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The avirulence gene matching the R2 gene for resistance
to halo-blight disease in Phaselous was cloned and se-
quenced from race 4 strain 1302A of Pseudomonas syrin-
gae pv. phaseolicola. The predicted 41-kDa AvrPphE pro-
tein is hydrophilic, has no features that indicate function,
and no similarity to other protein sequences. The pro-
moter region of avrPphE contains a “harp box” motif. The
gene was expressed more strongly in minimal than in nu-
trient-rich media. Lower concentrations of the phytoa-
lexin phaseollin accumulated in tissue undergoing the hy-
persensitive reaction (HR) determined by avrPphE than
by avrPphB. Homologs of avrPphE were detected in
strains representing eight races of P. s. pv. phaseolicola
including those virulent on cultivars with the R2 resis-
tance gene, and in P. s. pv. tabaci but not in P. cichorii or
P. 5. pvs. coronafaciens, glycinea, maculicola, pisi, or sy-
ringae. Disruption of avrPphE prevented induction of the
HR but did not appear to affect basic pathogenicity.
Transposon mutagenesis and DNA sequencing showed
that avrPphE was linked to hrpY a hrp locus identified at
the left end of the hrp gene cluster. Sequence analysis
showed that the region linked to avrPphE was very similar
to DNA containing hrp genes from P. s. pv. syringae in-
cluding hrpJ, hrpL, and hrpK.

Additional keywords: gene-for-gene interactions, Phaseolus
acutifolius, Phaseolus vulgaris.

The ability of Pseudomonas syringae pv. phaseolicola to
cause halo-blight disease in cultivars of Phaseolus vulgaris L.
is determined primarily by three sets of genes that control 1)
basic pathogenicity (hrp genes), 2) toxin production, and 3)
cultivar-specific avirulence (avr genes). The hrp genes de-
termine ability to multiply within susceptible plants and to
cause a hypersensitive reaction (HR) in resistant plants (Lind-
gren et al. 1986, Willis et al. 1991). hrp genes are highly con-
served in pathovars of P. syringae (Lindgren et al. 1988). In
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P. 5. pv. phaseolicola strain 3121 they have been reported to
include seven contiguous loci hrpL, hrpAB, hrpC, hrpD,
hrpE, hrpF, and hrpRS found in a 22-kb cluster on the bacte-
rial chromosome, and also three unlinked genes, namely, hrpM,
hrpT, and hrpQ (Grimm and Panopoulos 1989; Rahme et al.
1991, 1992; Fellay et al. 1991, Miller et al. 1993).

Production of the zone of chlorosis around infection sites
which is the characteristic symptom of halo-blight disease in
leaves requires genes for the synthesis of the phytotoxic
tripeptide phaseolotoxin (Mitchell 1978, 1984; Moore et al.
1984; Zhang et al. 1993). Although toxin production is re-
quired for full symptom development, fox™ mutants multiply
at the same rate as wild-type strains within susceptible plants
(De la Fuente-Martinez et al. 1992).

The third set, avr genes, comprises loci which determine
cultivar specificity. Recent characterization of strains of P. s.
pv. phaseolicola based on their virulence towards Phaseolus
genotypes has demonstrated the existence of gene-for-gene
interactions based, in theory, on the presence of five genes for
avirulence (AI-5) in P. s. pv. phaseolicola which match five
genes for resistance (RI-5) in bean as outlined in Table 1
(Jenner et al. 1991; Teverson 1991; Taylor ez al. 1995a, 1995;
Teverson et al 1994). Incompatibility is expressed by the
hypersensitive reaction (HR), at inoculation sites in leaves
and pods (Harper et al. 1987; Jenner et al. 1991). The HR re-
sulting from the R3/A3 interaction occurs more rapidly and is
associated with more distinct browning than is observed with
other resistance genes. Symptoms produced by different strains
including eight races of P. s. pv. phaseolicola, following stab
inoculation of a pod of cv. A43 are illustrated in Figure 1.

Molecular cloning of avirulence genes avrPphA.RI and
avrPphB.R3 (named as proposed by Vivian and Mansfield
1993) which match resistance genes RI and R3, respectively,
has confirmed part of the gene-for-gene relationship proposed
in bean halo-blight disease (Hitchin et al. 1989; Shintaku et
al. 1989; Jenner et al. 1991; Taylor et al. 1995a, 1995b).
Additional avr genes cloned from P. s. pv. phaseolicola;
avrPphC and avrPphD, determine ability to cause the HR on
certain cultivars of the non-host plants soybean and pea, re-
spectively (Yucel ef al. 1994; Wood et al. 1994). Both of the
non-host avr genes are located on an ~150-kb plasmid.

Avirulence genes avrB in P. s. pv. glycinea and avrD,
avrE, avrPto, and avrRpt2 from P. s. pv. tomato have been



Table 1. Interaction phenotypes* observed between strains of Pseudomonas syringae pv. phaseolicola and genotypes of Phaseolus used in this work inter-

preted on the basis of five matching pairs of genes for avirulence and resistance

Cultivars/lines and matching resistance (R) genes

Strain, avirulence

Phaseolus acutifolius

(A) genes and Canadian Wonder Tendergreen Red Mexican UI3 Ad3 1072
race designation No R genes (R3) (RI+R4) (R2+R3+R4+RS5) (R2)
1281A (A1)

race 1 S S R S S
882 (A2+A5)

race 2 S S S R R
1301A(A3)

race 3 s R S R s
1302A (A24A3)

race 4 S R S R R
1375A (Al+A2+A4)

race 5 S S R R R
1448A (No A genes)

race 6 S S S S S
1449B (A1+A2)

race 7 S S R R R
2656A (AS5)

race 8 S S S R S

*SorR, susceptible or resistant reactions, respectively.

found to be regulated by loci which are homologous to hrpS
and hrpL from P. s. pv. phaseolicola (Huynh et al. 1989; In-
nes et al. 1993; Salmeron and Staskawicz 1993; Shen and
Keen 1993; Lorang and Keen 1995). Conserved regions (so-
called “harp boxes”) associated with regulation by hrp genes,
have been located within promoters of several avr genes from
pathovars of P. syringae (Jenner et al. 1991; Dangl et al.
1992; Innes et al. 1993; Salmeron and Staskawicz 1993; Shen
and Keen 1993). In P. s. pv. tomato, avrE is physically linked
to hrpRS at the right border of the hrp cluster (Lorang and
Keen 1995).

Here we describe the isolation and molecular characteriza-
tion of the avirulence gene avrPphE from P, s. pv. phaseoli-
cola race 4 strain 1302A which matches R2 in Phaseolus
(Table 1). Sequences hybridizing to an internal probe from
avrPphE were found in strains representing eight races of P.
s. pv. phaseolicola but gene disruption experiments showed
that the avr gene had no obvious effect on the basic path-
ogenicity of the halo-blight bacterium. Serendipitously, how-
ever, sequence analysis showed that the avrPphE gene was
closely linked to hrpY, a new hrp locus identified at the left
end of the previously reported hArp gene cluster from P. s. pv.
phaseolicola strain 3121 (Rahme ef al. 1991). The region of
the hrp cluster linked to avrPphE in strain 1302A was very
similar to DNA containing hrp genes in P. s. pv. syringae
including hrpJ, hrpL, and hrpK; there was, however, no ho-
mology to the hrmA locus from this bacterium (Huang et al.
1988, 1991; Heu and Hutcheson 1993; Xiao er al. 1992; Xiao
and Hutcheson 1994; Xiao et al. 1994).

RESULTS

Avirulence genes cloned from race 4 isolate 1302A.
Attempts to isolate the A2 gene from the genomic library of
race 4 strain 1302A prepared in pLAFR3 by Jenner er al.
(1991) were initially hampered by the absence of a suitable
strain of race 6 (virulent on plants with R1, R2, R3, R4, or R5)
which acted as an efficient recipient of cosmid clones. How-
ever, examination of 20 different isolates with the race 6
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Fig. 1. Compatible and incompatible interactions in A43 (R2 + R3 + R4 +
R5). Inoculation with strains or transconjugants containing matching
avirulence (A) genes led to the development of hypersensitive reactions.
The pod was inoculated from left to right, with strains of race 1, 1281A
(A1); race 2, 882 (A2 + AS5); race 3, 1301A (A3); race 4, 1302A (A3 +
A2); race §, 52 and 1375A (both Al + A2 + A4); race 6, 1448A (no A
genes); transconjugants, 1448A(pPPY310, with A3) and 1448A(pPPY430,
with A2); race 7, 1449B (A1+A2) and race 8, 2656A (AS). R3/A3 interac-
tions cause a more severe HR.

pathotype led to the identification of the receptive strain
1448A (Fillingham et al. 1992). The library was subsequently
screened for avr genes by mobilization into a nalidixic acid
resistant strain of 1448A and transconjugants tested for al-
teration in their virulence towards cvs. A43 (R2 + R3 + R4 +
R5) and Tendergreen (R3). Four of the 960 clones examined
conferred avirulence towards A43 on race 6. Two of the clones
also conferred avirulence towards Tendergreen and were
identified as pPPY410 and pPPY420, cosmids carrying
avrPphB.R3 (avrPph3 in Jenner et al. 1991). The two novel
clones (pPPY430 and pPPY440) caused an HR in A43 but
not on Tendergreen. The HR induced by race 6 (pPPY430)
was very similar in speed of tissue collapse and cell browning
to that caused by strains of races 2, 5, and 7 in A43 (Fig. 1).
Race 6 (pPPY440) caused a very similar reaction but at a few
sites a mixture of sunken, brown, and water-soaked tissue was
produced. Both plasmids, pPPY430 and pPPY440, also con-
ferred avirulence towards the tepary bean (P. acutifolius) line
1072 but had no effect on cultivars such as Canadian Wonder,
Guatemala, AS53, Horsehead, and Red Mexican which are
considered to lack R2. Analysis of F, progeny from a cross
between A43 (proposed R2 + R3 + R4 + R5) and Tendergreen
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(R3) revealed that resistance to race 6 (pPPY430) segregated
in a manner as expected for regulation by a single dominant
gene in A43. The observed ratio of 29 susceptible to 16 resis-
tant plants was not significantly different from the expected
3:1 ratio (¥2 = 2.674, P = 0.1-0.2). Results obtained therefore
indicated that the cloned avirulence gene in pPPY430 (desig-
nated avrPphE) matched the R2 gene as described by Tever-
son (1991) and Taylor et al. (1995b).

