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Watersoaking Function(s) of XecmH1005
Are Redundantly Encoded by Members
of the Xanthomonas avr/pth Gene Family
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Xanthomonas campestris pv. malvacearum strain Xcm-
H1005 is the source of 6 plasmidborne avr genes that are
members of the Xanthomonas avirulence (avr)/ patho-
genicity (pth) gene family, but only one of these highly
homologous genes is known to affect its pathogenicity
(Yang et al., 1994, Mol. Plant-Microbe Interact. 7:345-
355). Since XcmH1005 contained six additional DNA
fragments that hybridized to gene family members, these
additional fragments were cloned, characterized, and as-
sayed for avirulence and pathogenicity functions. Four of
the six fragments exhibited avirulence function; three are
new genes and one (avrBn) is previously described but
now recognized as a member of the gene family. Marker-
eviction mutagenesis of XemH1005 and complementation
tests revealed that at least seven of the 10 XcmH1005
avr/pth family members exhibited pleiotropic pathogenic-
ity (watersoaking) function on cotton, but only five avr/pth
genes were needed for full watersoaking. The contribution
of each gene to pathogenicity was additive, and five of the
10 avr/pth genes appeared to be redundant. One Xcm-
H1005 mutant, in which seven members of the gene family
were eliminated, was asymptomatic on susceptible cotton
and 1,600 times less mutant bacteria were released onto
the leaf surface in comparison with the wild-type strain.
However, the in planta growth rate and yield of this mu-
tant on susceptible plants were identical to those of the
wild type. We conclude that pathogenicity of XemH1005
on cotton, but not growth in planta, requires multiple
specific members of the Xanthomonas avr/pth gene family.

Additional keywords: angular leaf spot, cotton blight, gene-
for-gene, host range, specificity.

Many microbial plant pathogens carry avirulence (avr)
genes that act as negative factors to trigger plant defenses on
hosts carrying specific resistance (R) genes. Experimental re-
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moval of most avr genes tested increases host range to in-
clude otherwise resistant host cultivars, and such strains
(lacking the avr genes) are usually not impaired in patho-
genicity on susceptible hosts (Gabriel and Rolfe 1990; Keen
1990). There are some notable exceptions to this rule; avr
genes that have been shown to pleiotropically contribute to
virulence on susceptible hosts are: avrBs2 of Xanthomonas
campestris pv. vesicatoria (Kearney and Staskawicz 1990),
pthA of X. citri (Swarup et al. 1992), avrb6 of malvacearum
(Yang et al. 1994), avrRpml of Pseudomonas syringae pv.
maculicola (Ritter and Dangl 1995) and avrA and avrE of P
syringae pv. tomato (Lorang et al. 1994). It is argued that avr
genes must have selective value in order to be maintained in a
pathogen population (for example, Keen and Staskawicz
1988; Lorang et al. 1994), but this concept of “stabilizing se-
lection” is an old one in plant pathology for which there is no
general evidence (for example, refer to Bronson and Elling-
boe 1986). With the exception of the few avr genes listed out
of more than 30 cloned and published to date (Gabriel et al.
1993), the presence of most avr genes in pathogens remains
enigmatic (Keen 1990; Ritter and Dangl 1995).

Both pthA and avrb6 are members of a large Xanthomonas
avirulence (avr)/ pathogenicity (pth) gene family (Yang and
Gabriel 1995; De Feyter et al. 1993). This gene family com-
prises nearly all published Xanthomonas avr genes and con-
stitutes over 1/3 of all avr genes reported cloned to date.
Other published members of the avr/pth gene family include
avrB4, avrb7, avrBiIn, avrB101, and avrB102 of X. campes-
tris pv. malvacearum (De Feyter and Gabriel 1991a; De
Feyter et al. 1993), avrBs3, avrBs3-2 (syn. avrBsP) of X.
campestris pv. vesicatoria (Bonas et al. 1989, 1993; Canteros
et al. 1991) and avrXa$, avrXa7, and avrXal0 of X. oryzae
(Hopkins et al. 1992). All family members sequenced to date
are 95 to 98% identical to each other (Bonas et al. 1993;
Hopkins et al. 1992; De Feyter et al. 1993; Yang and Gabriel
1995). Most members of this gene family were isolated as
avirulence genes and without evidence of pathogenicity func-
tion,

Xanthomonas campestris pv. malvacearum (Smith) Dye is
the causal agent of angular leaf spot of cotton, an economi-
cally important disease with worldwide distribution. All
strains examined of X. campestris that attack cotton carry at
least 4 to 12 DNA fragments that hybridize with members of
the Xanthomonas avripth gene family (De Feyter et al. 1993).
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One of these nearly identical gene family members, avrb6, is
known to contribute to the watersoaked, pathogenic symp-
toms produced by X. campestris pv. malvacearum strain
XcmH1005, but other genes are also clearly involved (Yang et
al. 1994). We speculated that other members of the avi/pth
gene family, besides avrb6, were necessary for pathogenicity
of XemH1005, but insertional inactivation of only a few
members of this gene family in XemH1005 failed to provide
evidence to support this idea (Yang et al. 1994). Southern hy-
bridization analysis revealed at least five additional DNA
fragments in XcmH1005 with the potential to encode mem-
bers of the gene family, besides the six plasmidbome avr
genes previously cloned (De Feyter et al. 1993). The purpose
of this research was to identify and experimentally destroy all
members of the avr/pth gene family in XecmH1005 in an ef-
fort to clarify the role in pathogenicity of the many members
of the gene family found in this one strain.

