + A2+ A4) 6(no A gene) 1Al + A2) 8(45)
Canadian Wonder (no R genes) s? S S N S S S S
Tendergreen (R3) S S R R S S S N
Red Mexican UI3 (RI + R4) R S S N R S R S
P. acutifolius 1072 (R2 + R4) S R S R R S R S
A53 (R3 + R4) S S R R R S S N
A43 (R2+ R3 + R4+ RS) S R R R R S R R

S or R, susceptible or resistant reactions in leaves characterized by the development of water-soaked lesions or limited, hypersensitive responses,

respectively.
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Table 2. Bacterial strains and plasmids used in this study

Strain

Relevant characteristics

Source or reference

Pseudomonas syringae pv. phaseolicola

Principal isolates used
52N Race 5° Nal"
1301AN Race 3 Nal’
1302AN Race 4 Nal’

Additional isolates used in

hybridization experiments
1281A Race 1
882 Race 2
1375A Race 5
1299A Race 6
1449B Race 7
2656A Race 8

P. cichorii
2379

P.s. pv. coronafaciens
1354

P.s. pv. glycinea
1416A

P.s. pv. maculicola
1820

P.s. pv. syringae
281

E. coli
ABI1157
K12S
HBI101

Helpers and vectors
pRK2013
pRK290
pLAFR1
pLAFR3
p1J3200
pBluescriptll SK+

pBR322

Clones containing the avirulence gene
pPPY310

pPPY311
pPPY312
pPPY313
pPPY410 and pPPY420
pPPY422
pPPY423
pPPY424

pPPY3001

pPPY3002
pPPY4001
Clones without avirulence activity

pPPY425
pPPY426

Lettuce pathogen

Oat pathogen

Soybean pathogen

Brassica pathogen

Lilac pathogen

Sm’, F~
F+
Sm’, recA pro gal

Km', Tra*, Mob*, ColEI replicon, helper plasmid
Tc', Tra~, Mob™, RK2 replicon
Tc', Tra™, Mob*, RK2 replicon, cosmid
pLAFRI1 containing Haell fragment of pUC8
pLAFR3 containing pBluescript polylinker
Ap’, ColEI replicon, multiple
cloning and priming sites
Ap', Tc', ColEI replicon

pLAFR1-based clone of race 3,
previously called p3A1000
8.5-kb Bgl/II fragment from pPPY310 in pRK290
3.4-kb BamHI fragment from pPPY310 in pLAFR3
1.9-kb Pst1/ Bglll fragment from pPPY312 in p1J3200
pLAFR3-based clones of race 4
3.4-kb BamHI fragment from pPPY420 in pLAFR3
2.1-kb Pstl fragment from pPPY422 in pLAFR3
1.4-kb Bglll/ HindIII fragment from pPPY423
in pLAFR3
3.4-kb BamHI fragment from pPPY312 in
pBluescriptIl SK+, internal Bg/II site near
the vector Xhol site
As pPPY3001 but with BamHI fragment in
opposite orientation
2.1-kb PstI fragment from pPPY423 in pBR322

0.54-kb Bglll/ HindIII fragment of pPPY424
0.86-kb HindIII fragment of pPPY424

Hitchin et al. 1989
Hitchin et al. 1989
J.D. Taylor®

D. Teverson®
D. Teverson
D. Teverson
D. Teverson
D. Teverson
D. Teverson

NCPPB*

Harper et al. 1987

J. D. Taylor

NCPPB

NCPPB

Howard-Flanders et al. 1964
Bachmann 1972
Boyer and Roulland-Dussoix 1969

Figurski and Helinski 1979
Ditta et al. 1980

Friedman et al. 1982
Staskawicz et al. 1987

Liu et al. 1990

Stratagene (Cambridge, U.K.)