Comparison of the HR phenotype
determined by R2 and R3.

The avrPphE/R2 and avrPphB/R3 interactions gave visibly
different responses in A43 (Fig. 1). Phytoalexin accumulation
and bacterial multiplication within lesions in pod tissue un-
dergoing the different forms of HR to transconjugants of race
6 were compared. Higher levels of phaseollin were recovered
during the expression of R3 than R2 (Fig. 2), but bacterial
populations reached after 4 days were very similar. Bacterial
growth was clearly restricted during expression of the HR
(Table 2).

Location of avrPphE next to the hrp cluster.

The genomic clones pPPY430 and pPPY440 were analyzed
by restriction mapping and hybridization experiments. The
clones shared a region of about 8.5-kb of insert DNA. There
was an obvious similarity between the map of pPPY430 and
the hrp cluster reported by Rahme er al. (1991). Hybrid-
ization experiments using a probe from pPL11 which contains
several hrp loci (Lindgren er al. 1988, 1989), confirmed ho-
mology to sequences in pPPY430 but not pPPY440 (data not
shown). The relationship between pPPY430 and the hrp
cluster as reported by Rahme er al. (1991) is summarized in
Figure 3.
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Fig. 2. Phytoalexin accumulation at infection sites in pods of A43.
Phaseollin concentrations were determined following inoculation with
the virulent race 6 strain 1448A (square), and with transconjugants race 6
[pPPY 310] (diamond), and race 6 [pPPY430] (circle), which induce
resistance determined by the R3 and R2 genes respectively. Data are the
mean = SEM determined from three or four samples.
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Tn3-gus mutagenesis was performed on pPPY430 to locate
avrPphE. The position and orientation of transposon in-
sertions studied are shown in Figure 3. The 5.5-kb of DNA at
the left end pPPY430 had a high frequency of insertion events.
Five insertions in a 1.1-kb region spanning EcoRI and HindIII
sites completely abolished HR-inducing activity in bean cv.
A43 and P. acutifolius 1072. Insertions 148 and 150 mapping
to identical positions to the right of the 1.1-kb region did not
abolish avirulence activity completely but led to a mixed
phenotype with some water-soaking. Sub-cloning confirmed
that the region defined by transposon mutagenesis contained
the functional avirulence gene (Fig. 4).

Production of B-glucuronidase (Gus) from the transposon
insertions in and around avrPphE was determined in a simple
qualitative plate assay. Transconjugants of 1448A containing
mutagenized pPPY430 were patched onto King’s medium B
or minimal agar (+ 0.2% glucose or fructose) containing the
chromogenic Gus substrate. Colonies producing B-glucuroni-
dase were indicated by blue coloration as summarized in Ta-
ble 3. Strong activity was found from inserts 46 and 168 from
within avrPphE when P. s. pv. phaseolicola was grown on
minimal media but not on nutrient rich King's B. The direc-
tion of transcription of avrPphE was determined to be from
right to left as indicated in Figure 3. Medium composition
appeared to have no effect on gus expression from insert 103
downstream of avrPphE.

Sequences hybridizing to avrPphE
occur in eight races of P. s. pv. phaseolicola.

The 0.55-kb Hindlll/EcoRI internal fragment of avrPphE
was used as a probe to Southern blots of total DNA from
eight races of P. s. pv. phaseolicola and strains of a range of
pathovars of P. syringae. Although only races 2, 4, 5, and 7
have the A2 phenotype conferred by avrPphE, hybridizing
fragments were found in all strains of P. s. pv. phaseolicola
with no polymorphism revealed after digestion with EcoRI (6
kb), HindIIl (23 kb), or Psi (1.5-kb fragment). Similar hy-
bridizing fragments were also detected in DNA from P. 5. pv.
tabaci but no hybridization was detected to DNA from strains
of P. cichorii or P. syringae pvs. coronafaciens, glycinea,
maculicola, pisi, or syringae (Fig. 5).

Marker exchange experiments reveal a new hrp gene.

Several transposon insertions in pPPY430 including num-
ber 46 which inactivated avrPphE, were transferred by mark-
er gene exchange into strains of races 6 and 7. Attempts to
transfer insertions to strain 1302A, race 4, the source of the
genomic library, failed because of our inability to mate or
electroporate clones into this strain (Jenner ef al. 1991). The
results of pathogenicity tests done with the marker exchange
derived mutants are summarized in Table 4 and Figures 6 and
7. Table 2 includes data on the recovery of bacteria from in-
oculation sites. Genomic disruption of the avrPphE gene pre-
vented induction of the HR in A43 and P. acutifolius. As
indicated by symptom development and bacterial multiplica-
tion, disruption of avrPphE in races 6 and 7 did not appear to
reduce pathogenicity.

Interestingly, insertion 148, which modified the HR caused
by pPPY430 and was thought to be outside the hArp gene
cluster in P. s. pv. phaseolicola, when transferred into the ge-
nome of races 6 and 7 resulted in greatly reduced pathogen-



icity and failure to cause the HR in tobacco (Tables 2 and 4,
Figs. 6 and 7). The Tn3-gus 148 mutants were, however, not
completely Hrp~ in phenotype in bean as very small water-
soaked lesions were produced in pods of susceptible cultivars
such as Tendergreen and a very localized HR developed around
sites in pods of A43 inoculated with race 7::148 (Fig. 6). Tn3-
gus 173 mutants in races 6 or 7 also caused very reduced
symptoms in bean pods, but insertions 83 or 143 in both races
caused a completely Hrp- phenotype, as summarized in Table
4, Exchange of transposon 141, which lies just outside
avrPphE did not affect the virulence of race 7 but rendered
race 6 avirulent on A43 presumably because of the transfer of
a functional avrPphE gene. The reactions illustrated in Fig-
ures 6 and 7 show how insertions modified responses in bean
and tobacco, respectively. The Hrp~ mutants all multiplied as
well as the wild-type strains in minimal, LB, and KB media
(data not given).

Based on the map of the hrp region from P. s. pv. phas-
eolicola published by Rahme er al. (1991) as outlined in Fig-

ure 3, insertions 83 and 143 were considered to be in hrpL
and 173 in hrpF. Insertion 148 had, however, revealed the
presence of a new hrp gene, designated hrpY, outside the pro-
posed limits of the hrp cluster (Rahme et al. 1991). To define
the location of hrpY, the subclone pPPY437 and genomic clones
pPPY430 and pPPY440, were mobilized into 1448::148 in an
attempt to complement the hrp~ mutation. The 1448::148
transconjugants containing pPPY430 were fully pathogenic to
Canadian Wonder, Red Mexican, and Tendergreen and caused a
rapid HR in pods of A43 but the 148 mutation was not com-
plemented by the other plasmids. This result confirmed that
pPPY437 does not contain a functional hrpY gene. The ge-
nomic clone pPPY430 also complemented the 1448::143 and
1448::173 mutants.

Sequence analysis of avrPphE and linked hrp genes.

The nucleotide sequence was determined for the 5,360-bp
region of DNA containing avrPphE and flanking genes in the
hrp cluster. Four open reading frames (ORFs) were identified

Table 2. Bacteria recovered from infection sites in pods of A43 4 days after inoculation

Logyo cfu recovered

Strain Feature Plant reaction® + SEM®
Derivatives of 1448A
1448A Race 6 wild type S 8902
1448A (pPPY310) With avrPphB HR 7.5+06
1448A (pPPY430) With avrPphE HR 7.6x0.1
1448A::46 Insertion in avrPphE homologue S 92x0.2
1448A::148 Insertion in hrpY N/S- 62+0.3
1448A::143 Insertion in hrpL N 41+02
Derivatives of 1449B
1449B Race 7 wild type HR 6.9 £0.1
1449B::46 Insertion in avrPphE S 85+03

*§ = susceptible, large water-soaked lesion, HR = hypersensitive reaction, N = no symptoms, N/S- = no symptoms or severely limited water-soaking.

Reactions are illustrated in Figure 6.

b Pods were inoculated with approximately 108 cells at each site, The values are recoveries from sites in three separate pods.
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Fig. 3. Restriction map of pPPY430, cloned from race 4, showing the position of Tn3-gus insertions which prevent (1) or have no effect on (T) ability to
cause the HR in cultivars with the R2 gene. Insertions 148 and 150 modify but do not prevent the HR. Italicized numbers indicate insertion of the trans-
poson giving transcription of gus from left to right and other numbers right to left. avrPphE is located to the left of the cluster of hrp loci L, AB, C, D, E,
F, and RS shown as defined by Rahme et al. (1991). Restriction sites for BamHI (Bm), BglII (Bg), EcoRI (E), and HindIII (H) are marked; * indicates site

in the vector.
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Fig. 4. Subcloning of the inserts in pPPY430 and pPPY440 to locate the
avrPphE gene. The reaction of P. acutifolius and A43 to transconjugants
of race 6 strain 1448A containing the clones is indicated.. The genomic
clone, pPPY440 gave a slightly weaker HR,(++) than pPPY430, (+++).
The Bglll/BamH]1 fragment in pPPY437 gave the same phenotype as
pPPY430, (both scored as HR+++ ), whereas none of the other sub-
clones affected the virulence of race 6 (HR-). Restriction sites for BamHI
(Bm), Bglll (Bg), EcoRI (E), HindIll (H), and Pstl (P) are marked in
pPPY437, only selected sites are shown in the other clones. Only parts of
the inserts in the genomic clones are illustrated; * indicates site in the
vector.

