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Six plasmid-borne avirulence (avr) genes were previously
cloned from strain XcmH of the cotton pathogen, Xantho-
monas campestris pv. malvacearum. We have now localized
all six avr genes on the cloned fragments by subcloning
and Tn5-gusA insertional mutagenesis. None of these avr
genes appeared to exhibit exclusively gene-for-gene pat-
terns of interactions with cotton R genes, and avrB4 was
demonstrated to confer avr gene-for-R genes (plural)
avirulence to X. c. pv. malvacearum on congenic cotton
lines carrying either of two different resistance loci, BI
or B4. Furthermore, the BI locus appeared to confer R
gene-for-avr genes resistance to cotton against isogenic X.
c. pv. malvacearum strains carrying any one of three avr
genes: avrB4, avrb6, or avrB102. Restriction enzyme,
Southern blot hybridization, and DNA sequence analyses
showed that the XemH avr genes are all highly similar
to each other, to avrBs3 and avrBsP from the pepper
pathogen X. c. pv. vesicatoria, and to the host-specific
virulence gene pthA from the citrus pathogen X. citri. The
XcmH avr genes differed primarily in the multiplicity of
a tandemly repeated 102-base pair motif within the central
portions of the genes, repeated from 14 to 23 times in
members of this gene family. The complete nucleotide
sequence of avrb6 revealed that it is 97% identical in DNA
sequence to avrB4, avrBs3, avrBsP, and pth4 and that
62-bp inverted terminal repeats mark the boundaries of
homology between avrb6 and all members of this
Xanthomonas virulence/avirulence gene family sequenced
to date. The terminal 38 bp of both inverted repeats are
highly similar to the 38-bp consensus terminal sequence
of the Tn3 family of transposons. Up to 11 members of
the avr gene family appear to be present in North American
strains of X. c. pv. malvacearum, including XcmH. The
high level of homology observed among these avr genes
and their presence in multiple copies may explain the gene-
for-genes interactions and also the observed high fre-
quencies (10~ to 10~ per locus) of X. ¢. pv. malvacearum
race change mutations. Five spontaneous race change
mutants of XcmH suffered avr locus deletions, strongly
indicating intergenic recombination as the primary
mechanism for generating new races in X. c. pv. mal-
vacearum.
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When a plant species is within the host range of a group
of pathogenic microbes, variation is often observed in
relative levels of susceptibility vs. resistance within the host
species. Host resistance is almost always inherited as a
single gene trait, and each resistance (R) gene confers a
characteristic level of resistance, ranging from immunity
to barely detectable (Ellingboe 1976). Since conventional
plant breeders exploit host resistance for pest control pur-
poses, the genetic data on host resistance are extensive.
Host R genes are not effective against all strains of a given
pathogenic microbe generally, but instead are only effective
against strains of the pathogen carrying specific “target”
genes. These strain-specific, microbial “target” genes are
termed avirulence (avr) genes. Mutational inactivation of
avr gene “targets” renders the host R genes ineffective.
Perhaps surprisingly, each different host R gene appears
to require a specific microbial avr gene “target” in order
to confer resistance to that strain. Such interactions fit
the gene-for-gene model, first discovered by Flor (1946).
The spectrum of avr genes carried by a given strain deter-
mines its race. A large number of avr genes have been
identified directly or have been inferred to exist (based
on the gene-for-gene model) in fungal and bacterial plant
pathogens (Sidhu 1987). The genetic data on microbial
avirulence, however, are relatively limited. Although there
are hints that some avr genes may react with different
R genes and vice versa (reviewed by Gabriel and Rolfe
1990), there are no reports demonstrating such gene-for-
genes interactions.

Given the negative effect of avr genes on virulence, their
surprisingly ubiquitous presence in plant pathogens is
enigmatic, and usually explained in terms of some hypo-
thetical pleiotropic effect. Many avr genes have been cloned
from plant pathogenic bacteria, including Xanthomonas,
Pseudomonas, Erwinia, and Rhizobium and an avr gene
has been cloned from the fungus Cladosporium fulvum
(reviewed by Keen 1992). Nevertheless, and despite deter-
mined effort to find evidence for pleiotropic effects of avr
genes, such effects have been found only rarely (for ex-
ample, Kearney and Staskawicz 1990; Swarup et al. 1992).
DNA sequencing of avr genes published to date has been
uninformative in terms of revealing potential function or
homology to other genes of known function in sequence
data banks. Most avr genes appear to be mutable at high
frequencies (based on race change mutants) and dispens-
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able (based on marker-exchange mutagenesis) and there-
fore gratuitous in observed plant/microbe interactions
(reviewed by Gabriel 1989).

The interaction between cotton and Xanthomonas cam-
pestris pv. malvacearum, the causal agent of bacterial blight
of cotton, has been studied for many years. At least 16
genetically well-characterized resistance genes against X.
¢. pv. malvacearum have been identified in cotton, and
race-change mutations in X. ¢. pv. malvacearum that “de-
feat” these genes are common (Brinkerhoff 1970). Many
of these R genes have been introduced into a common
(Acala-44) genetic background by repeated backcrossing
(Hunter and Brinkerhoff 1961). Six avirulence genes were
recently isolated from pXcmH, a 90.4-kb plasmid carried
by XcmH, a North American strain of X. ¢. pv. mal-
vacearum (De Feyter and Gabriel 1991a). Each was shown
to govern a distinct set of incompatible interactions with
a series of resistant cotton lines. Subcloning of these genes
had localized them to regions of 5-10 kb on the cloned
pXcmH DNA fragments. We now define the boundaries
of these genes, compare their structure, and present the
nucleotide sequence of one of them, avrb6. These analyses
show: 1) that these genes are highly homologous to each
other and to avrBs3 and avrBsP from X. c. pv. vesicatoria
and to pthA from X. citri; 2) that these avr genes are
representative of a multigene family of avr genes, wide-
spread in the genus Xanthomonas; 3) that avrB4 confers
gene-for-genes avirulence on cotton lines with either of
two unlinked resistance gene loci B/ and B4, 4) that cotton
locus Bl may confer gene-for-genes resistance to isogenic
X. c. pv. malvacearum strains carrying avrB4, avrb6, or
avrBI02; and 5) that spontaneous race-change mutants
of X. c¢. pv. malvacearum exhibit deletions of specific avr
loci.

RESULTS

Localization and characterization of six avirulence
genes from X. ¢. pv. malvacearum.