Bolivar et al. 1977

Hitchin et al. 1989

This study
This study
This study
This study
This study
This study
This study

This study

This study

This study

This study
This study

*This isolate was previously described as race 1 (Hitchin e al. 1989). All isolates of P. s. pv. phaseolicola were differentiated into races according

to Table 1.

® Horticulture Research International, U.K.

¢ National Collection of Plant Pathogenic Bacteria, Harpenden, U.K.
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experiments to confirm restriction maps, fragments from
various clones were labeled in the same way.

DNA digested with the appropriate restriction endo-
nucleases was electrophoresed in 0.8% agarose gels before
Southern transfer onto Hybond nylon membrane (Amer-
sham International, Aylesbury, Bucks.). Hybridizations
were performed in 5X SSPE (0.9 M NaCl, 0.05 M sodium
phosphate, 0.005 M ethylenediaminetetraacetic acid, pH
7.7), 5X Denhardt’s solution (Maniatis ez al. 1982), 0.5%
sodium dodecyl sulfate (SDS), and 20 ug ml~' salmon sperm
DNA with gentle shaking for 18 hr at 65° C. Blots were
washed twice in 2X SSPE, 0.1% SDS at room temperature
for 10 min and then in 1X SSPE, 0.1% SDS at 65° C
for 15 min before preliminary autoradiography. A subse-
quent high stringency wash was done with 0.1X SSPE,
0.1% SDS at 65° C for 15 min before exposure to X-
ray film. Previously hybridized blots were stripped of
probes in 0.4 M NaOH (30 min at 45° C) and then
neutralized in 0.1X SSC (15 mM NaCl, 1.5 mM trisodium
citrate) 0.1% SDS, 0.2 M Tris-HCl, pH 7.5, for 15 min
at 45° C.

DNA sequencing. The 3.4-kb BamHI fragment from
pPPY312 was cloned in both orientations into pBluescriptIl
SK+to produce pPPY3001 and pPPY3002. These plasmids
were linearized with Kpnl and Xhol, followed by exo-
nuclease III digestion at the Xhol terminus for various
periods of time to produce a series of nested deletions.
Single-stranded DNA ends were removed by mung bean
nuclease digestion prior to recircularization of the plasmids.
Experimental details are as described in the Stratagene
handbook.

The 2.1-kb Pstl fragment from pPPY423 was cloned
into pBR322 at the Ps¢I site within the B-lactamase gene
to produce the plasmid pPPY4001. Tn/000 insertions in
this plasmid were generated as described previously for
pPPY311. The positions and orientations of insertions were
deduced from BamHI and Ps:1 digestions, and six different
clones were chosen as useful priming sites for sequencing
reactions.

The DNA sequence was determined by the dideoxy-
nucleotide method (Sanger et al. 1977) using T7 DNA
polymerase (Pharmacia) and modified T7 DNA polymerase
(Sequenase version 2.0, Pharmacia) and deoxyadenosine
5’-([«-**S] thio) triphosphate (1,200 Ci/ mmol; Amersham),
according to the manufacturer’s protocol for CsCl gradient-
purified plasmid DNA. Polyacrylamide gels contained 6%
acrylamide and 7 M urea. Oligonucleotide primers were
produced with an Applied Biosystems (Warrington, Lancs.)
DNA synthesizer. The M13 and T7 priming sites on pBlue-
scriptll SK+ were used on the nested deletion series derived
from pPPY3001 and pPPY3002 to obtain the sequence
of the gene from race 3. Primers corresponding to 53-37
bases from the v end and 48-32 bases from the & end of
Tnl1000, and to pBR322 bases 3556-3571 and 3638-3624
were used on the Tn/000 insertion clones of pPPY4001
to obtain the sequence of the gene from race 4. Additional
17-mer primers were made as required for sections not
obtainable from the series of deletions or Tn1000 insertions.
Occasionally it was necessary to substitute deoxyinosine
triphosphate for deoxyguanosine triphosphate to obtain
the sequence in areas of “compressions.”
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The sequences were analyzed with the PC-Gene version
6.26 (Genofit) computer package on an IBM PC-2 personal
computer. The EMBL (24), GenBank (65), SwissProt (15),
and Brookhaven databases were searched for homology
to the resulting DNA and predicted protein sequences. The
published sequences of other avirulence genes were also
compared individually with avr Pph3.