RESULTS

Cloning of six potential avr/pth genes from XcmH1005 by
hybridization.

In addition to the six members of the Xanthomonas avr/pth
gene family previously cloned from plasmid pXcmH of strain
XcmH1005 (De Feyter and Gabriel 1991a), Southern blot
analyses revealed the presence of six more DNA fragments in
XcmH1005 that hybridized to an internal BamHI fragment
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from avrb6 (Fig. 1). All of the hybridizing fragments ap-
peared to be large enough to carry functional members of the
avr/pth gene family. Based on a lower intensity of hybridiza-
tion and the fact that XcmH1005 appeared to carry only a
single plasmid (pXcmH; De Feyter and Gabriel 1991a), the
additional hybridizing fragments appeared to be chromoso-
mal.

Colony hybridizations were carried out to isolate all hy-
bridizing clones from a genomic library of XcmH1005 (De
Feyter and Gabriel 1991a) by probing with the internal
BamHI fragment from avrb6. Twenty-three out of 72 cosmid
clones identified by colony hybridization were found to carry
DNA fragments not found on pXcmH. These new, presuma-
bly chromosomal DNA fragments were readily distinguished
from the DNA fragments that form pXcmH by restriction
fragment length polymorphisms (RFLPs) (Fig. 1A; and data
not shown). Six different chromosomal DNA fragments that
hybridized with avrb6 were cloned and identified as repre-
senting the six additional DNA fragments observed on the
Southern blots of XemH1005 (Fig. 1B). These DNA frag-
ments were arbitrarily named according to size as Hcl to 6.
Six cosmid clones were selected for further study: pXcm1.12
carried Hel and He3; pXem1.21 carried He2; pXcem?2.23 car-
ried He3; pXcem2.12 carried He4 and HeS; pXem2.11 carried
Hc5 only; and pXeml1.22 carried He6 (Fig. 1). Restriction
digests of these clones revealed that Hc1, Hc2, and Hc3 were
tightly linked, and that Hc4 and Hc5 were tightly linked.
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Fig. 1. Southern hybridization of cosmid DNAs containing six chromosomal avr genes after EcoRI and SsI double digestion. The blot was probed with a
2.9-kb, *2-P-labeled internal BamHI fragment of avrb6. A, Ethidium bromide stained gel; B, Autoradiograph resulting from Southern hybridization: lane
1, XemH1005 genomic DNA; lane 2, pXcmH; lane 3, pXcml.12; lane 4, pXcem1.21; lane 5, pXem2.23; lane 6, pXem2.12; lane 7, pXcm2.11; lane 8,
pXeml1.22; M, molecular marker. a, Hel; b, avrB4; ¢, avrB101; d, avrB102, e, avrB103; f, avrBn; g, avrBin; h, avrB104; i, avrb7, j, avrBS5; k, avrb6; |,

Hc6.
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Phenotypic activity of hybridizing fragments in Xcm1003.

All six cosmid clones identified by hybridization as poten-
tially carrying members of the avr/pth gene family were con-
jugally transferred to the widely virulent X. campestris pv.
malvacearum African strain Xcm1003 for activity assays.
Transconjugants were tested on cotton cv. Acala 44 (Ac44)
and nine cotton resistance lines, congenic with Ac44 and each
carrying one of the following resistance genes: Bl, B2, B4,
B5a, B5b, b6, b7, Bin, or BIn3. Transconjugants were also
tested on cotton line 20-3, carrying Bn and BSm. None of the
cosmid clones conferred increased watersoaking to Xcm1003,
but all except pXcml.22 conferred R gene-specific aviru-
lence. To localize avirulence activity, all cosmid clones with
avirulence activity were directionally subcloned into
pUFR047 by EcoRI and HindIIl digestion. pXcml1.12 was
subcloned to separate fragments Hcl and Hc3, generating
pUFY36.8 (Hcl) and pUFY36.26 (Hc3). Fragment Hc2 on
pXcml.21 was subcloned to form pUFY31.46. pXcm2.12
was subcloned to generate pUFY37.62, still carrying Hc4 and
Hc5 on a single, 11-kb EcoRIVHindIIl DNA fragment. Frag-
ment Hc4 on pUFY37.62 was further subcloned to form
pUFY38.1. Fragment Hc5 on pXcm2.11 was subcloned to
form pUFY33.19.