Six avirulence genes had previously been isolated from
a 90.4-kb plasmid (pXcmH) found in XcmH, separately
cloned, and localized to regions of 5-10 kb on the cloned
DNA fragments (DeFeyter and Gabriel 1991a). Subcloning
experiments were carried out to determine whether these
phenotypes were conferred by single or multiple aviru-
lence genes on the cloned fragments, and to further localize
these genes. BamHI and Sst1 fragments were gener-
ated by either complete or partial digestion of plasmids
pUFRI101 (AvrB4" Avrb6*), pUFR107 (AvrB101"
AvrBIn*), and pUFR 114 (AvrB102* Avrb7™), and inserted
into the shuttle vectors pUFR042 (DeFeyter and Gabriel
1991a) or pUFRO047 (Fig. 1). The resultant plasmids were
introduced into Xcm1003 by conjugation, and the trans-
conjugants were inoculated onto Acala-44 congenic lines
carrying the appropriate single R genes and on cultivar
101-102B, which is thought to carry multiple different R
genes. The results of the pathogenicity assays using specific
subclones are shown schematically in Figure 2. All frag-
ments with avirulence activity in Xcm1003 on AcB4, Acb6,
Acb7, or AcBIn also exhibited avirulence activity on
cultivar 101-102B. Cultivar 101-102B also was used to
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detect and define avrBI0I and avrBI02. Each of the six
avr genes contained one SstI site and at least one BamHI
site, as shown by the requirement for adjacent SstI
fragments or BamHI fragments for avirulence activity. The
distance between these internal BamHI and Sst sites was
similar for each gene. The avirulence activity encoded by
some BamHI fragments was dependent on the orienta-
tion relative to the vector lac promoter, indicating the direc-
tion of transcription of some of the avr genes, and the
lack of an X. ¢. pv. malvacearum-derived promoter on
these fragments (e.g., compare pUFR135 vs. pUFR136,
pUFR150 vs. pUFR151, pUFR160 vs. pUFR161).

To localize the avr genes more precisely, plasmids
pUFRI180 (AvrB4" Avrb6'), pUFR156 (AvrBIn™),
pUFR157 (AvrB102%), and pUFR163 (Avrb7") were sub-
jected to Tn5-gusA insertional mutagenesis. The sites of
transposon insertion were mapped by restriction enzyme
analysis, and the avirulence phenotypes conferred by the
insertional derivatives were determined by introduction of
the plasmids into Xcm1003 and inoculation of transcon-
jugants into cotton. Results are presented for the genes
avrB4, avrb6, avrBIn, avrBI102, and avrb7 in Figure 3.
At least six insertions were identified in each gene. For
each fragment, several insertions were also mapped that
had not inactivated the avirulence genes. This analysis
indicated the minimum extent of each gene. The five genes
all occupied regions of greater than 2.9 kb. In each case,
the inactivating insertions lay within a BamHI fragment
of 2.9-3.6 kb in size. Moreover, every insertion within
one of these BamHI fragments inactivated one particular
gene. Loss of an avirulence phenotype on cotton AcB4,
Acb6, Acb7, or AcBIn was always accompanied by loss
of the avirulence phenotype on cultivar 101-102B, indicat-
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Fig. 1. Schematic representation of pUFR047, which was constructed
as described in Materials and Methods. Arrows indicate the direction
of transcription where known. Abbreviations: rep, replication origin
from plasmid Sa (IncW replicon); parA, partition locus; mob,
conferring plasmid mobilization ability (derived from plasmid RK2);
ApR, resistance to ampicillin; Gm®, resistance to gentamycin.



ing that single genes were responsible for the observed
avirulence phenotypes.

To determine the direction of transcription of each avr
gene, Xcm1003 transconjugants containing the insertional
derivatives were assayed for Gus activity. For three of
the genes, derivatives with Tn5-gusA inserted in one orien-
tation within the gene expressed detectable B-glucuro-
nidase activity, whereas the transposon in the opposite
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Fig. 2. Avirulence phenotypes conferred by BamHI and SsI subclones
of A, pUFRI101, B, pUFR107 and, C, pUFR114. Restriction site
abbreviations: B, BamHI; E, EcoRI; S, Sstl. BamHI sites are shown
as strokes below the horizontal lines, SstI sites are strokes above
the lines. Where known, the orientation of the vector lacZ promoter
relative to cloned inserts is shown by small arrows. The locations
of the avirulence genes deduced from the subcloning data are shown
as thick lines, with the large arrows indicating direction on
transcription. Figures in parentheses show the segment location of
the pXcmH map (DeFeyter and Gabriel 1991a) in kilobases.
Avirulence phenotypes of Xcm1003 transconjugants containing each
plasmid are indicated as: HR, a strong hypersensitive response; HR?,
a much weaker hypersensitive response; —, fully virulent.

orientation did not express the gusA reporter gene (Fig.
3). For avrB4 and avrb6, the proximity of the vector lac
promoter did not allow a conclusion to be drawn as to
the direction of transcription.

Gene-for-genes interactions.

Based on the results obtained from the subcloning and
transposon localization experiments, the smallest cloned
fragments carrying different single avr genes were selected.
These were transferred to Xcm1003 by conjugation and
tested on a full set of Ac44 congenic resistance lines, each
thought to carry a different, single R gene effective against
X. c. pv. malvacearum. The results of repeated patho-
genicity tests are presented in Table 1. If only congenic
AcB4, Acb6, Acb7, and AcBlIn lines are considered, their
interactions with isogenic X. c. pv. malvacearum strains
with avrB4, avrb6, avrb7, and avrBIn are gene-for-gene.
However, lines AcBl, AcB2, and AcBIn3 each responded
hypersensitively with multiple different avr genes in an
isogenic X. c. pv. malvacearum background. Cotton line
AcBl1, developed by recurrently selecting the B/ resistance
in six backcrosses with Acd44, conferred resistance to
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Fig. 3. Sites and orientations of Tn5-gusA insertion into avirulence
gene clones are shown for derivatives of A, pUFR180; B, pUFR156;
C, pUFR157; and D, pUFRI163. Arrows indicate the deduced
positions and orientations of the avirulence genes on the cloned inserts.
Restriction enzyme site abbreviations: B, BamHI; Bg, BgllL, E, EcoR1I;
H, Hindlll; P, Pst1; S, Sstl; Sal, Sall; Sma, Smal; X, Xbal. Insertion
sites shown above horizontal lines correspond to a rightward
orientation of the gusA reporter gene; sites shown below the lines
correspond to a leftward gusA orientation. Symbols: [J, sites of
insertion that did not affect the avirulence gene activity when in
Xcm1003; O, sites that inactivated the particular gene; @, sites that
inactivated the particular gene with resultant expression of gusA.
Figures in parentheses show the segment location on the pXcmH
map (DeFeyter and Gabriel 1991a) in kilobases.
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Xcml003 carrying any one of the following different avr
genes: avrB4, avrb6, or avrBI02. Similarly, line AcB2
responded to Xcm1003 with any of five avr genes tested,
and line AcBIn3 responded to Xcm1003 carrying any of
the six avr genes tested.

To demonstrate that at least two of the R gene loci
thought to be different were in fact different, congenic
host lines AcBl and AcB4 were chosen for segregation
analysis. Isogenic strains carrying cloned avr B4 (Xcm1003/
pUFR138) and avrb6 (Xcm1003/pUFR135) were used to
distinguish the two resistance phenotypes (Table 2). The
results of inoculating these strains onto 85 F, progeny
of a cross between homozygous parents AcBl and AcB4
are shown in Table 2. These results fit, at a 95% confidence
level, the 9:3:3:1 ratio expected of two unlinked genes in
such crosses, with a x* value of 0.27. Avirulence gene avrB4
conferred gene-for-genes avirulence to Xcm1003 in
inoculations on cotton plants with either one of two differ-
ent resistance genes, BI or B4. The genetics of race-cultivar
specificity in X. ¢. pv. malvacearum on cotton therefore
exhibited gene-for-genes, as well as gene-for-gene patterns
of interaction, depending upon which avr/R gene com-
binations were examined.

Similarity to other Xanthomonas avirulence
and virulence genes.