RESULTS

Isolation of a gene for avirulence from race 4. Two of
the 960 clones examined (pPPY410 and pPPY420) from
the pLAFR3-based genomic library of race 4 conferred
avirulence towards Tendergreen on the race 5 P. s. pv.
Pphaseolicola strain 52. Restriction mapping indicated that
the clones contained about 20 kb of race 4 DNA in com-
mon. Transconjugants of race 5 containing pPPY410 or
pPPY420 caused a rapid HR in leaves as well as pods
of Tendergreen. During initial screening, another clone
appeared to confer virulence to race 5 on Red Mexican,
because the transconjugant caused water-soaked lesions to
develop in pods of the three test cultivars. However, after
repeated mating the clone was found to have no effect
on pathogenicity. Analysis of the original recipient bac-
terium cured of the clone by growth in the absence of
tetracycline selection showed that it was a spontaneous
mutant of race 5 that had reduced ability to cause the
HR on Red Mexican.

Location of the gene for avirulence in genomic clones
from race 3 and race 4. The genomic clones containing
determinants of avirulence from races 3 and 4 were analyzed
by restriction mapping and hybridization experiments. The
clones contained a region of about 15 kb of homologous
DNA. Restriction fragment length polymorphism was indi-
cated by the presence of an additional EcoRI site in race
4 DNA as noted in Figure 1.

Different subcloning strategies were adopted with DNA
from race 3 in pPPY310 and from race 4 in pPPY420.
Thus, Bg/ll and BamHI fragments were initially cloned
from insert DNA in pPPY310 and pPPY420, respectively.

The 8.5-kb BgllII fragment from pPPY310 subcloned into
pRK290 (pPPY311) was found to be fully active. None
of the other Bg/II fragments from pPPY310 affected the
virulence of race 5 to cultivars of bean. Mutagenesis of
pPPY311 with Tnl000 located the determinant of aviru-
lence to a 0.9-kb region spanning the HindIII site within
a 3.4-kb BamHI fragment (Fig. 2). Most insertions within
the 0.9-kb region abolished HR-inducing activity in
Tendergreen but one, at the left border, caused an inter-
mediate phenotype, a mixture of water-soaking and tissue
browning, to develop.

Initial subcloning from pPPY420 showed that only the
3.4-kb BamHI fragment (cloned as pPPY422) conferred
avirulence. Further subcloning (Fig. 2) from pPPY310 and
pPPY420 with HindIIl, Pstl, and Bg/ll/ HindIII digests
to give pPPY313, 423, and 424 (Table 2) demonstrated
that the 1.4-kb Bg/ll/ HindIIl fragment containing the
region of pPPY310 defined by Tn/000 insertions alone
conferred avirulence to Tendergreen.

Gene-for-gene interaction. Subcloning and transposon
mutagenesis indicated that a single gene controlled the



avirulence of races 3 and 4 to Tendergreen. To test the
hypothesis that the gene for avirulence may have a matching
gene for resistance in Tendergreen, the virulence of wild
type races 3, 4, and 5, and transconjugants of race 5
containing the cloned avirulence gene was examined on
segregating F, progeny. After the initial crosses between

Canadian Wonder and Tendergreen, all F, progeny were
susceptible to race 5 but resistant to races 3 and 4, and
transconjugants expressing the avirulence gene. Results of
a typical pathogenicity test of pods from F, progeny are
illustrated in Figure 3. In the pods expressing resistance
(A,B,D), the HR has developed at sites inoculated with

pPPY310 ; ;
R S P id L
S N N
PPPY420 3 < i ! . o s
l I S N S LN AR 1K

V7 M 1Kb
bt bt

P Bg H H P

Fig. 1. Restriction maps of pPPY310 and pPPY420. Sites for BamHI (B), Bglll (Bg), and EcoRI (E) are given in the genomic clones and HindIIl
(H), and Pstl (P) in the common BamHI fragment. The EcoRI site unique to pPPY420 is marked with an asterisk.