Table 3. Histochemical estimation of B-glucuronidase (Gus) production
by transconjugants of strain 1448A containing pPPY430 mutagenized
with Tn3-gus

Intensity of blue staining indicating Gus
activity in colonies growing on agar media

Minimal Minimal
Transposon insertion +0.2% +0.2%
in pPPY430" King’s B glucose fructose
103 ++ +++ ++
14 or 141 0 0 0
168° + ++ +++
46° + +++ 4+
148,83 or 143 0 0 0

* Selected transposons are listed as located from left to right in pPPY430
(Figure 3),

®0 = no blue color; + to ++++ increasing pigment production.

¢ Insertions within avrPphE.

730 / Molecular Plant-Microbe Interactions

which, based on published sequences (Huang et al. 1993;
Xiao et al. 1994) and our genetic analysis, were most likely to
correspond to the hrpJ, hrpL, hrpY, and avrPphE genes
(Figure 8). As predicted from complementation experiments,
the hrpY ORF extended beyond the BamH]1 site of pPPY437
(Figure 4). The sequence is presented in Figure 9 in the op-
posite orientation to the restriction map (Figure 8) as all
genes except hrpJ were transcribed from right to left. Special
features indicated include the sites of key transposon inser-
tions 141, 46, 148, 83, and 143 and the end of insert DNA in
pPPY440, all of which were determined by sequencing.
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Fig. 5. Southern hybridization (high stringency) of HindIII digested total
DNA from different strains of Pseudomonas syringae using the 0.55-kb
EcoRI/HindIII fragment from within avrPphE (see Fig. 3 ) as a probe. A,
Races 1,2, 3,4, 5, 6,7, and 8 of P. s. pv. phaseolicola and, B, Pseudo-
monas cichorii (ch), P. s. pvs. coronafaciens (co), glycinea (g), macu-
licola (m), tabaci (1), phaseolicola race 3 (3), pisi (pi), and syringae (s).
P. 5. pv. tabaci and all races P. s. pv. phaseolicola but not the other
pathovars contain a single hybridizing fragment (23-kb).

Table 4. Pathogenicity of mutants derived by marker exchange of Tn3-
gus insertions in pPPY430

Interaction on pods of bean cultivar

Canadian Red
Strain Ad3 Wonder Mexican Tendergreen
1448A race 6 S S S S
wild type
1448A::141 HR S S S
1448A::46 S S S S
1488A::143 N N N N
1488A::83 N N N N
1488A::148 N/S- N/S- N/S- N/S-
1488A::173 N N N N
1449B race 7 HR S HR S
wild type
1449B::141 HR S HR S
1449B::46 S S HR S
1449B::148 N/HR- N/S- N/HR- N/S-
1449B::173 N/HR- N N/HR- N

*$ = susceptible, large water-soaked lesion, HR = hypersensitive reac-
tion, N = no symptoms, N/S— = no symptoms or severely limited water-
soaking, N/HR- = no symptoms or very localized weak HR. Reactions
are illustrated in Figure 6.



Database searches revealed striking similarity with recently
published sequences from the left end of the P. 5. pv. syringae
hrp cluster. The incomplete ORF at the beginning of our se-
quence encoded part of a protein with 95% identity to the
corresponding region of HrpJ from P. s. pv. syringae (Huang
et al. 1993). Transposons 83 and 143 which confer a clear
Hrp~ phenotype, were inserted into a small ORF transcribing
from right to left. This ORF was designated the structural
gene of hrpL as the predicted protein product was 93% iden-
tical to HrpL from P. s. pv. syringae (Xiao et al. 1994); the
two protein sequences are aligned in Figure 10. No ORFs
were found which agreed with the proposed location of hArpL
in strain 3121 (Figure 3 and Rahme er al. 1991). The pre-
dicted HrpY protein sequence was 96% identical to HrpK
from P. s. pv. syringae over the first 615 amino acids but our
data indicated that the hrpY ORF extended 383 bp beyond
hrpK to generate a different C terminus (Heu and Hutcheson
1993; Xiao et al. 1994). Overall, the homology with DNA
sequences from P. s. pv. syringae broke down only at the end
of the hrpY ORF, 617 bp downstream of the end of the coding
region of hrmA, which was located in the same position as
avrPphE. The breakdown in similarity is located in Figure 9.
The 2.1-kb BamHI fragment containing hrpL and parts of hrpJ
and hrpY was also found to be virtually identical to DNA from
P. s. pv. glycinea (R. Innes, personal communication).

TG RM A43

6(pPPY437)

Fig. 6. Reactions in pods of bean cultivars Tendergreen, TG, (R3), Red
Mexican, RM, (R] + R4) and A43 (R2 + R3 + R4 + R5), 3 days after
inoculation from top to bottom with the race 6 strain 1448A, race 7 strain
1449B, the transconjugant of race 6 1448A(pPPY437) which expresses
avrPphE, marker exchange mutants 1448A::46, 1449B::46, 1448A::148,
and 1449B::148. The race 6 strain 1448A is virulent on all cultivars.
Race 7 strain 1449B is predicted to contain avirulence genes matching R/
and R2. The transposons 46 and 148 are in avrPphE (which matches R2)
and hrpY, respectively. As predicted, the insertion in avrPphE in 14498
prevents the HR in A43 but not in Red Mexican.

A sequence conforming to the original “harp box ™ motif as
described by Fellay er al (1991) was located upstream of
avrPphE but within the coding region of hrpY (Fig. 9). The
hrpY and hrpJ genes were preceded by the revised “harp
box" which has been found upstream of most avr genes from
pathovars of P. syringae (Innes et al. 1993). The proposed
hrpL gene did not contain such a motif in its putative pro-
moter. A potential o3 promoter consensus for Pseudomonas
(Deretic et al. 1989; Shen and Keen 1993) was found up-
stream of hrpL (as reported for hArpL from P. s. pv. syringae
by Xiao et al. 1994) and also before an alternative ATG start
of hrpY.

Hydrophilicity plots for the predicted proteins encoded by
the genes avrPphE, hrpL, and hrpY are given in Figure 11.
AvrPphE encodes a 41-kDa hydrophilic protein with no
membrane spanning regions or structural motifs indicative of
function. No homologies were found between AvrPphE or
HrpY and proteins in databases. The hrpY product is pre-
dicted to be a predominantly hydrophilic protein of 80-kDa
with a hydrophobic domain at the C terminus. HrpL is pre-

6
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Fig. 7. Reactions at interveinal infiltration sites in tobacco leaves 3 days
after inoculation with race 6 strain 1448A, or marker exchanged mutants
of race 6 with Tn3-gus insertions 148, 143, and 173 giving the Hrp~
phenotype or 46 which does not affect the HR. Each of the hrp” mutants
has caused very slight yellowing.

I;' III E P E Blm B'Im
| |
'i avr PphE 'I hrp Y Hhrp L H hrp J
- - - —>
} 1kb |

Fig. 8. Location of open reading frames for avrPphE, hrpY, hrpL, and
part of hrpJ within the 5,360-bp fragment of DNA sequenced. Restriction
sites for BamHI (Bm), PstI (P), EcoRI (E), and HindIII (H) are marked.
The directions of transcription are indicated by arrows.
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GGATCCACCTTCAGGTCAGGGTTCTTG ‘I'TG[G'#TG\,GELC&AGEQGGTB'"'AC&ACEKCGEAAC&ACG 70
Asp Vol Lys Leu Asp Pro Asn Lys Asn Arg Met Arg Gly Leu Leu His Glu Cys Gly A~g Leu Leu Thr

TCGTCACGTGCCGTGCTGTGGTCAGCCCGTGCATCAACGT GEGCﬂoCTG TEATGI\G#T«CCBA#GGGGT 140
Thr Vo His Arg & Thr Thr Leu Gly His Met Leu The Arg Leu Gin Giu His Ser Ao w Pro T
C

AATCGCCGAGAGATCGTCGGCAATGGETCTGCGEATGTE GC’C&BGTTB‘GBTCGA&G G GICTCT 210
fle Alo Ser Leu Asp Asp Ao lle Ao Arg Arg Met Asp Arg Leu Asn Leu Asp Phe vaThrl‘w
TCCTGCTCGTTGATCAAGGCTTCGATCAGGCCGRTCALGTTT GGLYGTCC GAAACCGCTAC [A”ulﬁ 280

Glu Gin Gy Asn lle Leu &lo Glu [le Leu Gly Thr Val Asn Pro Gin Gly val Ala \b c»y Tyr

TTGCGUACGEGGNCGGCGTT-GT-GTCu.ﬂCB!TC GCEGCCCG&&CGECC-G“ACTA TM\IGCC 350
Asn Arg Leu Alo Thr Arg Arg Lys Asn Asp Val Asn Gin Arg Gly Phe Alo Arg Ala Thr Asn [le Gly