It is clear from the restriction enzyme mapping analysis
(Fig. 3) that there were similarities among the pXcmH
avr genes, namely in the arrangements of BamHI and Sst1
sites and in the sizes of the genes. To confirm these
similarities, Southern blot hybridization experiments were

Table 1. Gene-for-genes interactions®

carried out using the internal BamHI fragment from avrB4
(PUFR132) as a probe. This fragment hybridized strongly
under stringent conditions to the internal BamHI
fragments from avrBs3, pthA, and the six pXcmH
avirulence genes (data not shown). The cloned avirulence
genes were analyzed with a series of restriction enzymes
that were known to cut within avrBs3. Restriction sites
for BamHI, Bcll, Eagl, Nael, Narl, Nisil, Pstl, Sstl, and
Stul were present in identical positions in the 5’ and 3’
portions of the avirulence genes relative to avrBs3. No
polymorphisms were found with any of these enzymes
within the 5" and 3’ portions of the pXcmH avr genes.

To determine the degree of homology between avrBs3
and avrBsP of X. c. pv. vesicatoria, pthA of X. citri, and
the pXcmH avr genes, the complete DNA sequence of
avrb6 and a portion of avr B4 was determined. The nucleo-
tide sequence of avrb6 is presented in Figure 4, together
with the predicted amino acid sequence of the protein.
The central region of the gene is characterized by 13.5
nearly perfect, tandemly repeated, 102-bp repeats (Fig. 5).
The ends of the gene are characterized by 62-bp nearly
perfect, inverted repeats. DNA sequence comparisons re-
vealed that these inverted repeats define the boundaries
of DNA sequence homology between avrb6, avrB4 (refer
below), avr Bs3 (Bonas et al. 1989), and pthA (refer Swarup
et al. 1992). From the beginning of the left inverted repeat
(avrb6L; position 314) to the end of the right inverted

_ repeat (avrb6 R; position 3763), avrb6 is 98% identical in

DNA sequence along its entire length to the complete nu-
cleotide sequence of avrBs3. Three 200-bp fragments of
avrB4 were also sequenced, comprising sequences at the

X. campestris

Cotton cv. Acala-44 congenic lines

pv. malvacearum strains AC44 AcB1 AcB2 AcB4 Acb6 Acb7 AcBIn AcBIn3
Xcm1003/pUFR047 (vector) + + + s . . t + +
Xcm1003/pUFR 138 (avrB4) + + + i - + + F1 -
Xcm1003/pUFR141 (avrb6) + — + | + - + + i -
Xcm1003/pUFR163 (avrb7) + + + + + - + | -
Xcm1003/pUFR150 (avrBin) + + + Lt e 4 R, o= -
Xcm1003/pUFR142 (avrBI101) + + + + + + + -
Xcm1003/pUFR157 (avrBI02) + + + + + + + -

* Acala-44 congenic lines carrying the indicated R genes were inoculated with the indicated Xcm1003 isogenic strains carrying the indicated
avr genes. + means a compatible interaction, as indicated by a watersoaking lesion; — means as incompatible interaction, as indicated
by a strong hypersensitive response (HR); + — indicates a weak hypersensitive response. The dashed box illustrates results expected of

classical gene-for-gene interactions.

Table 2. Independent segregation of two cotton blight resistance loci, BI and B4*

AcB1 AcB4 F, F,

Bi1BI1 bib1 Bib1 BI- BI- b1b1 b1b1
Pathogen b4b4 B4B4 B4b4 B4- b4- B4- b4b4
Xcm1003 + + + + + + +
Xcem1003/pUFR135 (avrb6) — + - - - + +
Xem1003/pUFR 138 (avrB4) + - — — + — +
Observed 54 19 17 5
Expected® 54 18 18 6

*Cultivar AcB4, an Acala-44 line homozygous for B4, was used as the male parent in a cross with cultivar AcB1, homozygous for BI.
Pathogenic reactions of Xcm1003 and transconjugants of Xcm1003 carrying avrB4 and avrb6 on plasmids pUFR 138 and pUFR 135, respectively,

on parental lines and F, plants are shown.
*x? = 0.27 << x%0s = 7.82. Symbols as in Table 1.
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2281 TAGCGGTGGCAAGCAGGCGCTGGAGACGGTGCAGCGGCTGTTGCCGGTGCTGTGCCAGGCCCATGGCCTGACCCCGGAGCAGGTGGTGGCCATCGCCAGCCACGATGGCGGCAAGCAGGE 2400
§ 66 K@@ ALETVAQ@RLLPVYLCAQ@AHRGLTPE® GV VAIASUHDGS GI KO QA

2601 GCTWGGTGCAGOGGCTGTTECG@GTGCTGTGECAGGCCCATGGDCTGll:CDDGGIGCAEETGGM‘I’CGCI:NSCCICGATGGCGGCMEC&GGCGUGGAUCGGTGCMEG 2520
ETVaRLL L A HGLTPEG GV Al AS HD 6GGK®QALETUVOAQR

2521 EC'I'GTTI!DCGG‘IBCTG‘I’GI:I:IEGCCCATGGCCTGICCCCEMGCAEGTGG Gﬁst‘lTCGCCAGCCACGA‘I’GECGGCMGCAGGCGCTEGAGICGGTGCIGCGGCTGTTGCCGGTECTGTG 2640
LLPVLCG@AMHWGLTUPE® QVVAIASHD GG KA @ALTETVERLL c

2641 CC.!EGCOCITGGCCTGICCCC@GWﬁ'GTliﬁmTI:I';DGIIil:M‘lMI:I'AGDBGCMBCAGGl:IiC‘I'GGlGA.DGG‘(mﬁl:liGCTG‘I‘IGCI:GBTGI:‘IGTGCCMGCCCATGGI:I:'I'GAC 2760
@ AHGLTPAQY VAIASMNNGSGIEKO QALTETVAeERLLPVYVLCOGGAHRGSGLT

Hinell
2761 cl:l:mmm'rmmtm|:cnmncn|:nnmnumc|:|:nmcrr.rumnl:l.'ncm:l:cmcr'mcrcnl:ccrmmcmcar'rmccncmmuﬁlcclccrccr 2880
PEQ@VVYAIASNGGGRPALESTIV QLSRPDPALALA

2881 l:liﬂ:"GGCCTGCI:TCGGtGﬂCETDCTECGCTGGlTECAGTGAMMGEG&TTGCI:GCAOGCGCCG@CI:T'IGATCMMWTOGCCGTITTOCCWOGC“MCCCA‘IDBCGY 3000
A LACLGGRPALDA AVYIEKTEKTEGLPHAPALTILIIKRTNMNRERGRIPETRTSHERY

3001 rmuﬁmmmﬁﬂcnmmcfmsnrrr16cn.nrmc?cmccmammnrmtmcmrmmr:mrmumcmnuurmnct 3120
ADHAQ@VY VRVYLGFTFQCMHSHPAQAFDDAMNTO EGFGMHMSRHGLVOQL

3121 CTTTCGCAGAGTGGGCGTCACCGAACT CEAAGCCCGCAGTBGAACGCTCECCCCAGCCTCOEAGCETTGRGACCGTATCCTCCAGGCATCAGGGATGAAAAGGECCAAACEGTCECCTAC 3240
FRRVGVTELEARSGTLPPASOQRUWDRTILOGASGMEKRAKEPSFPT