Bg B B Bg
10 7.2
1Kb
pPPY311 § ‘\ AR —
/s N
d ~
e N
# N
/7 N
AN

1‘%4 % 95 1817 % N 1Kb

f } t t f

Bg H H P B
HR + Y31

Bg H H P
WA+ 1 ; pPPY424

Bg H H
HR — 1——1 pPPY425

Bg H
HR — i } pPPY426

H H

Fig. 2. Transposon mutagenesis of pPPY311 and subcloning of pPPY310 and pPPY420 to locate the avirulence gene. Sites of Tn/000 insertions
preventing or having no effect on ability to cause the hypersensitive reaction (HR) in cultivar Tendergreen are indicated by ¥ or V, respectively.
Mixed symptoms were produced by transconjugants harbouring insertion 12, marked V.
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races 3 and 4, and all of the transconjugants, but a water-
soaked (susceptible) lesion has been formed at the site of
inoculation with race 5. In the other pod (C), all inocu-
lations have produced water-soaked lesions. Without ex-
ception, when progeny expressed the HR to race 3, they
gave the same reaction to race 4 and all transconjugants.
That is, cosegregation for resistance to races 3 and 4 and
transconjugants was demonstrated.

Numbers of resistant and susceptible progeny in families
derived from either Canadian Wonder or Tendergreen as
the female parent are given in Table 3. Few F, seeds were
recovered from each family but, overall, numbers of re-
sistant and susceptible progeny were 95 and 26, respectively,
giving a good fit to the 3:1 ratio (x> = 0.796; P=0.50-0.30),
which was expected if resistance to races 3 and 4 in Tender-
green is controlled by a single dominant gene.

During the analysis of symptom development on numer-
ous pods, variations were observed in the form of water-
soaked lesions produced by certain transconjugants com-
pared with the race 5 recipient strain or isolates of race
3 or 4. Particularly on young pods, the lesions produced
by transconjugants containing small, subcloned fragments
were noticeably smaller and more sunken, although they
remained water-soaked and did not develop any browning
during the first four days after inoculation. The phenom-
enon was quantified after the inoculation of detached pods
of Canadian Wonder, and the results from one experiment
are given in Table 4.

Sequence analysis. Sequences of 3064 and 2081 bp were
determined from within the 3.4-kb BamHI and 2.1-kb Pst]
fragments from races 3 and 4, respectively. The sequences

differed only in the presence of cytosine at base 724 in
race 4 instead of adenine as found in race 3. A single open-
reading frame, ORF]I, of 801 bp, was located within the
sequence of the region defined by Tn/000 mutagenesis and
subcloning to control avirulence (Fig. 4). An incomplete,
possible coding region (ORF2) was identified downstream,
beginning at base 2348 (ATG). ORF1 was therefore identi-
fied as avrPph3.

There were no sequences similar to those of E. coli-like
transcription promoters upstream of ORF1 (viz. —35

Table 3. Cosegregation of resistance in the F, generation of the cross
of cultivars Canadian Wonder X Tendergreen to strains of race 3 and
race 4 and to transconjugants” of race 5 that harbor the cloned avirulence
gene

Of:‘::::l Numbers observed” x* analysis . S
parent Resistant Susceptible Source df (3:1)
Tendergreen 37 8 Deviations 1 1.25
(four families®) (P=10.3-0.2)
Canadian Wonder 58 18 Deviations 1 0.0675
(six families) (P=10.8-0.7)
Combined 95 26 Deviations 1 0.796
(P=10.5-0.3)
Heterogeneity | 0.579
(P=10.5-0.3)

* For details of the transconjugants examined see Figure 3.