EECGGSCGTB'IGGTECG-M‘T‘rGCGTCGCn.ﬂn.TuT‘rYC&G;GTTTGGGTGJG'GCCAEG ACTCGCCT 420
o Arg Ala His Pro Giy Phe Lys Arg Arg Leu Gin Lys Leu Thr Gin Thr Leu Alo Vol Tyr Glu Gly

TCAGCTCCATCT TCCTCAGCCTGTITGCGCGUCGLTTGCAGCACCACGTGGGECTTGGCOGCATCGLCAT 490
Gu Ao Gly Asp Glu Glu Alo Gin Lys Arg Ala Ala Gin Leu Val Val Hs Ala Lys Aa Ao Asp Gly Asp

CGGCAAATTCCAGAACCTGTTCCAGTTCTGTGTCGTTCTCTTGCAGCAGTTTTTTGCGCAGCAGCCTCGE 560
Al Phe Glu Leu Val Gin Glu Leu Glu Thr Asp Asn Gw Gin Leu Leu Lys Lys Arg Leu i.ou Arg Na

GGCATTATCCAGACCGGTATCGTTGGLGCTCATCAACAACTGATAGAGC TCACCCAGTTTGACGELCCET 630
Na Asn Asp Leu Gly The Asp Asn Ala Ser Met Leu Leu Gin Tyr Leu Glu Gly Leu Lys Val Ao Arg

Gh'TGClGTBClTTTETGCTYGL‘BATEIGTTCGEGCTBGESC&BT&TCCEGCTGTTTCEC&CEAGTGETG 700
Ser Gin Leu Alo Asn Arg Ser Ala lle Leu Giu Arg Gin Arg Leu lie Arg Ser Asn Arg Vol Leu Ala Ao

EBGCGAAGCGCW&GAECTGT GCGATGACGTGCCTTTT TECG&"GAC!GBGTECCBGG&ATECCTCBCGC 170
‘a Pre Arg Ser Val Gin Gin Ser Ser Thr Gly Lys Giu Ser Ser Leu Thr Giy Pro lle Ala Arg Mo

J\GEG"G’GTGACGG[GCGMT[GGCGTG&E'BTGYGGGTTGGEMNTnGGEGGG’CGﬂCGﬂ"T'Il:l'l'i 840

Alg Pro Thr Vol Ala Arg lie Pro Thr Val Thr Hs The Pro Leu lle Pro Pro Ala Val [le Lys Met

(i'i GIICTGAGCCTGGTCATGACCOC IRAGTEREGCCTGGECARGATTCRGRTTLLT T TGTAAAAGGEE 910
cT GnI:GCGTY!GTGEC.M.MGCTST&BTGL’&&A&&CGGCGTTGEG[&A&M\&&'GTMTn:-MﬂB.MT1 980
ACAAATTTTAAAATAATCATATAAATCAGTAGC TTAAATAAGTATTTTGGLTGEOACGETTATIEGEATA 1050
GOGCTTGCACACCATTAAATTAAGETAAGCCCATGTTTCCGAACCTAGTGATCCTTGATGCACCECAGEE 1120
143 hrpl. Met Phe Pro Asn Leu Vol lle Leu Asp Al Pro Gin Pro
WCGCCAGGACTCTICGTCTGLLGET nTC"'G CAACTGACGGCTGATCAGATACAGATGCTCAGAGCGTTC 1190

Arg Gin Asp Ser Ser Sor Ala Giy lle Arg Gin Leu Thr Ala Asp Gin lle Gin Met Leu Arg Ala Phe

ATTCAGAAGCGCGTAR TG&&C%EGG&TG!T“TEG&TG.&EJ\TE TTGCAATGCGTATTTCTGGAGGCCCTGE 1260
fle Gin Lys Arg Val Met Asn Asp Asp Azp Asp lle Leu Gin Cys Vol Pre Leu Glu Ala Ley

G"'JndL‘BAGC&ERAGTTYCAﬂI:ATG’C&uCﬂAGCEGEﬂGﬂCCTBGTIGTB GGTATTGCGTTGAACCTGAT 1330
4rg Asn Glu His Lys Phe Gin His Alo Ser Lys Pro Gin The Trp Leu Cys Gly lle Alo Leu Asn Leu lle

CE"'.&&T"ACTTCEGC&II&TB ATCGCCAGCCCTATCAGGAAAGCTGGGAAGACGACGTTCATTCAGAC 1400
g Asn His Phe Arg Lys Met Tyr Arg Gin Pro Tyr Gin Glu Ser Trp Glu Asp Asp Yol His Ser Asp
E-uG&A'GGﬂlTGGCEiT&TEACT{&TCQGBT!C.HEGGGC!C&GG"!&TIGBC& GCGTCATCCCAGCCA 1470

Leu Giu Trp Asn Giy His lle The Hs Gin Vol 5 Arg Gin Leu Mo Arg Vol lie Pro Ao
TTIGATTGCTTGLC 'TCGA#E& cuuncc'cc'ccuc GTCGCTGGAGATGGATGGCAATTATCAGGA 1540
lle Asp Cys Leu Pro Ser Asn M %.-. Lys Val Leu Glu Vol Ser Leu Glu Met Asp Giy Asn Tyr Gin Asp

TACGGCGAACACGCTAGGCGTTCCBAT TGGCACTGTGCGCTCGCGACTGTCLCGGECACGGETGLAATTG 1610
The Ala Asn Thr Leu Gly Vol Pro lle Gly The Val Arg Ser Arg Leu Ser Arg Ala Arg Vol Gin Leu

CnGC&GlTTGACCCG‘ITCGECTGAG"GG.&‘I’ATC"G‘I'I:Tﬁiﬁﬁ;ﬁd:T;g;l;ﬁ;ﬂﬂlﬂiilﬁslﬁ 1680
l.ys Gin Gin lle Asp Pro Phe A
CEAYCCTTEACC&U‘E,_'GGCA!I’.C!TBCG ATATCCAGTTCTCCCAGTCCTGCCCTCGOCAGCA 1750
Hrp¥ Met lle Ser Ser Ser Pro Ser Pro Alo Leu Gly Ser

TCGTGAATCAACCCACCTC AACTGG AGACGCCATTAGCCAAAGTCTCGOTCACGCAGAG
lle Vol Asn Gin Pro The Ser Gly Gu Leu Ala Ala Glu The Pro Leu Ala Lys Val Ser Leu Thr Gin Ser
CAGCGCAGGTGGTGATCAGGCCTTTOTGLAGTTCOGCCAGGCCAACGACAATACATCTTTCTTTITCTGAT 1890

Ser Mo Gty Gly Asp Gin Ala Pne Yal Gin Pne Gly Gin Ao Asn Asp Asn Thr Ser Phe Phe Ser Asp
GCCGAGCAAAGCGGCTCATCGCTGATGAGTCTGCTGACTCGCAGCAGTAATAGCGAAAGCACCTCCAGES 1960
Ma Glu Gin Ser Gly Ser Ser Leu Met Ser Leu Leu The Arg Sar Ser Asn Ser Glu Ser The Ser Ser
TTGATCAGGACAGTGATCAGGTGTCCCCAATCACAT EGGTCT"GTE.M AGCCAGCGCGTCACCTGCGRE 2030
Val Asp Gin Asp Ser Asp Gin Vol Ser Pro lle Thr Ser Val Leu Ser The Ala Ser Ala Ser Pro Ao Alo

”TETGE.TCEGG»CCGGEAA!|GETCC‘.#GE\;L’TAEE\.& GCCGCGTTTCTCGACAACT t\.ﬂﬁ&TACTE' 2100
Ser Ao Ser Gly Pro Alo Asn Ala Pro Ser Alc Thr Asp Ala Nla Phe Leu Asp Asn Ser Gu Tyr Ser

fESC[EG&GGEEC’E&IECGCTGGG.RT._CG&TI:'" GCCCATCTGCCGCCCGAAGAACGEGAGCAGECGS 2170
Ser Pro Glu Alo Leu Lys Arg Trp Asp Pro Met Val Alo Hs Leu Pro Pro Gu Glu Arg Giw Gin Ao

CAAAAGAACTCAACCGGLCGATT ECGGC’GCCWG& GCCAGAGAGCACGGCCCCAATGCTGACAAGGL 2240
kalrs% ieu irq?‘m,ﬁ Ao Ala Al TrpF‘L? a u‘q{i:m Hsi‘” 'E»Sam #la "1. s Ao
GRTGG*GTTEAT“#&EE‘.‘C(‘.#&EECTGCGTTG&&G&E«GC"GTCG&CG"EG CAAGGAT GGECGTA.&T[‘.\.G 2310

la Phe [le Asn Alo Asn Pro Alo Leu Lys Prnlu\blasphlnlylysisoﬁlyﬂylsﬂ
GATGGGAAAATCACCAACAAAGACCTCAAGGCGTTLS ccnnun'n"snun CG"CC"#EUATGECG 2380
Asp Gly Lys lle The Asn Lys Asp Leu Lys Alo Phe Alo Lys Asn Met Glu Lys "o Ko Asp Asn
ACAAGGACTTGGCCAAGTACATOGAAGATAACCCCGGLGLTGATCCTCAATCOCTTGARATGGTGEGCAG 2H50
Asp Lys Asp Leu Alo Lys Tyr Met Gu Asp Asn Pro Gly Ala Asp Pro Gin Ser Leu Glu Met Vol Arg Ser
~G~lG~GGTGAIGCGEGCCnﬂTiTGECG"GGCGNGGHG‘.CGACC TCATCATGCCGTTGOGGEGLCE 2520
a Ala Vol Met Arg Ao Asn Met Pro Leu Ao Thr Ao Alo Asp Prc His His Ala Val Gly Ao Pro
GACAAAACCGATGTCGATGGTAATGTCAGCGLCGAGGGTCTGAAAGCGC TGATTARAAGTAACCCTGEGT 2590
Asp Lys Thr Asp Vol Asp Gly Asn Val Ser Ala Glu Gly Leu Lys Ala Leu lle Lys Ser Asn Pro Gly
TGTCAGGTACGCTCAAACAGTCGTCCAACATGTGGTCACAGGCGGGCTTCCTCAGCCAGGTGGATGAAGE 2660
Leu Ser Gy Thr Leu Lys Gin Ser Ser Asn Met Trp Ser Gin Alo Gly Pre Leu Ser Gin Val Asp Glu Aa
CuGTEfGﬂEuGG CGLAAGAAG CTG\.&EAT&BCE;CGAEEIGG GTTCGATGCGTCCAATATGAGLGAG 2730
vaPrG"fArgLysly&Nﬂﬂ‘u s Ser Pro Asp Gin Va! Pne sualnSnrksﬂ.lSch* Wi
an