3241 TTCAACTCAAACGCCGGATCAGGCGTCTTTGCATGCATTCGCCGATTCGCTGGAGCGTGACCTTGATGCGCCTAGCCCAAT GCACGAGGGAGATCAGACGCGGGCAAGCAGCCGTAAACG 3360
§$ TQTPDGQ@ASLHAFADSLERDLDAPSPMUHHETGD® QTHRASSRIKTE

3361 GTCCCGATCGGATCGTGCTGTCACCGGTCCCTCCGCACAGCAATCGTTCGAGGTGCGCGTTCCCGAACAGCGCGATGCGCTGCATTTGCCCCTCAGT TGGAGGGTAAAACGCCCGCGTAC 3480
S R SDRAVTITOGPS AG QS F EVRVYPETUG GRTDALLUHLUPLSWRVYVIERPRT

3481 c.lswocnmmrcwgmrmmsccmummmumr:ur.caccsrma:ammrm:cﬂcnmmmmmmwm:cc 3600
$1 6 6G6GGL G TPTAADLAASSTVMRE® QDETDPTFA AGAADDTFTP

m
3601 asuncmwmmmmrmwacmmccr::Ar.'rmnctmrcnsmcmmmmrcumﬁuwmmrmmcw 3720
A F N EEE

3721 GCCCACTTTTGECTGTTTTTTACACARATCCCT GECTCCCCTCTAGTCCTCAACTCGTGOGGCGACGGTCCOGCCGTCTACTARGGGAT TCGCACTGGCGAACGACGGAACATCACCAA 3840
Fig. 4. Nucleotide and predicted amino acid sequence of a 3,840-bp fragment of pXcmH carrying avrb6 activity. (Genbank Accession #
L06634). Sequences homologous to Escherichia coli -35, -10 promoter and Shine-Dalgarno (SD) regions are double-underlined and labeled,

as are the left and right terminal inverted repeats, avrb6L and avrb6R. The EcoRl, BamHI, Sphl, Ball, Hincll, Sstl, and PsiI sites are
underlined, and the first (or only) occurrence of each site is labeled.
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Fig. 5. Alignment of the 102-bp nucleotide direct repeat region and the 34-bp predicted amino acid

with the sequence in repeat number 1, which is also the concensus.

5" end of the gene downstream from the BamHI site, the
repeat region downstream from the Sphl site, and the 3’
end downstream from the Ssil site (including the right
inverted repeat; sequence data not shown). These avrB4
sequences were 97% identical to those of the correspond-
ing regions from avrb6. The sequences of avrb6, avrB4,
avrBs3, and pthA diverge immediately beyond the con-
served inverted repeats. The terminal 38 bases of both
avrb6 inverted repeats are 87% similar to a consensus termi-
nal inverted repeat sequence from 11 members of the trans-
poson Tn3 family (Heffron 1983): (5~“GGGGNNNNNNNNNN-
ANNNGNANNANANNNNACGNTAAG-3"). Thatis, 5/38
(13%) of the bases of avrb6L and avrb6R are in conflict
with this consensus, and 11/16 (69%) of the defined bases
are identical to the consensus.

Each direct repeat of avrb6 has conserved Ball and Ncol
restriction sites and therefore the other pXcmH avr genes
were examined for multiple sites with these enzymes. The
internal BamHI fragments from the pXcmH avirulence
genes were inserted into pGeml1Zf(+) and the resultant
plasmids were digested partially with Ba/l and completely
with HindIIl. The digested DNA was electrophoresed on
agarose gels, revealing a laddered pattern of fragments
(Fig. 6). By counting the number of bands in each “ladder,”
the number of repeated units in each avr gene was
determined. The number of repeat units of the six pXcmH
avr genes ranged from a low of 14 for avrb6 to 23 for
avrBI101. Only avrB4 and avrb7 contain the same number
(19) of repeats. DNA sequencing of fragments from avrB4
revealed that the first two Ball fragments of the gene were
102 bp in size and were nearly identical with each other
and with the 102-bp repeats found in avrb6 (Fig. 5). The
detailed restriction maps, partial Ball digests, hybridization
data, and DNA sequence analyses together showed that
the six pXemH avirulence genes were all members of a
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sequenceof avrb6. Dots indicate identity

1 23456 78 9 1011 12 13 14

Fig. 6. Analysis of cloned avirulence genes by partial digestion with
Ball. Plasmids were digested partially (lanes 2-8) or completely (lanes
9-14) with Ball, then digested to completion with HindIIl, and
electrophoresed through 0.8% agarose. Digested plasmids were loaded
as follows: lanes 2,9, pUFR 171 (avrB4); lanes 3, 10, pUFR 172 (avrb6);
lanes 4, 11, pUFR173 (avrBI0I); lanes 5, 12, pUFR174 (avrBin),
lanes 6, 13, pUFRI175, (avrBI02); lanes 7, 14, pUFR176 (avrb7);
lane 8, pUFR177 (avrBs3). Sizes of molecular weight markers (lane
1) are indicated in kilobases.

Xanthomonas virulence/avirulence gene family, and that
they differed in the number of repeated units within the
central portions of the genes.

Multiple members of the avr gene family are
in many xanthomonads.

To determine how many genes in this avr gene family
are present in X. ¢. pv. malvacearum strains, total genomic
DNA from 25 X. c. pv. malvacearum strains was analyzed
in Southern blot hybridization experiments. The strains
were of different races and origins, including 19 isolated



from cotton and six from hibiscus. An internal gene probe
from avrB4 (pUFR132) hybridized not only to the six
pXcmH (plasmid-borne) avirulence genes in XcmH, but
also to at least five other fragments in the XcmH genome
(Fig. 7, compare lanes 7 and 8). From band intensities,
the plasmid-derived fragments were clearly present at
higher copy number in total XcmH DNA than the other
five fragments, suggesting that the latter group are chro-
mosomally borne. DNA from other strains of X. c. pv.
malvacearum isolated in the United States contained from
eight to 11 hybridizing fragments (lanes 8-21). By com-
parison, only four or five hybridizing fragments were
present in X. ¢. pv. malvacearum strains from West Africa
(lanes 2-6), and none in six X. ¢. pv. malvacearum strains
isolated from hibiscus (lanes 22-28).

To determine how widespread genes in this avr gene
family are in Xanthomonas, total genomic DNA isolated
from 25 strains representing 12 Xanthomonas pathovars
or species was similarly analyzed. Besides X. c. pv. mal-
vacearum, strains of X. citri, X. phaseoli, and X. c. pvs.
vignicola, glycines, alfalfae, cyamopsidis and translucens
contained multiple members of the avirulence gene family
(data not shown; the blot is identical to Figure 1 of Swarup
et al. 1992). Some strains of X. c. pvs. translucens and
vesicatoria contained members of the gene family, while
others did not.
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Deletions in avr genes among race-change mutants.