" Resistance was expressed by the formation of restricted sunken brown
lesions and susceptibility by the development of spreading water-soaked
lesions with no browning within four days of inoculation.

° Each family made up the progeny from a single F, plant.

Fig. 3. Pathogenicity tests on pods from the F, progeny of a cross between cultivars Canadian Wonder and Tendergreen. The pods were from
plants A, B, C, and D from family 1. Dark green water-soaked or sunken brown hypersensitive lesions developed 5 days after inoculation with
(from left to right) wild types: races 5, 4, and 3; transconjugants: race 5 with genomic clone pPPY420 and subclones of PsiI, 2.1 kb (pPPY423),
and Bglll/ HindlIl, 1.4 kb (pPPY424), and race 5 with genomic clone pPPY310 and subclones of Bg/lI, 8.5 kb (pPPY311); BamHI, 3.4 kb (pPPY312),

and Pst1/ Bglll, 1.9 kb (pPPY313).
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TNTTGACA and —10 TATAAT; Rosenberg and Court
1979), nor for various P. putida consensus promoters
(Inouye et al. 1984; Mermod et al. 1984; Minton and Clarke
1985). There were no sequences showing similarity to
rho-independent transcription termination signals (Brosius
et al. 1981). The sequence TGGAACCGAAT, located 89-
99 bp upstream of the start of ORF1, was almost identical
to TGGAACCTAAT and TGGAACCAAAT found within
the promoter regions of avrB and avrD, respectively, from
P. s. pv. glycinea. Each of these sequences shares homology

610 620 630 640 650 66?
)

i i BglII | i
TTTCCACTAGGACGTCGAARTTGCGGAAGGTTATCARCGGCGAGATCTTTCAGGGCGGCG

670 680 690

1 1 ! casaaaias
GTGATCCCC'ETC}\CMCCTC&TRGCTC}\GTCC‘I‘RCCC}\M‘I’I‘TT

700 710 720
1 1

* 730 740 750 760 770 780

A : : 1 1 1 U
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with the conserved motif TGA/CAANC within the “harp
box” upstream of genes regulated by hrpS (Fellay et al.
1991). A purine-rich sequence resembling a ribosome-
binding site (Shine and Dalgarno 1974) was also situated
just upstream of the ATG codon.

Computer analysis of the amino acid sequence encoded
by ORF]I could find no sequences indicative of N-terminus
secretory signal peptides nor of sufficient hydrophobicity
as to be integral or associated with membranes. There was
no similarity to amino acid sequence motifs found in DNA-
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Fig. 4. Sequence of the avr Pph3 gene (ORF1) and its deduced amino acid sequence derived from the 3.4-kb BamHI fragment cloned from Pseudomonas
syringae pv. phgseo!fcala race 3 isolate 1301A. The single base difference in race 4 isolate 1302A at position 724 is marked as are selected restriction
endonuclease sites, a possible Shine-Dalgarno sequence (underlined) and the sequence with close homology to the motif found in the promoter

regions of avrB and avrD (boxed).
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binding proteins. A search of DNA and protein databases
revealed no sequences with significant homology to ORF1
or its deduced protein.