TGGATCAGGAAGAGCGCCCCCAAARATGGTGGCCAGT TCRLCAGCATGCTCAGCGACGLIGCEACGTTGA 2800

Trp [l Arg Lys Ser “Mia Pro Lys Asn Gly Gly Gin Prne Al Ser Met Leu Ser Asp Ala Ala The Leu
ATTCGGTAGCCGGTATCGATATCAGCAAACTCAACGLTCAGGT TTTCGAGAAGCCCAAGGCTTACACCGS 2870

Asn Ser Val Aa Gly lle Asp lle Ser Lys Leu Asn Ao Gin Vol Glu Lys Pre Lys Ao Tyr The Gy

CGCGCAGAAGGCCGLTGTGATGATCAAG T TGCAGCAGAC TCAGCAGAGCGTGATAGCCGGGCGEGATTTE 2000
Ao Gin Lys Ala Al Val Met {le Lys Leu Gin Gin Thr Gin Gin Ser Vol lle Ao Gly Arq“ Leu
r—
EGCMNC GAGAAGACCGAGGLGGGLCTTAATE ﬂGEGliTEGCTElGTYGC-MGC"G“‘. CGATGTTC 3010
arqu Thr Glu Lys Thr Glu mqsiyleuisncukq lle &g Gin Leu Gin Alo Asp Pro Asp Val
AGGAG ﬂCETCMHAAAGCMTCE GAACAGGAGT GEAG{CT"G cscucccn CGGCGCTGCAAAA 3080
Gim Glu Yvr Leu Asn Lys Ser lle Pro Glu Gin Ghu Arg Ser Leu Val Ser Ser Asp Ser Ao Leu Gin Lys

GqCCuTGLHMGC#..GTTE.MmlCGTC.MCAGCBG&A&G‘:CI:T|BC.&|UCCB#CCTGS .MC;GEAG&E 3150
‘o Vol Thr Glu Gin Vol Gin Asn Vol Asn Ser Gy Lys Alo Leu Gin Thr Aso Lou Alo Thr Ao Asp

AAGGCCGTCGLCARACACAACCCCGACCCCGAT TACAGCGGCGCCATCACCGLRECTGT CGB\,TUmCT"C 3z20
Lys Ao Val Giy Lys His Asn Pro Asp ra 4sp Tyr Ser Gy Ala lle Thr Giy Lew Ser Al Gin

AACTGCAAARAGACCTGTTTCCCGATGCCCAGGTRE EE&E'GE'C&GC&&"TATTEH& AACCAGCCTGA 3290
Gin Loan Lys Asp L auﬁheP\roAs Ala Gin Vol Pro Thr Ala Gin Gin Yol Phe Asn Asn Gin Pro Asp

B20

TB.ﬁﬂBTGB.&AﬂJEA&GATTGCCGAT'ICCT*CG-‘TEECM:C’rCAGCBAGGGCGG'GEIETEA&AC&&CTG 3360
Gu Val Gin Thr Lys lle Ao Asp Ser Tyr Vol Arg Asn Pre Ser Glu Giy Gly Ala Leu Lys Gin Leu

4] TGGCC&G&&&A&ETCTGACGCCGGTE!GTCTCIG:AﬂﬁCCGCﬂGlTﬂACEAGﬂﬂAGCGuCG‘I.&TGA.ﬂﬂ 3430
Leu Gly Gin Lys Lys Ser Asp Ala Gy Glu Ser Leu Gin The Ala Asp Asn Gin Lys Ale Ala Tyr Glu gy
GLGTGCTGCCCGCTGATTTCGT TAATGGTGAGCGTGAGAGTTACACGGCCAGCACCTTGTCCGAGL TGCA 3500
Ser Vol Leu Pro Ao Asp Phe Val Asn Gly Glu Arg Glu Ser Tyr Thr Ao Ser The Leu Ser Glu Leu Gin
GlﬂEICEA&N\AAGBCEECM\GTIGE‘JGGi\GGGuﬂﬂG.ﬂECGkTGAﬂGAGGGCCGTECYTCECTGGECGCG 3570

Asn Ser Lys Lys Gly Arg Lys Leu Leu Glu Gly Lys Thr Asp Glu Glu Gly Gly Pro Ser Leu Alo Ala
CAGCTCGCCGAGCAAGGTATCGGAGGCAAGGCATTCAACTCGGTCATGGECTTTGEGTCAGTGTCTGACA 364D
Gin Leu Al Glu Gin Gly lle Gly Gly Lys Ala Phe Asn Ser Vol Met Gly Phe Alo Ser Val Ser Asp
GGCTCGCCAGCGGTGACAAGC TGGGCGCGGL TCAGAGCATCATCGACAGCTCCAGGT TGGGCGEGGAGGE 3710
Arg Leu Ala Ser Gly Asp Lys Leu Gly Alo Alg Gin Ser [le lie Asp Ser Ser Arg Leu Gly Alo Glu Ao

A&TC&ﬂGGGCGGEAT&BACACCBGCGCG!&&&TG&TGGG-EGCG&GGCGTE\.GECGBCCTIGGTCGTETG a780
lle Lys Gly Giy lle Asp Thr Gly Alo Lys Met Met Gly Arg Glu Alo Ser Ala Gly Leu Gly Arg Le:

GGCG"ACAG&T"MCGGECGCGCTCTCBGTETGG TGCCBBTGA#GCC&E)GGGCTTGCCGEAGGEGC&G 3850
Gly Gly Gin Met lie Gly A~g Ao Vol Gly Leu Val Ala Giy Glu Ala Thr Gly Leu Ala Ala Gly Ala

c..crGWInTcnucmsnc:mcnncsarnccam GECETGRECTITRRTATCTC 3920

Ao Leu Ao Ao lle Pro Val lie Gly Trp Ala lle Asp Gy Ala Met Alo Leu Gly Phe Gly |

COCGATCATTGATGLOGTCAAGAAGCACAAGGCGCAGAAGGCGT TEGATCATAACGTTCACCCRETGETS 3090
Na lle lle Asp Ao Vol lys lys His lvs Ko Gin Lys Ala Pre Asp His Asn Val Asp Pro Vol Leu

GACCAGTTCH T AGGGCGL WCAGGGAAGAGGT TGAACTCTTTTTCAAGCCTCTTCCT
GﬁCCAGTTCGGGATTBCCNG.;EGEMTG&TTG&C&GTGACGAG-RGEGTTG&B‘TEBGTCG TCCTGTGT HOGO
Asp Gin Phe Gly lle Alo lys Ao .

Foalt 1
TGGCCGTAATGAGCTTTTTCGGGTGCGATGAGCGCCCGCAATCAGTRAGCAACATATGAGAATTCACAGT 4130
avrPphEMet Arg lle His Ser

GCTGGTCACAGCCTGCCCGCGLCAG! GECCTQGCGTGG»MACE&CTGM\A.&GGETGTTCAMEATCJ\TtGG 4200
Aa G'vﬁls&rLeuProAhP’oGw 0 Ser Vol Glu Thr Thr Giu Lys Alo Vol Gin Ser Ser Ser

CCCAGAAC CCuCTTCTToCﬂBTTCﬂEAAﬂCA AACGTCCTGAAGCCGGTTCGACTCAAGTGCGACCGAA U270
a Gin Asn Pro Ala Ser Cys Ser Ser Gln Thr Glu Arg Pro Glu Ala Gly Ser Thr Gin Val Arg Pro Asn

E"lEtCTT&CTCATEAGTCM"&UCGEITGCClEECGTTY: Cti"h"GGC&GgCEATT CTG&C&E“‘ §340
Tyr Pro Tyr Ser Ser Vol Lys Thr Arg Leu Pro Pro Vol Ser Ser The Giy Gin Ma lle Ser Asp T

ECﬂTCTTC#TTqCCEGGTLﬁCCTGETGT ﬂCuTCBGCTCGM:CBM:GTC"CTGG&TG&AG&C#G ATCl 4410
Pro Ser Ser Leu Pro Gly Tyr Leu Leu Leu Arg Arg Leu Asp Arg Arg Pro Leu Asp Glu Asp Ser

l\GGE .CTGGTTECL‘:E‘:C&GACG&.&GtGTTGCGTG&AGL’ACGECGEGEGTFI:‘.C[ T -CGG[AGGB.;C&AC&? HUBO
% Ala Leu Vol Pro Ao Asp Glu Ao Leu &rg Glu Ao Arg Arg Alo Leu Pro Fre Gly Arg Gly Asn lle