Spontaneous race-change mutants Xcml102 (Avrb6™,
AvrBIn™), Xcml113 (AvrBIn™), and KM46 were derived
from XcmH. Such mutants arose at a frequency in the
range 107 to 10™* (DeFeyter and Gabriel 1991a; McNally
1990). Strains Xcml201 and Xcml216 were similarly
isolated as spontaneous, virulent mutants of XcmH on
AcB4 plants at similar frequencies. All mutants were tested
on all of the congenic lines in Table 1, except AcBl.
Xcml201 was virulent on Ac44 and AcB4 (AvrB47);
Xcm1216 was virulent on Acd44, AcB4, and Acb6 (AvrB4™,
Avrb67); and KM46 was virulent on Acd44, AcB4, and
AcBIn (AvrB4~, AvrBIn"). (The wild-type parent is aviru-
lent on all lines except Ac44.) All five spontaneous race-
change mutants appeared stable in phenotype in repeated
tests.

Total DNA from these five independently isolated, spon-
taneous race-change mutants of XcmH were included in
the Southern blot analysis of X. ¢. pv. malvacearum DNA
(Fig. 7, lanes 17-21). All five race-change mutants exhibited
losses of hybridizing DNA fragments consistent with their
mutant phenotypes. Strain Xcm1201 (AvrB4™) appears to
be missing one of the two 15.1-kb fragments; avrB4 is
located on one of these fragments. Strain Xcml216
(AvrB4~, Avrb67) is missing the 4.0-kb avrb6 fragment;
the 15.1-kb avr B4 fragment is not obviously affected. Strain

Fig. 7. Southern blot hybridization of total DNA from various X. ¢. pv. malvacearum strains and DNA of the 90-kb plasmid of XemH
(pXcmH) after Ss¢I digestion. The blot was probed with the internal 3.4-kb BamHI fragment from avrB4 (pUFR132). DNA was loaded
in the following order. Lanes 2-6: strains XemJ, XemL, XemC, XemN, and XemNSp (all African origin). Lane 7: plasmid pXcmH. Lanes
8-16: strains XcmH, XcmA, XemF, Xeml, XemD, XemM, XemQ, XemX, XemY (all U.S. origin). Lanes 17-21: Xem1201, Xem1216, Xem1102,
Xeml113, KM46 (race-change mutants of XcmH). Lanes 22-28, strains X10, X27, X52, X102, X103, X108, and 083-4344 (hibiscus strains).

Sizes of molecular weight markers (Lanes 1 and 29) are shown in kilobases.
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Xcem1102 (Avrb6~, AvrBIn™) exhibited a 6.8-kb fragment
that is slightly reduced in size from the 6.9-kb fragment
carrying avrBin; the 4.0-kb avrb6 fragment is not obviously
affected. Strain Xcml1113 (AvrBIn™) is missing the 6.9-
kb avrBin fragment. Strain KM46 (AvrB4~, AvrBIn") is
missing the 6.9-kb avrBiIn fragment as well as the 12.7-
kb avrBI0I fragment; the 15.1-kb avrB4 fragment is not
obviously affected.

DISCUSSION

Six avirulence genes had previously been isolated from
pXcmH, a 90.4-kb plasmid found in XcmH, separately
cloned, and localized to regions of 5-10 kb on the cloned
DNA fragments (DeFeyter and Gabriel 1991a). Four of
the genes were designated avrB4, avrb6, avrb7, and avrBin
based on the HR, elicited by X. c. pv. malvacearum trans-
conjugants carrying the agvr genes, on cotton cultivars
AcB4, Acb6, Acb7, and AcBIn, respectively. These inter-
actions were cultivar-specific, that is, “gene-for-gene” in-
teractions. Each of the six avr genes, however, conferred
an avirulent phenotype to the widely virulent strain
Xcml1003 when transconjugants were inoculated onto
cotton cultivars that were thought to have R genes other
than B4, b6, b7, or Bin. Attempts were made by subcloning
and transposon insertion analyses to separate these
activities, without success (Figs. 2 and 3). For example,
we have shown here that all insertions of Tn5-gusA into
the 3.4-kb BamHI fragment of pUFR163 resulted in the
loss of all avr activity. Insertions only 200 bp on either
side had no effect, ruling out the possibility of polar effects
on any. putative, adjacent avr gene(s). Analogous results
were obtained with avr B4, avrb6, and avr BIn. We conclude
that single avirulence genes were responsible for conferring
multiple avirulence activities on different cotton cultivars.

The question then addressed was, do these cultivars
contain different R genes? We have shown here, by formal
segregation analyses of a cross between AcBl and AcB4
that these two cultivars carried unlinked resistance loci,
i.e., BI and B4 are genetically distinct. Both loci conferred
resistance to strain Xcm1003 carrying avrB4. AcBI reacts
with other avr genes in addition to avrB4 in Xcm1003,
while AcB4 reacts only with avrB4. Since the B4 locus
reacts with Xcm1003/avrB4 to give a stronger HR than
that given by BI, and since avr/ R gene interactions are
dominant and epistatic, it cannot be argued that BJ is
a compound locus containing B4 also. Avirulence gene
avrB4 therefore exhibited gene-for-genes activity on
congenic cotton lines with B/ or B4. From Table 1 it is
clear that there are R genes (B4, b6, b7, and Bin) that
react with one and only one avr gene tested, but there
are no cases of an avr gene reacting with only one R gene.
We conclude that individual members of this avr gene
family from X. ¢. pv. malvacearum interact with multiple
cotton R genes as a rule, and not according to the gene-
for-gene hypothesis.

Do single cotton R genes interact with multiple X. c.
pv. malvacearum avr genes? Previous studies have shown
that in most cases cotton R genes against X. c. pv. mal-
vacearum are unlinked (Brinkerhoff 1970). In this study,
AcB1 was selectively backcrossed six times to Ac44(99.22%
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Acd44), without evidence of other R gene loci independently
segregating. AcB1 was also crossed with AcB4, again with-
out evidence of more than a single locus present in either
AcBI or AcB4. Because of the epistatic effects of avirulence
over virulence, AcBl could not carry B2, B4, b7, Bin,
or Bin3 (refer Table 1). The Bl locus exhibited resistant
interactions with isogenic X. ¢. pv. malvacearum strains
with avrB4, avrb6, or avrBI02. 1t is possible that the BI
locus might be compound, carrying homologues of B4,
b6, and BI02. By similar logic, the B2 locus would have
to carry homologues of B4, b6, b7, Bl0I, and B102. AcB2
cannot carry the Bl locus because AcB2 reacts more weakly
than AcBl to Xcml003/avrb6. Therefore, for the com-
pound locus interpretation to be correct, at least two (B!
and B2) and probably three (BIn3), independent, com-
pound loci must be invoked with homologues for B4, b6,
and BI02. Different compound R gene loci with ho-
mologues conferring identical gene-for-gene specificity
have never before been described. We favor a simpler ex-
planation: that some interactions are not gene-for-gene,
and some individual cotton R genes (such as BI, B2, and
BIn3) react with multiple avr genes, while others (such
as B4, b6, b7, and Bln) do not. However, without molecular
characterization of a locus, it is virtually impossible to
prove that the locus is not compound.