Hybridization to pathovars and races. Autoradiographs
from Southern blot analyses of total DNA are illustrated
in Figure 5. Sequences hybridizing to the 3.4-kb BamHI
fragment were found in races 3 and 4 of P. s. pv. phaseo-
licola as expected and also to race 8 under conditions of
high stringency. Hybridizing bands were also found in
digests of DNA from pathovars syringae and tabaci. When
the 558-bp Sspl fragment was used as a probe, hybridization
was only observed to DNA from races 3 and 4 even after
washing at low stringency (1X SSPE). Polymorphism
expected from analysis of genomic clones was clearly

Table 4. Formation of sunken water-soaked lesions in detached pods
of cultivar Canadian Wonder four days after inoculation®

Mean lesion Total sunken
Isolate or diameter + SEM"® score®
transconjugant (mm) (range)
Race 5 47+ 1.1 3(0-1)
Race 5 (pLAFR3) 4.6£0.7 3(0-1)
Race 5 (pPPY400)* 4.1+08 2(0-1)
Race 5 (pPPY420) 38+04 4(0-2)
Race 5 (pPPY423) 33x£038 10 (1-2)
Race 5 (pPPY424) 29405 7(0-3)

*Inoculations were made into six pods each with unexpanded seeds;
inocula were distributed so that, overall, no variation was introduced
by their position on the pod.

® Lesion diameter was measured at its widest point.

¢ The degree of sunkenness was scored on a 0-3 scale: 0, no sunken areas;
I, some sunken tissue; 2, more than 50%; and 3, 100% of the water-
soaked lesion sunken below the pod surface. The total score recorded
for each isolate or transconjugant and the range observed at individual
inoculation sites are given.

¢pPPY400 is a genomic clone from the race 4 library that does not affect
the virulence of race 5. Details of other plasmids are given in Table 3.

ch co g 4 pi s t

observed in EcoRI digests of total DNA. Hybridization
to the Sspl fragment was also observed with other isolates
of races 3 and 4 from diverse origins (data not shown).
Neither probe hybridized to plasmid DNA from races 3
or 4 isolated by the methods of Birnboim and Doly (1979)
or Kado and Liu (1981).

DISCUSSION

The discovery of isolates of P. s. pv. phaseolicola that
give the same HR phenotype on bean cultivar Tendergreen
but are differentiated by their abilities to colonize Phaseolus
acutifoliusline 1072 and the P. vulgaris line A43 has allowed
a critical appraisal of the genetic basis underlying cultivar-
specific avirulence in halo-blight disease. Analysis of the
Sau3Al genomic library of race 4 prepared in pLAFR3
failed to yield clones altering the phenotype of race 5 from
avirulent to virulent on cultivar Red Mexican. Similar
results were obtained with race 3 using an EcoRI library
prepared in pLAFRI1 and, therefore, potentially less repre-
sentative (Hitchin e al. 1989). Thus, there is no evidence
for the presence of genes in races 3 and 4 that confer cultivar-
specific virulence towards Red Mexican. The search for
the putative avr Pph2 in race 4 (Table 1) has been hampered
by the absence of a P. 5. pv. phaseolicola isolate virulent
on A43 (e.g., races 3 or 6), which functions as an efficient
recipient in triparental matings.

Subcloning and insertion mutagenesis with Tnl000
located the avrPph3 gene within a 1.4-kb Bgll1/ HindII1
fragment in races 3 and 4. Comparison of the nucleotide
sequences of the regions of DNA that confer avirulence
confirmed that they both have an identical gene for aviru-
lence, ORF1 comprising 801 bp and predicted to encode
a protein of 28,703 Da. The hydrophilic nature of the
encoded protein suggests that it is cytoplasmic and therefore

Fig. 5. Detection of hybridizing sequences in races of Pseudomonas syringae pv. phaseolicola and other pseudomonads. Southern blot analyses
of total DNA from isolates of: A and B, P. cichorii (ch), P. 5. pvs. coronafaciens (co), glycinea (g), maculicola (m), phaseolicola race 3 (3) and
race 4 (4), pisi (pi), syringae (s), and tabaci (t); C and D, P. 5. pv. phaseolicola races 1-8. Isolates are listed in Table 2. A and C show hybridization
to the 3.4-kb BamHI fragment containing avrPph3; B and D show hybridization to the 558 bp SspI fragment from the 3’ end of the avirulence
gene (Fig. 4). Total DNA (about 5 ug) was digested with EcoRI and electrophoresed in 0.8% agarose, probes were labeled with [2P]. No hybridizing
bands were seen on regions of the blots not shown. Sizes of the hybridizing bands in digests of races 3 and 4 are marked in kilobases. A HindIII
digest of lambda DNA was run between tracks of digests of races 5 and 6 DNA.
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probably not directly recognized by any receptor in the
plant. Preliminary analysis of the sequencing data for the
gene cloned from race 4 reported briefly by Jenner er al.
(1989) was found to be incorrect.