TG&YGTG{;&TGEACA.&CGTAC &ECTGC#&AGEBGE»CTCGCEC&B CG'TGCA&&GCB"TTBAG&A&& 4550
Asp Vol Asp Ala Gin Arg Thr eu Gin Ser Gy Aa Arg A Ao Ao Lys A~g Leu Arg Lys

GATGCCGAGCGCECTOGCCATGAGCCGATGCCCCAGAATGATGAGATGAACTGGCATGTTCTTGTCGECA HE20
Asp Ao Glu Arg Ala Gy His Glu Pro Met Pro Glu Asn Asp Glu Mel Asn Trp His Val Leu Vol Ao
T

Winly I11
'-G CAGGGCAGGTGTTTGGCGCTOGCAACTGTOGCGAACATGCTCGTATAGCAAGCTTCGLTTACGGGEE 4690

¥et Ser Gly Gin Vol Phe Gly Ala Gly Asn Cys Gly Glu Hs Ao Arg lle hu Ser Phe Ao Tyr Giy Ao
CCTGGCTCAGGAAAGCGGS GTAGTCCCCGCGA&&!GM TCATTTGGCCGAGCAGCCCGGAAAAGATCAD 4760
Leu &a Gin Glu Ser Giy ﬂrr;SerFro.qu Glu Lys lle #hs Lleu Ala Glu Gin Pro Gy Lys Asp His

GTCTGGGCTGAAACGGATAATTICCAGCGLTGGCTCTTICGCCCATCGTCAT GGAECEGTGG?CHAEGGCG HB30
Vol Trp Ao Gu The Asp Asn Ser Ser Ala Giy Ser SorPr'o lie Val Met Asp Pro Trp Ser Asn

CﬂGCEATTTYEGCGG&GGAC&GCCGGTTTGECﬂh.ﬁﬂATEGC&GTGCGGT&GAGCGA#CMTATTtATTCJ\C 4900
Ao Ma lle Leu Ala Gu Asp Ser Arg Phe Alo Lys Asp Arg Ser Ala Vol Glu Arg Thr Tyr Ser Phe The
CCTTRCAATGGCAGC TGAAGCCGGCAAGGT TGCGCGTGAAACCGLCGAGAALS TT&TEACCCN’.‘#CGAC& H970
Leu Ao Met Ag.hau Glu Ao Gly Lys Val Ala Arg Glu The Mo Glu Asn Vol Leu The His The T
ﬂuCCBTCTGCAG&AGCGV‘TTGCTGﬂTJc TTGCCGAACGTCTCACCGCTTGAAGGAGGCCGLTAT EAGE 5040
Ser Arg Leu Gin Lys Arg Leu Ala Asp Gin Leu Pro Asn Val Ser Pro Leu Glu Gy Gly Arg Tyr Gin

E"Gﬂlﬂ!s:CGGTGCTTG#TB!GBCGTICGCCCG&EGMB GAGCGACAAGTTGAATAGTGACGATCCACG 5110
Pro Glu Lys Ser Vol Leu Asp Glu Ao Aig Arg Arg Val Ser Asp Lys Leu Asn Ser Asp Asp Pro Arg

GCGTGCGTTGCAGATGGAAATTGAAGCTGTTGGTGTTGCAATGTCGET GGB?GEE«&&GGCGTEA&GQCG 5180
Arg Ko Leu Gin Met Giu lle Glu Ao Vol Gly Vol Ao Met Ser Leu Gly Alo Giu Gly Vol Lys

GTCGCCCGACAGGCGCCAAAGGTGGTCAGGCAAGCCAGAAGCGTCGCGTCGTCTAAAGGCATGCCTCCAL 5250
Val Ao Arg Gin Aa Pro Lys Vol Val ‘Ar? Gin Naque.\r Vol Alg Ser Ser Lys Gly Met Pro Pro

‘E.‘;.ﬁT!nTGTATCGL TCGTACGTTAAGCAATARARAACTCATCGCTCTGCCAATGATTAATTTTCAAG 5320
.

AAMACAGGTCATAGAGT TCGGTACTGTAARACTGCACTGE 5360

Fig. 9. Nucleotide sequence of the region of DNA from strain 1302A containing avrPphE and the border of the hrp cluster including hrpJ, hrpL, and hrpY.
Amino acids in the translation products from open reading frames are given in three-letter abbreviations. Features marked include selected restriction sites,
the position of Tn3-gus insertions 143, 83, 148, 46, and 141 and the end of insert DNA in pPPY440 (all of which were determined by sequencing), con-
sensus motifs for the original “harp box” (shaded and overlined), revised “harp box™ (shaded and underlined), potential ¢** promoters (boxed and under-
lined) and ribosome binding sites (underlined). The asterisk at nucleotide 4021 indicates the position at which similarity with DNA sequence from P. 5. pv.
syringae (Hutcheson and Xiao 1993) breaks down. The line of sequence from P. s. pv. syringae is given above that from P. s. pv. phaseolicola for nucleo-
tides 3991 to 4060, comparison of the two sequences emphasizes the abrupt loss of similarity.
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v10 v20 v30 v40 v50 v60 v/0
MFPNLVILDAPQPRQDSSSAGIRQLTADQIQMLRAF IQKRVMNPDDVDDILQCVFLEALRNEHKFQHASK
M: PNLVILD. . : PR: SSSAGIRQLTADQIQMLRAFIQKRV. N: DDVDDILQCVFLEALRNEHKFQHASK
MLPNLVILDVTEPRKPSSSAGIRQLTADQIQMLRAFIQKRVKNADDVDDILQCVFLEALRNEHKFQHASK

v80 v90 v100 v110 120 v130 v140
POQTWLCGIALNL IRNHFRKMYRQPYQESWEDDVHSDLEWNGHI THQVHGHRQLARVIPAIDCLPSNMQKYV
POQTWLCGIALNL IRNHFRKMYRQPYQESWEDDVH: DLEW: G: 1THQV: GHRQLARVI AIDCLP: NMQKV
PQTWLCGIALNL IRNHFRKMYRQPYQESWEDDVHTDLEWHGD I THQVDGHRQLARVIEAIDCLPTNMQKV

v 150 v 160 v170 v 180
LEVSLEMDGNYQDTANTLGVPIGTVRSRLSRARVQLKQQIDPFA
LEVSLEMDGNYQ: TANTLGVPIGTVRSRLSRARVQLKQQIDPFA
LEVSLEMDGNYQETANTLGVPIGTVRSRLSRARVQLKQQIDPFA

Fig. 10. Alignment of HrpL proteins from Pseudomonas syringae pvs. phaseolicola (top line) and syringae (bottom line, from Xiao et al. 1994). Identical
amino acids are given in single-letter code. Dots show intermediate nonconservative exchanges; colons indicate conservative changes.

dicted to encode a 21-kDa protein which is hydrophilic and
has no distinct structural features. As shown by Xiao et al.
(1994), HrpL has similarity to AlgU which regulates the algD
operon in P. aeruginosa, and also to a subset of group III
sigma factors related to the Bacillus SigH ,6°° (Deretic et al.
1987; Dubnau et al. 1988; Martin et al. 1993).

DISCUSSION

Incompatibility determined by avrPphE fits the pattern of
interactions predicted for an avirulence gene matching the R2
gene in P. vulgaris. The full designation of the avirulence
gene according to Vivian and Mansfield (1993) should there-
fore be avrPphE-1.R2, as the fifth (E) avr gene cloned from
P. s. pv. phaseolicola (Pph), the first allele (I) characterized
for this gene which matches R2. Effectively using avrPphE as
a probe for R2 has clearly demonstrated the presence of the
R2 gene in line 1072 of P. acutifolius which has not been
crossed successfully with P. vulgaris. Clones harboring avrPphE
were also conjugated into P. s. pv. maculicola and P. s. pv.
pisi and transconjugants tested for ability to cause the HR in a
range of genotypes of their hosts Arabidopsis thaliana and
pea, respectively, but no significant alterations in virulence
were observed (Fillingham er al. 1992; Dangl et al. 1993;
unpublished results).

The HR determined by avrPphE in P. s. pv. phaseolicola is
macroscopically different from that caused by avrPphB
which matches R3 (Jenner et al. 1991; Vivian and Mansfield
1993). The different phenotypes of R2 and R3-based resis-
tance are particularly clear in cv. A43, which carries both
genes. The more rapid HR determined by R3 is associated
with higher levels of phytoalexin accumulation at inoculation
sites. The appearance of pod inoculations as illustrated in Fig-
ure 1, suggests that more plant cells are affected from the
same initial inoculum during the expression of R3 than of R2
and that affected cells also respond differently. Clearly, de-
tailed microscopical studies are needed to examine these re-
sponses and to differentiate between qualitative and quanti-
tative effects as discussed by Brown and Mansfield (1988).
The induction of different forms of HR has also been de-
scribed for other avr/R gene interactions involving cloned avr
genes, for example, in soybean, avrB causes a more rapid re-
sponse than avrC from P. s. pv. glycinea (Staskawicz et al.
1987; Tamaki er al. 1988). Overexpression of avrBs3 leads to

50 100 150 200 250 300 350
Calculated Molecular Weight = 41006.020

AvrPphE

-4.00 }
T

20 40 60 80 100 120 140 160 180
Calculated Molecular Weight = 21230.945
HrpL

100 200 300 400 500 600 700
Calculated Molecular Weight = 8(0014.328
HrpY
Fig. 11. Hydrophilicity plots prepared with the MacVector program

using the Kyte-Doolittle scale for predicted proteins from P. s. pv. pha-
seolicola avrPphE, hrpL, and hrpY (hydrophilicity window = 7).