Most avr/ R gene interactions reported with both fungi
and bacteria appear to be gene-for-gene, and there is a
good possibility that the gene-for-genes interactions re-
ported here are anomalous and due to the fact that all
of the avr genes reported here are members of the same
gene family. In fact, given the surprising degree of homol-
ogy among members of this gene family, a harder and
more obvious question to answer is how nearly identical
genes can specifically “interact” with different plant R
genes. The DNA sequence of avrb6 (Fig. 4) showed =97%
identity with avrB4 of X. ¢. pv. malvacearum, pthA of
X. citri (Swarup et al. 1992), and avrBs3 (Bonas et al.
1989) and avrBsP (Canteros et al. 1991) of X. c. pv. vesi-
catoria. The X. c. pv. malvacearum genes differ most ob-
viously in the multiplicity of the 102-bp motif (Fig. 5)
in the central portions of the genes. As shown by partial
Ball digests of the cloned pXcmH genes (Fig. 6), the 102-
bp motif is repeated from 14 (in avrb6) to 23 times (in
avrBI101). The only genes with the same number of repeats
are avrB4 and avrb7, both having 19. We conclude that
the avirulence specificity of X. ¢. pv. malvacearum avr
genes is not determined solely by the number of repeated
units. Deletion of some of the repeats of avrBs3 (Herbers
et al. 1992) and pthA (Swarup and Gabriel, unpublished)
can result in the generation of altered avirulence
specificities, indicating that particular repeats or the order
of particular repeats may be important. The repeated units
of avrb6, avrB4, pthA, avrBsP, and avrBs3 are highly
similar (>92% among the repeats), and the consensus
repeat sequences of avrb6 and avrBs3 are identical, The
most obvious differences in both of these genes appear
be in positions 12 and 13 of the 34 amino acid repeated
motif (Fig. 5), involving histidine-aspartate vs. asparagine-
isoleucine, -glycine, or -asparagine.

To date, the biochemical function(s) of any member of
this gene family remains unknown. Comparisons of the



avrb6 nucleotide coding sequence and inferred amino acid
sequence with sequence data banks did not reveal sig-
nificant homology with known genes or proteins outside
of this gene family. The 102-bp direct repeats within these
genes are remarkable and are required for function. Outside
of this gene family, highly repetitive elements of similar
size and periodicity are found in structural proteins that
interact with cytoskeletal elements such as the ankyrin
family of proteins (Lux ef al. 1990) and in a number of
genes involved in cell cycle control in yeast (Sikorski ez al.
1990) and nuclear migration in yeast (Kormanec et al.
1991). Most of these proteins are associated with mem-
branes or structural components of the cell. The puta-
tive protein product of avrb6 apparently lacks any amino-
terminal signal sequence that would indicate a trans-
membrane subcellular localization. Expression of avrBs3
(Knoop et al. 1991) and pthA (Swarup et al. 1992) is con-
stitutive, and avr::gusA fusions to three of the X. c. pv.
malvacearum genes were expressed from their native pro-
moters when bacteria containing these genes were grown
in rich media. Constitutive expression might indicate a
function for these genes other than that involving plant
interactions, since a certain amount of metabolic energy
must be expended in the constitutive expression of the
genes. By contrast, the Xanthomonas hrp genes reported
to date are essential for virulence and are well regulated
(Willis et al. 1991).

DNA fragments that hybridize to internal probes derived
from members of this gene family were found in nine of
12 Xanthomonas species or pathovars examined, including
X. citri, X. phaseoli, and X. campestris pvs. alfalfae, auran-
tifolii, cyamopsidis, glycines, malvacearum, translucens,
and vignicola, and almost always with multiple members
per strain (Bonas et al. 1989; Swarup et al. 1992). Since
not all Xanthomonas strains carry DNA fragments that
hybridize to members of this gene family, these genes do
not appear to be needed in the genus generally. By contrast,
all strains tested of X. citri, X. phaseoli, and X. c. pv.
malvacearum carried members of this gene family (Fig.
7 and Swarup et al. 1992), suggesting that these genes
may be needed in some strains. At least one member of
this family, pthA, is a host-specific virulence gene and
confers the ability to elicit cankers on citrus (and only
on citrus) to several other xanthomonads (Swarup et al.
1991). (Gene pthA also confers gratuitous avirulence to
X. citri on nonhosts [Swarup et al. 1992]). Similarly, avrb6
confers water-soaking ability to X. ¢. pv. malvacearum
strains, and the phenotype is also host-specific (for cotton)
(De Feyter and Gabriel 1991a; Yang and Gabriel 1992).
X. c. pv. malvacearum strains originating in North Amer-
ica, such as XcmH, had at least eight to 11 potential mem-
bers of the gene family, including four to six hybridizing
fragments on large plasmids. Besides the six plasmid-borne
avr genes cloned from XcmH, the previously cloned,
chromosomally encoded avrBn (Gabriel et al. 1986) was
recently determined to be the seventh member of this gene
family expressing R gene-specific avirulence (Yang and
Gabriel, unpublished). The function(s) of the other one
to four hybridizing fragments is unknown. Strains origi-
nating in West Africa (such as XcmN) had four to five
potential members of the family, including at least one

on a plasmid. Yet strain XcmN exhibits no known aviru-
lence activity, and most of the other African strains are
virulent on a wide range of cotton cultivars. The pres-
ence of potential members of the gene family in all X.
c. pv. malvacearum strains—some with no known aviru-
lence activity—was therefore unexpected and indicates that
at least one or more members (perhaps including avrb6)
may be needed for virulence on cotton. None of the X.
c. pv. malvacearum strains isolated from Hibiscus con-
tained genes with homology to this avirulence gene family
(Fig. 7), and cotton is not a host for X. c. pv. malvacearum
strains isolated from Hibiscus. This gene family may be
considered a Xanthomonas host-specific virulence/aviru-
lence gene family.

The presence of inverted repeat sequences flanking all
members of this gene family sequenced to date was un-
expected, as was the fact that avrb6 of XcmH is 98%
identical in DNA sequence with avrBs3 of X. c. pv. vesi-
catoria. Since strains of X. ¢. pv. malvacearum and X.
c. pv. vesicatoria are only 34-42% similar by DNA-DNA
hybridizations (Kingsley and Gabriel, unpublished), these
genes have obviously moved horizontally among
genetically dissimilar strains. The wide distribution of
multiple copies of hybridizing fragments among natural
strains of the genus Xanthomonas may indicate that the
horizontal transfer of these genes is not rare. The presence
of terminal inverted repeats, the evidence for horizontal
gene transfer, and the presence of multiple hybridizing
bands in nearly all strains examined suggested transpo-
sition as a possible mechanism of genetic exchange. In
fact, the terminal 38 bases of both avrb6R and avrb6L
are 879 similar to consensus sequence, S'-GGGGNNNN-
NNNNNNANNNGNANNANANNNNACGNTAAG-3,
shared by 11 members of the Tn3 transposon family (Hef-
fron 1983). A characteristic of the Tn3 family is that the
transposase function can be supplied in trans; only the
terminal inverted repeats are required in cis for transpo-
sition of the intervening DNA (Heffron 1983). Although
this evidence is not conclusive, we suggest that the similarity
of the terminal repeats found in avrb6, avrB4, pthA,
avrBs3, and probably other members of this gene family
to the Tn3 family of repeats indicates that these genes
may be capable of transposition. This idea is currently
under investigation.