With the possible exception of avr Bs3 (Bonas et al. 1989)
all the avirulence genes sequenced to date also appear to
encode cytoplasmic proteins and it has been shown that
for avrC and avrD (Tamaki et al. 1988; Keen et al. 1990),
their protein products do not elicit the HR when injected
into leaves of the appropriate cultivar of soybean. A culti-
var-specific elicitor has been isolated from E. coli over-
expressing avrD (Keen et al. 1990), but the links between
avrD, the elicitor, and the corresponding resistance gene
(Rpg4 in soybean) remain unclear. We have been unable
to express the avrPph3 protein with the vectors pUCI28
and pUCI129 (unpublished results).

The function of avirulence genes in bacteria is unknown.
A link with pathogenicity has been tentatively assigned
to avrBs2 (Kearney and Staskawicz 1990). Homology be-
tween different genes is rare, each sequence tending to be
unique. The nucleic acid and amino acid sequences of ORF1
were compared directly with those of avr4 (Napoli and
Staskawicz 1987), avr B (Tamaki et al. 1988), avrC (Tamaki
et al. 1988), avrD (Kobayashi et al. 1990), avrBsI (Ronald
and Staskawicz 1988), and avrBs3 (Bonas et al. 1989), but
no regions of homology were found.

The discovery of a potential —60 promoter sequence
similar to those thought to be regulated by ArpS (Fellay
et al. 1991) provides further evidence for a possible link
between genes for pathogenicity and avirulence. Arp R and
hrpS form a two-component sensor system that has been
shown to influence the expression of avrB (Huynh et al.
1989; Fellay et al. 1991). Although avrPph3 appears to
be located on the chromosome, restriction maps of the
DNA region in which the gene was located bear no simi-
larity to that of the P. s. pv. phaseolicola hrp region (Lind-
gren et al. 1986; Rahme et al. 1991).

The absence of sequences hybridizing to the 558-bp Sspl
probe clearly demonstrates that P. cichorii and the other
P. syringae pathovars or races examined do not contain
functional avr Pph3 genes. The significance of the hybridiza-
tion observed when the 3.4-kb BamHI probe was used
remains unknown. A similar absence of sequences hybrid-
izing to avrA and avrB was found in races of P. s. pv.
glycinea, which lack these avr genes (Staskawicz et al. 1987).

In the analysis of F, progeny, the failure to obtain segre-
gation between reactions to races 3 and 4, and to trans-
conjugants of race 5 that harbor clones conferring aviru-
lence demonstrates that a single gene controls the avirulence
of isolates of races 3 and 4 to Tendergreen. The inheritance
of resistance in P. vulgaris is consistent with the presence
of a single dominant gene for resistance to both races.
Thus, results confirm the operation of a gene-for-gene rela-
tionship in bean halo-blight disease. The biochemical regu-
lation of induction of the HR remains to be determined.

Quantitative examination of symptoms produced by
transconjugants of race 5, which harbor subclones that con-
tain avirulence genes, revealed small but consistent alter-
ations to the compatible phenotype in young pods. Water-
soaked lesions developed more slowly and were more
sunken than those produced by race 5 alone or those that

harbored original genomic clones. Regions of DNA flank-
ing the avirulence genes may therefore regulate their activity
and allow the expression of full pathogenicity of races 3
and 4 on cultivars that lack the gene for resistance in Tender-
green.
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