a more rapid HR in pepper cultivars with the Bs3 gene for
resitance to Xanthomonas campestris pv. vesicatoria (Brown
et al. 1993). Whether or not these differences are due to the
operation of differing signal transduction pathways leading to
the plant’s response or different levels of activation of the
same pathway (Lamb et al. 1989; Lindsay et al. 1993) will
only become clear when molecules involved in recognition
(putative elicitors and receptors) have been identified. The
modulating effects of transposons 148 and 150 on the pheno-
type conferred by avrPphE may be explained by a quantita-
tive relationship with levels of AvrPphE protein. The trans-
posopé, possibly being located in the promoter, may reduce
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Table 5. Bacterial strains and plasmids used in this study®

Strain/Plasmid

Relevant properties

Source or reference

Bacteria

Pseudomonas syringae pv. phaseolicola

Principal isolates used
1302AN

Race 4 Nal® from 1302A

Jenner et al. 1991

1448AR Race 6 Rif® from 1448A Fillingham et al. 1992
1448AN Race 6 Nal® from1448A Fillingham et al. 1992
1449BR Race 7 Rif® from 14498 D. Teverson®
Additional isolates D. Teverson
1281A Race 1 D . Teverson
882 Race 2 D . Teverson
0001301A Race 3
0001375A Race 5 D . Teverson
52 Race$ Jenner et al. 1991
1299A Race6 D . Teverson
2656A Race8 D . Teverson
P. cichorii
2379 Lettuce pathogen NCPPB*
P.s. pv. coronafaciens
1354 Oat pathogen Harper et al. 1987
P.s. pv. glycinea
1416A Soybean pathogen
P.s. pv. maculicola J. D. Taylor®
1820 Brassica pathogen NCPPB
P.s. pv. pisi
974B Pea pathogen J.D.Taylor
P.s. pv. syringae
281 Lilac pathogen NCPPB
P.s. pv. tabaci
11528 Tobacco pathogen J. Turner?
E. coli
C2110 Nal®, polAl Leong et al. 1980
DH50 Nal®, recA, lacZAM15 Bethesda Research Labs
ED8767 recA Murray et al. 1977
HB101 SmR, recA Boyer and Roulland-Dussoix 1969
Helpers and Vectors
pBluescriptII SK* ApR, ColE1 replicon, multiple cloning and priming sites Stratagene
pHoKmGus Ap®, KmR, tnpA, promoterless B-glucuronidase gene in Tn3, pWB15A Bonas et al. 1989
replicon
p1J3200 pLAFR1 containing pBluescriptII polylinker Liu et al. 1990
pLAFR3 TcR, IncP1 replicon, Tra", Mob*, cosmid Staskawicz et al. 1987
pRK2013 KmR, ColE1 replicon, Trat, Mob*, helper plasmid Figurski and Helinski 1979
pSShe CmR, tnpA*, pACYC184 replicon Stachel ez al. 1985
Clones containing the avirulence gene avrPphE
pPPY430 pLAFR3-based genomic clone from race 4 This study
pPPY437 6.5-kb BamHI-BglII fragment from pPPY430 in pIJ3200 This study
pPPY440 pLAFR3-based genomic clone from race 4 This study
pPPY4012 6.5-kb BamHI-BgllI fragment from pPPY430 in pBluescriptll SK* This study
pPPY4013 As pPPY4012 but in opposite orientation This study
Insert DNA from pPPY430 cloned into pLAFR3 (see Figure 3)
pPPY432 2.9-kb HindIII-PstI fragment This study
pPPY433 2.9-kb Pst1 fragment This study
pPPY434 2.4-kb HindIII-BamHI fragment This study
pPPY435 2.0-kb HindllI-EcoRI fragment This study
pPPY436 2.0-kb HindIII-EcoR1 and 1.3kb EcoRI fragments This study
Additional plasmids
pPPY310 pLAFR1 based genomic clone containing avrPphB Jenner et al. 1991
pPL11 19-kb section of hrp cluster from P.s. pv. phaseolicola, lacking hrpL, Lindgren et al. 1989

cloned in pWBS5A, Tc?

*Nal®, Rif®?, Sm®, Ap®, Km®, TcR, CmR indicate resistance to nalidixic acid, rifampicin, streptomycin, ampicillin, kanamycin, tetracyline, and chlor-
amphenicol, respectively.

b Horticulture Research Internation, Wellesbourne, U.K.

¢ National Collection of Plant Pathogenic Bacteria, Harpenden, U.K.

4 University of East Anglia, Norwich, U.K.
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levels of transcription of avrPphE. A similar reduction in
gene expression may explain the somewhat weaker HR
caused by pPPY440.

The avrPphE structural gene is predicted to encode a hy-
drophilic protein. There are no obvious features of the AvrP-
phE protein that can be related to function. The lack of simi-
larity to sequences in databases searched at the DNA or amino
acid levels is disappointing but in agreement with findings for
other avr genes from pathovars of P. syringae (Keen 1990;
Long and Staskawicz 1993). The absence of common Sec
dependent or independent secretory signals (Salmond et al.
1993, Pogliano and Beckwith 1994) does not of course pre-
clude export of the AvrPphE protein via alternative secretory
pathways perhaps involving hrp gene products as discussed
by Fenselau et al. (1992).

Hybridization experiments revealed the presence of avrPphE
homologues in races which are virulent on cultivars contain-
ing the matching R2 gene. Marker exchange mutants of races
6 and 7 with disrupted avrPphE were as pathogenic as wild-
type strains when assessed by the simple tests used here. Dis-
ruption of avrPphE in race 7 caused the expected change
from avirulence to virulence in A43 and P. acutifolius. As ob-
served with several other avr genes, e.g., avrBs3 (Bonas et al.
1989); avrPto (Innes et al. 1993), and avrRpr2 (Salmeron and
Staskawicz 1993) the avrPphE gene does not appear to be a
significant determinant of pathogenicity. The presence of ap-
parently non-functional homologues of avrPphE within all
strains of P. s. pv. phaseolicola examined parallels the obser-
vations made with avrD from P. s. pv. glycinea (Kobayashi et
al. 1990a, 1990b; Yucel et al. 1994a). Our findings with
avrPphE are in direct contrast with avrPphB, which is found
only in races that are avirulent on bean genotypes with the
matching R3 gene (Jenner et al. 1991).

Experiments with Tn3-gus insertions in avrPphE show that
the gene is expressed much more strongly in minimal than in
rich media. Such a pattern of expression has been reported for
other avr genes from pathovars of P. syringae which are reg-
ulated by hrpS and hrpL (Huyhn et al. 1989; Salmeron and Stas-
kawicz 1993; Innes et al. 1993; Xiao et al. 1994). Attempts to
use the ArpS- mutant strain LRG94 of P. s. pv. phaseolicola
3121 (kindly provided by Laurence Rahme, Rahme et al. 1991)
to investigate regulation of avrPphE have so far proved un-
successful because pPPY430 or pPPY430::46 were unexpect-
edly found to complement the ArpS- mutation. The promoters
of all avirulence genes thought to be regulated by ArpL con-
tain a highly conserved consensus GGAACC-15N-CCAC
(Shen and Keen 1993; Xiao and Hutcheson 1994). This motif
is a revised version of the “harp box” initially reported by
Fellay et al. (1991). The avrPphE promoter contains the ori-
ginal version of the “harp box.” The significance of this find-
ing for regulation of avrPphE remains to be determined.

Marker exchange experiments revealed the presence of an
additional Arp locus to the left of the reported Arp cluster in
P. 5. pv. phaseolicola. Extending DNA sequencing upstream
of avrPphE has revealed an ORF, designated hrpY, which is
predicted to encode an 80-kDa protein of unknown function.
The striking similarity at the DNA level between hrpY and
sequences published for the region downstream of the hrmA
gene in P. s. pv. syringae (Heu and Hutcheson 1993, Xiao et
al. 1994) strongly suggests that ArpY and the hrpK gene from
P. s. pv. syringae are homologous. In view of the linkage of

hrpK with hrmA in P. s. pv. syringae we might have expected
avrPphE to show some similarity with the hrmA gene. But the
similarity between the DNA sequences from P. s. pv. phaseoli-
cola and P. s. pv. syringae terminated at the hrpY/avrPphE
junction. A possible explanation for the abrupt change in se-
quence indicated in Figure 9, is the insertion of a DNA frag-
ment containing either avrPphE in P. s. pv. phaseolicola or
hrmA in P. s. pv. syringae, into a generally common genome.
Hybridization experiments using fragments downstream of
avrPphE as probes (e.g., cloned DNA in pPPY432) revealed
homology in all pathovars (data not shown) supporting the
idea that the avrPphE/hrmA location is less conserved than
flanking regions within pathovars of P. syringae. Heu and
Hutcheson (1993) also reported that strains of P. s. pv. phas-
eolicola lack hrmA.

The gene recognized as hrpL in this work is predicted to
encode a protein 93% identical to ArpL from P. s. pv. syrin-
gae (Xiao et al. 1994). The location and orientation of tran-
scription of hrpL conflicts with that reported for the hrpL
locus in P. s. pv. phaseolicola strain 3121 (Rahme et al.
1991). The role of the hrpL locus we have located in strain
1302A requires further investigation, particularly in relation
to regulation of avr and other Arp genes in the halo-blight
bacterium. Key regulatory roles have been proposed for the
different hrpL loci in P. s. pv. phaseolicola 3121, P. s. pv.
glycinea, P. s. pv. syringae, and P. s. pv. tomato (Huynh et al.
1989; Fellay et al. 1991; Rahme et al. 1991 1992; Innes et al.
1993; Salmeron and Staskawicz 1993; Xiao and Hutcheson
1994; Xiao et al. 1994).