The generation of race-change mutations at high fre-
quencies has been well documented in fungi (for example,
Statler [1985]) and in bacterial pathogens, including X. c.
pv. malvacearum (for example, Brinkerhoff 1970). These
race-change mutations, presumably involving avr genes,
occur independently of host cultivar (or R gene) selection
against avirulence (Alexander ef al. 1985). Therefore many,
if not most, avr genes may be selectively neutral (Gabriel
1989). If a multi-gene family is found within a given strain,
any essential function might be satisfied by one of the
members of the family, leaving the others free to mutate.
For example, four members of the avr gene family reported
here are found in X. citri, but only one member, pthA,
is required for virulence (Swarup et al. 1992). Spontaneous
race-change mutations in X. ¢. pv. malvacearum were read-
ily obtained at unusually high frequencies of from 107
to 10™* (DeFeyter and Gabriel 1991a; McNally 1990). In
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all five race-change mutants examined (Fig. 7), deletions
appeared in DNA fragments corresponding to members
of this avr gene family, usually including the fragment
carrying the predicted avr gene. It is apparent that multiple
members of this avirulence gene family may have arisen
in Xanthomonas strains by duplication of an existing mem-
ber, and divergence of the copies by intragenic or intergenic
recombination. The highly conserved and reiterated struc-
ture of the members of this avr gene family provides
opportunities for the evolution of new avirulence/ virulence
phenotypes via homologous recombination. All seven
cotton R genes examined so far interact with X. c¢. pv.
malvacearum through members of this avr gene family.
On the basis of the high frequency of race change mutations
observed in X. c¢. pv. malvacearum and the observed
deletions in fragments known to carry the specific avr genes
involved, we conclude that homologous recombination
among duplicated members of this avr gene family is the
most likely mechanism for race change in X. c¢. pv.
malvacearum.

MATERIALS AND METHODS

Bacterial strains and plasmids.

The bacterial strains and plasmids used in this study
are listed in Table 3. The virulent race-change mutants
Xcml1201 and Xeml1216 were isolated from cotton line
AcB4 (refer below) as described previously (DeFeyter and
Gabriel 1991a).

Media.

Escherichia coli strains HB101 and DH5a were grown
in LB medium (Sambrook et al. 1989) at 37° C and X.
¢. pv. malvacearum strains at 30° C in PYGM (peptone-
yeast extract-glycerol-MOPS) medium (DeFeyter et al.
1990). When appropriate, antibiotics were added at the
following final concentrations (in mg/L): ampicillin (Ap),
25; gentamycin (Gm), 2; kanamycin sulphate (Km), 20;
and rifampicin (Rif), 75.

Recombinant DNA methods.

Plasmids were isolated by alkaline lysis methods
(Birnboim and Doly 1979) and digested with restriction
enzymes as recommended by the manufacturers. All other
recombinant DNA methods were according to Sambrook
et al. (1989).

Plasmid constructions. ‘

Plasmid pUFR044 was constructed from pUFR042
(DeFeyter and Gabriel 1991a) by deletion of the 1.4-kb
Pst] fragment specifying Km®. pUFR044 retained the Gm®
and lacZ" markers. The Haell fragment encoding resist-
ance to ampicillin from pUCI9 was inserted into a Pstl

site of pUFR044, after both digested DNAs had been .

treated briefly with Bal31. This treatment removed ap-
proximately 0.4 kb of DNA in total from the fragment
ends. The resultant plasmid, pUFR046, has two Smal sites.
One Smal site was deleted by partial digestion with Smal,
brief Bal31 treatment, and ligation. The product, pUFR047
(Fig. 1) is 8.6 kb in size, has unique restriction sites for
BamH]1, EcoR1, Hind1ll, Kpnl, Pstl, Sall, Smal, and SstI,
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and is stably maintained at low copy number in both E.
coli and Xanthomonas.

Transposon mutagenesis.

Insertion of Tn5-gusA, a transcriptional operon fusion
transposon (Sharma and Signer 1990) into cloned X. c.
pv. malvacearum DNA fragments was achieved essentially
as described previously (Swarup et al. 1991). In this meth-
od, plasmids to be mutagenized are transferred by conju-
gation through the E. coli strain C600-387, which has the
transposon inserted into the chromosome. The site and
orientation of insertion into the target plasmids were
determined by restriction enzyme analyses. Assays for 8- -
glucuronidase (Gus) activity were performed after X. c.
pv. malvacearum transconjugants were grown in PYGM
broth. Ten microliters of fresh overnight culture was added
to 0.1 ml of 0.1 M phosphate buffer, pH 7.0, containing
40 pl/ml X-glucuronic acid (5-bromo-4-chloro-3-indolyl-
beta-p-glucuronic acid) (Molecular Probes, Inc., Eugene,
OR). Gus activity was indicated by a blue color developing
within 24 hr.

Bacterial conjugation.

Triparental conjugations were carried out as described
elsewhere (DeFeyter and Gabriel 1991a) to transfer plas-
mids from one E. coli strain to another, or from E. coli
to Xanthomonas. Transfer of plasmids into Xcm1003 used
the modifier plasmid pUFR054 to enhance the transfer
frequency (DeFeyter and Gabriel 1991b). Selection for X.
c. pv. malvacearum transconjugants was achieved using
PYGM plates containing Rif, Km and Gm, or Rif and Gm.

Cotton lines and plant inoculations.

The Acala-44 (Acd4) cotton lines used in this study were
originally created by crossing cotton lines carrying the
indicated cotton blight (B) resistance genes to a common
parent, Ac44 (Hunter and Brinkerhoff 1961; M. Essenberg,
unpublished data). For example, AcBl carries the BI
resistance gene. The B gene was then identified in the F,
population using pathogenicity tests, and was then
backcrossed repeatedly to the same Ac44 parent line. The
resulting lines are congenic with Ac44, and each is known
to have been backcrossed to Ac44 at least the following
number of times: AcBI1, 6X; AcB2, 2X; AcB4, 3X; Acb6,
2X; Acb7, 6X; AcBIn, 5X; and AcBIn3, 3X. Following
the last backcross, all lines except AcB2 were self-polli-
nated, and the F; plants exhibiting homozygosity were
retained for pathogenicity tests. All lines used except AcB2
were homozygous for the indicated blight gene. Cotton
line 101-102B confers immunity to all North American
strains of X. c¢. pv. malvacearum and has multiple blight
resistance genes (including B2, B3, b6, b7, and BSm)
(Brinkerhoff er al. 1984; DeFeyter and Gabriel 1991a).

To determine if the resistance genes carried in lines AcB1
and AcB4 were linked, AcBl (BIBI) and AcB4 (B4B4)
were crossed. The AcBl line used in this study carried
BIBI in 2 99.22% Ac44 background (six backcrosses), and
the AcB4 line used in this study carried B4B4 in a 93.75%
Ac44 background (three backcrosses). The F, progeny were
inoculated with isogenic X. ¢. pv. malvacearum strains
differing only by single, cloned avr genes. Inoculation and



Table 3. Bacterial strains, phage, and plasmids used in this study

Bacterial strain Relevant characteristics Reference or Source
E. coli
C600-387 hsdR17 (v, my"), supE44, thr-1, Swarup ef al. 1991

thi-1, leuB6, lacYl, tonA21,
hflA150{chr::Tnz-gusA (Km',Tc")]

HBI10! supE44, hsdS20(r,"m "), recAl13,
ara-14, proA2, lacY1, galK2, rpsL20, xyl-5, mtl-1
DHS5e F~, endAl, hsdR17 (v, m,"), supE44,

thi-1, recAl, gyrA, relAl, $80dlacZ
AM15, A(lacZYA-arg F)U169
X. campestris pv. malvacearum