The function of avrPphE and in particular the biochemical
basis for its unique ability to confer avirulence in genotypes
of Phaseolus with the R2 gene remains unknown. The hy-
drophilic nature of the AvrPphE protein implies a cytoplas-
mic location. The protein may be enzymic and be involved in
the synthesis of an elicitor as proposed for the AvrD protein
from P. s. pv. tomato (Keen et al 1990; Smith et al. 1993). It
will be interesting to examine the expression and DNA se-
quences of the apparently nonfunctional homologues of avrPphE
in various strains of P. s. pv. phaseolicola. Such analysis may
indicate functional domains in AvrPphE. It remains a possi-
bility, however, that the complete structural gene may be pres-
ent and expressed in strains of the halo-blight bacterium which
are virulent on plants with R2 but that suppression of the
avirulence phenotype may lead to virulence.

MATERIALS AND METHODS

Bacteria and plasmids.

Principal bacterial strains, cosmids, and plasmids used are
noted in Table 5. Isolates and transconjugants of P. s. pv.
phaseolicola were grown routinely on King’s medium B
(KB) agar at 25° C and Escherichia coli strains on Luria-
Bertani (LB) agar or in LB broth at 37° C (King ef al. 1954;
Miller 1972). To test for B-glucuronidase (GUS) production,
bacteria were grown on M9 minimal medium agar supple-
mented with 0.2% fructose or glucose (Miller 1972) or on KB
containing 25 pg ml! X-Gluc (5-bromo-4-chloro-3-indoyl-B-
D-glucuronide from Sigma, Poole, Dorset). Blue pigmenta-
tion of colonies indicated Gus activity. Antibiotics, obtained
from Sigma, were usually used at the following concentra-
tions (ug ml!); rifampicin, Rif (50); nalidixic acid, Nal (50);
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tetracycline, Tc (15); kanamycin, Km (25); ampicillin, Ap
(50); chloramphenicol, Cm (25); streptomycin, Sm (100).

Cloning procedures.

The construction of the genomic library of race 4 was de-
scribed by Jenner ef al. (1991). The library was screened for
determinants of avirulence by conjugation of individual clones
into race 6 strain 1448AN with the helper plasmid pRK2013
(Figurski and Helinski 1979). Transconjugants were tested for
pathogenicity in pods of Tendergreen and A43 as described
by Harper et al. (1987).

DNA of pLAFR3, p1J3200, and pBluescript II SK* was iso-
lated from E. coli ED8767 by the alkaline lysis method (Birn-
boim and Doly 1979) and purified by CsCVEtBr gradient cen-
trifugation (Maniatis et al. 1982). Restriction fragments from
pPPY430 were cloned into pLAFR3, pBluescriptll SK*, and
plJ3200 after recovery of DNA from agarose gels using Qi-
aex kits (Qiagen, Hybaid, Cambridge) according to the manu-
facturer’s instructions. Ligations were performed with T4 DNA
Ligase (BRL Life Technologies, Paisley), restriction enzymes
came from the same supplier. Small-scale preparations of
plasmids were done with the methods of Birnboim and Doly
(1979) or Kado and Liu (1981). Basic procedures for hand-
ling DNA were as described in Maniatis et al. (1982) or Au-
subel et al. (1987).

Mutagenesis with Tn3-gus.

The method of Bonas et al. (1989) was followed. Purified
DNA of pPPY430 was transformed into E. coli HB101
(pSShe, pHoKmGus). Twenty independent transformants
were grown together in LB (Cm, Ap, Km, Tc) prior to a tripa-
rental conjugation into E. coli C2110 using EDS8767
(pPRK2013) as the mobilizing strain. Individual transconju-
gants of C2110 (pPPY430::Tn3-gus ) were isolated. The clones/
were mapped in C2110, and mated into P. s. pv. phaseolicola
1448AR to test for avirulence on pods. Plasmids were recov-
ered from transconjugants producing susceptible reactions on
A43 to confirm the integrity of the insert.

Marker exchange.

Individual transconjugants of race 6 (1448AR) and race 7
(1449AR) containing selected pPPY430::Tn3-gus clones
were subcultured on LA Km until replica plating showed loss
of tetracycline resistance. Genomic DNA digested with BgIII
was probed with a 3-kb internal BamHI fragment from Tn3-
gus to confirm the position of the transposon in the target re-
gion.

Plants and pathogenicity tests.

Pods of cultivars of French bean (Phaseolus vulgaris L.)
and tepary bean (P. acutifolius L.) were inoculated as previ-
ously described (Harper et al. 1987; Hitchin et al. 1989). The
compatible interaction in pods is expressed by the develop-
ment of water-soaked lesions at sites of stab inoculation. In-
compatibility is expressed by the HR, observed as the forma-
tion of sunken brown lesions (Harper et al. 1987).

Leaves of tobacco plants cv. White Burley, were infiltrated
with bacterial suspensions using a syringe and hypodermic
needle and incubated at 24° C (Smith and Mansfield 1981).

Growth of strains in pods of A43 was determined using the
method described by Hitchin et al. (1989) and Fillingham et
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al. (1992). Detached pods were swabbed with 70% ethanol
and inoculated by the addition of a 5-pl droplet of suspension
containing approximately 106 cells to a wound made with a
cocktail stick. Pods were incubated in humid chambers at 25°
C. Tissue containing developing lesions was dissected from
around inoculation sites and homogenized in 10 mM MgCl,.
Serial dilutions of the homogenate were spread onto KB agar
to allow colony development.

Phaseollin accumulation.

Phytoalexins were isolated from lesions dissected from in-
oculation sites in pods of A43. The method used was based
on that described by Fillingham et al. (1992). Tissues (0.2
0.5 g fresh wt.) were ground in ethanol (about 10 ml), cell
debris was pelleted by centrifugation and supernatants rotary-
evaporated to dryness at 45° C. Extracts were resuspended in
ethanol and applied to TLC plates (Merck Si gel 60 F,,
5715). Chromatograms were developed in chloroform:ethanol
(100:3) and viewed under UV radiation at 254 nm. Phaseol-
lin, identified as a quenching band with an Ry value of ap-
proximately 0.5, was scraped from the chromatograms and
eluted in ethanol. Recoveries of phaseollin (Amax 280, 286,
and 315 nm) were quantified by UV spectrophotometry using
the extinction coefficient at Amax 280 nm, log € = 4.04
(Bailey and Burden 1983).

Hybridization experiments.

Probes were recovered from digests of plasmid DNA after
electrophoresis in low melting point agarose (Sigma). Puri-
fied fragments were 3?P-labeled in the agarose by the random
priming method (Feinberg and Vogelstein 1983) using a
Pharmacia oligolabeling kit (Pharmacia, Milton Keynes,
Bucks.). Total DNA was obtained from races of P. s. pv.
phaseolicola, pathovars of P. syringaé and ‘P. cichorii using
the CTAB procedure described in Ausubel et al. (1987) and
Jenner et al. (1991). DNA digested with appropriate restric-
tion endonucleases was electrophoresed in 0.8% agarose gels
before Southern transfer onto Hybond nylon membrane
(Amersham International, Aylesbury, Bucks.). Hybridizations
were performed in 5x SSPE (0.9 M NaCl, 0.05 M -sodium
phosphate, 0.005 M ethylenediaminetetra-acetic acid, pH
7.7), 5x Denhardt’s solution (Maniatis et al. 1982), 0.5%
sodium dodecyl sulfate (SDS), and 30 pug 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 subsequent high strin-
gency 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-HCI, pH 7.5, for 15
min at 45° C.

Sequencing.

DNA sequences were determined by the dideoxynucleotide
method (Sanger et al 1977) usually using T7 DNA po-
lymerase incorporating deoxyadenosine 5’-([«<-33S] thio)
triphosphate (1,200 Ci/mmol; Amersham, Bucks.) according
to the manufacturer’s protocol for CsCl gradient-purified
plasmid DNA. Polyacrylamide gels contained 6% acrylamide



and 7 M urea. All sequencing mixes included 7-deaza dGTP.
Compressions were resolved using dITP to replace dGTP or
by conducting reactions at high temperature with the Taq
polymerase based Gene-ATAQ sequencing kit (Pharmacia).

Internal Bgl11/EcoR1, Bgl11/Pstl, Pstl, Pst/BamHI, EcoRI,
and EcoRI/BamHI fragments from pPPY4012 and 4013 (Fig.
4 and Table 5) and the BamHI fragment containing ArpL from
pPPY430, were subcloned (in both orientations where possi-
ble) into pBluescript II SK. Insert DNA was sequenced on
both strands from M13, T3, and T7 priming sites in the vector
and from oligonucleotide primers designed from derived se-
quences.

To determine the location of Tn3-gus inserts in the genom-
ic clone pPPY430, DNA of the large pLAFR3-basid plasmid
was prepared by Qiagen Tip 100 columns (Qiagen, Hybaid,
Cambridge) and sequenced using the Gene-ATAQ system
with the primer S’ AAAGAGGCGTCAGAGGC3’ which com-
plements an internal sequence of the transposon. The junction
of insert DNA with the BamHI cloning site in pPPY440 was
determined by sequencing this genomic clone in the same
way using a primer SGCTATTACGCCAGCT3’ derived from
the pUC8 polylinker in pLAFR3 (Staskawicz et al. 1987).
Nucleotide sequences and derived proteins were analyzed
with  DNASTAR and MacVector programs. Database
searches for similar sequences were completed using the Na-
tional Center for Biotechnology Information network service
and the BLAST algorithm (Altschul et al. 1990; Gish and
States 1993).
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