XemC, XemJ, XemL Natural isolates from cotton from Upper Volta, Africa
and XcmN
XcmNSp SpcR derivative of XemN
XcmH Natural isolate from cotton from Oklahoma; abrB4”,
avrb6™, avrBn*, avrBIn®, avrBI10I" and avrB102*
XcmHSp Spc® derivative of XemH
XcemA, XemD, XemF, Natural isolates from cotton from Oklahoma or Texas

Xceml, XemM, XemQ,
XcemX, and XemY

Xem1003 Spc® Rif® derivative of XemN

Xcm1102 SpcR, avrb6, avr BIn derivative of XcmH

Xeml1113 Spc®, AavrBIn derivative of XcmH

Xem1201 SpcR, avrB4 derivatives of XemH

Xcml1216 SpcR®, avrB4, Aavrb6 derivative of XcmH

KM46 A(avrBI0I - avrBIn) derivative of XcmH

X10, X27, X52, X102, Natural isolates from hibiscus; not virulent on cotton

X103, X108, and
083-4344
Plasmid

pXcmH Natural plasmid from XcmH carrying six avr used in
this study

pUFR042 IncW, Km®, GmR®, Mob", mob(P), lacZo*, Par”

pUFR044 IncW, Gm®, Mob™, mob(P), lacZa™, Par*

PUFRO046 IncW, Gm®, ApR, Mob*, mob(P), lacZa", Par*

pUFR047 IncW, GmR, ApR, Mob*, mob(P), lacZa®*, Par*

pUFRO054 IncP, TcR, Mob™, mob(P), containing M. Xmal and
M. Xmalll

pUFR101 Cosmid clone, AvrB4™, Avrb6™*

pUFR107 Cosmid clone, AvrB101*, AvrBIn*

pUFR114 Cosmid clone, AvrB102, Avrb7*

pUFR131-6 BamHI subclones of pUFR101, in pUFR042

pUFR137-38 Sst] deletion derivatives of pUFR101

pUFR139-41 Sst1 subclones of pUFR101, in pUFR042

pUFR142-52 BamHI subclones of pUFR107, in pUFR047

pUFR153-56 Sst1 subclones of pUFR107, in pUFR042

pUFR157 10.7-kb EcoRI-Sall fragment of pUFR114, in
pUFR042

pUFR158 BamH1 deletion derivative of pUFR166

pUFR159-62 BamHI subclones of pUFR114, in pUFR042

pUFR163 10.4-kb EcoRI-Sall fragment of pUFR114, in
pUFR042

pUFR164 BamHI subclone of pUFR114, in pUFR042

pUFR165 BamHI deletion derivative of pUFR 114

pUFR166-70 Sstl subclones of pUFR114, in pUFR042

pUFRI171 Internal BamHI fragment of avrB4, in pGem!11Zf(+)

pUFR172 Internal BamHI fragment of avrb6, in pGem11Zf(+)

pUFR173 Internal BamHI fragment of avrBI01, in
pGem11Zf(+)

pUFR174 Internal BamHI fragment of avr Bln, inpGem11Z£(+)

pUFR175 Internal BamHI fragment of avrBI02, in
pGem11Zf(+)

pUFR176 Internal BamHI fragment of avrb7, in pGem11Zf(+)

pUFR177 Internal BamHI fragment of avrBs3, in pGem11Zf(+)

pUFR180 BamHI subclone of pUFR101, in pUFR042

pUFRI185 HindIII-Kpnl reclone of insert from pUFR 180, in
pUCI119

pUCI19 ColEl, Ap®, lacZa*

pGEMI11Zf(+) ColEl, ApR, lacZa

Boyer and Roulland-Dussoix 1969

Gibco-BRL, Gaithersburg, MD

Lazo and Gabriel 1987

De Feyter et al. 1990
De Feyter and Gabriel 1991a

Lazo and Gabriel 1987

DeFeyter and Gabriel 1991a
DeFeyter and Gabriel 1991a
DeFeyter and Gabriel 1991a
This study

This study

McNally 1990

Lazo and Gabriel 1987

DeFeyter and Gabriel 1991a

DeFeyter and Gabriel 1991a
This study
This study
This study
DeFeyter and Gabriel 1991b

DeFeyter and Gabriel 1991a
DeFeyter and Gabriel 1991a
DeFeyter and Gabriel 1991a
This study, see Fig.
This study, see Fig.
This study, see Fig.
This study, see Fig.
This study, see Fig.
This study, see Fig.

NN NN

This study, see Fig.
This study, see Fig.
This study, see Fig.

NN

This study, see Fig. 2
This study, see Fig. 2
This study, see Fig. 2
This study
This study
This study

This study
This study

This study
This study
This study, see Fig. 2
This study

Vieira and Messing 1987
Promega Co., Madison, W1
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assay methods are described elsewhere (DeFeyter and
Gabriel 1991a).

DNA sequencing and analysis.

The DNA insert from plasmid pUFR180 (avrB4 and
avrb6) was recloned into pUCI119 using a HindIII and
Kpnl double digest, which cut the fragment on each side
of the polylinker, forming pUFR185. Sets of overlapping,
deletion subclones were generated in pUFR 185 from each
end of the insert using DNase I as described (Sambrook
et al. 1989). The DNA sequence of the relevant fragments
was determined in both directions by the dideoxy chain
termination method and the Amersham (Arlington
Heights, IL) system RPNI1590 as described by the
manufacturer with the universal forward primer, the #1201
Reverse Sequencing Primer (New England Biolabs,
Beverly, MA), or six custom synthesized (ICBR DNA
Synthesis Core, University of Florida, Gainesville) 19- to
21-bp oligonucleotide primers. Some sequencing was
performed by the ICBR DNA Sequencing Core, University
of Florida, Gainesville. Overlapping DNA fragments
comprising avrb6 and avrB4 were assembled the GCG
Version 7 Sequence Analysis software package by Genetics
Computer, Inc., Madison, WI. Computation was
performed at the ICBR Biological Computing Facility,
University of Florida, Gainesville. The Swiss-Prot 23.0,
August 1992; PIR 34.0 (complete), September 30 1992;
CDS translation from Genbank(R) Release 73.1, October
1 1992, databases were searched using the predicted amino
acid sequence of avrb6 and the BLAST program (Altschul
et al. 1990), run at the National Center for Biotechnology
Information (NCBI) network service in Bethesda, MD.

Nucleotide sequence accession number.

The nucleotide sequence of the avrb6 gene has been
submitted to GenBank and assigned accession number
L.06634.

NOTE ADDED IN PROOF

The DNA sequence of avrXal0, another member of the
avr gene family described here, was recently published (C.
M. Hopkins, F. F. White, S. H. Choi, A. Guo, and J. E.
Leach. 1992. Identification of a family of avirulence genes
from Xanthomonas oryzae pv. oryzae. Mol. Plant-Microbe
Interact. 5:451-459). Gene avrXal0O is less than 97%
homologous to other published members of the avr gene
family, and only half of the inverted terminal repeat
concensus sequence identified here as marking the
boundaries of homology between members of the gene
family is preent in avrXal0 (from position 3473 to 3501)
at the 3" end. Homology of avrXal0 to other members
of the gene family therefore ends within the concensus
terminal inverted repeat. The 5’ boundary of homology
of avrXal0 to other members of the avr gene family is
not indicated in the publication.
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