The indicated plasmids were transferred to Xcm1003 and
tested on the cotton lines. The Hcl and Hc6 DNA fragments
conferred no detected phenotypic alteration to Xcml003
when inoculated on any of the cotton lines and pUFY36.8
and pXcm1.22 were not investigated further. The other four
DNA fragments conferred R gene-specific avirulence and
were mapped by restriction enzyme and Southern hybridiza-
tion analyses to confirm that they carried members of the
Xanthomonas avr/pth gene family (data not shown). Restric-
tion sites for BamHI, Stul, Pstl, Ball, Hincll, and SstI were
present in identical positions within each of the genes as have
been found in other members of the avr/pth gene family, and
each gene exhibited a Ball ladder, indicative of the presence
of 102-bp tandem repeats characteristic of the family. The
Hc2 and Hc4 DNA fragments conferred the same gene-for-
genes (plural) avirulence specificity to Xem1003 as did
clones carrying avrB101 (De Feyter et al. 1993): the transcon-
jugants elicited a hypersensitive response (HR) on AcB5a and
AcBIn3. Since these DNA fragments were physically differ-
ent from each other and from the fragment that carries
avrB101, we conclude that Hc2 and Hcd4 carried two new
members of the gene family, named avrBI103 and avrB104,
respectively. The HR elicited by transconjugants carrying
these chromosomal fragments was weaker than that elicited
by isogenic strains carrying avrBI0I on the same vector.

The He3 DNA fragment on pXcem2.23 conferred avirulence
to Xcm1003 on cotton lines containing resistance genes Bn or
Bin3. Gene avrBn had previously been cloned from
XcmH1005 on pUFA-H1 (Gabriel et al. 1986), but avrBn was
not then recognized as a member of the avi/pth gene family.
Based on phenotypic assays and restriction fragment and
Southern hybridization analyses (not shown) avrBn was
found to be independently cloned on both pUFA-H1 and
pXcm2.23. The Hc5 DNA fragment conferred avirulence to
Xcm1003 on AcB5b and AcBIn3 and we conclude that HeS
carried a new member of the gene family, named avrBS. Ex-
cept for avrBI10I and avrB102, which are carried on identi-
cally sized EcoRU/SstI fragments, each of the 10 XcmH1005
avr genes was placed on a uniquely sized, clearly identifiable
EcoR1/Sstl DNA fragment (Fig. 1B).
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Fig. 2. Southern hybridization of EcoRl and SstI double-digested
genomic DNAs of XemH1005 mutants. The blot was probed with 2-P-
labeled internal BamHI fragment of avrb6. Lane 1, XemH1005; lane 2,
HMI.10; lane 3, HMI.15; lane 4, HMI1.38S; lane 5, HM1.26; lane 6,
HM1.36; lane 7, HM1.34; lane 8, HM1.32S; lane 9, HM1.20; lane 10,
HM1.208S; lane 11, HM2.2; lane 12, HM2.2S. a through | as per Figure 1
legend.

Table 1. Phenotypes of marker-exchange mutants of Xanthomonas campestris pv. malvacearum strain XemH1005 on cotton

Cotton cv. Acala-44 congenic lines

Strain Acdd AcB4  AcB5b Acb6 Acbh7 AcBIn  AcBIn3
XemH1005 +++* - = = S o =
HMI.10 (avrBin::nptl-sac) +++ - . = 4+ -
HMI.15 (avrb6: :nptl-sac) ++ - ++ e L .
HM1.20S (avrB5-, avrb6™) ++ - o _— = s -
HMI1.38S (avrB4~, avrb7-, avrBIn~, avrB101~, avrl1027) ++ ++ - ++ ++ ++ ==
HMZ2.28 (avrB4-, avrB5~, avrb6™, avrBn~, avrBIn™, avrBI101-, avr1027) 0 0 0 0 0 0 +

"+ + + = strong watersoaking; + + = moderate watersoaking; 0 = no watersoaking and null phenotype at lowinoculum levels; — = hypersensitive re-

sponse (HR); + = weak HR.
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Inactivation of multiple avr/pth genes in XemH1005.

The pleiotropic pathogenicity and avirulence functions of
avrb6, avrb7, and avrBin had previously been investigated by
marker-exchange inactivation of each gene individually (Yang
et al. 1994). In an attempt to inactivate or delete the remain-
ing seven avr genes, marker-eviction mutagenesis was carried
out in XcmH1005 in a two-step process. The first step in-
volved semirandom marker exchange using an nptl/-sac car-

i Xcm HM2.2s

HM2.2s/pUFR107 | HM2.2s/pUFR103

Fig. 3. Effect of avr genes on watersoaking symptoms caused by Xan-
thomonas campestris pv. malvacearum on susceptible cotton line Acdd,
The indicated strains were inoculated at 10° CFU/ml. XemH is the wild-
type parent of spontaneous rifamycin mutant XemH1005; both exhibit
identical pathogenic symptoms.
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Fig. 4. Inactivation of multiple avr genes in Xanthomonas campestris pv.
malvacearum did not affect bacterial growth in planta on cotton suscep-
tible line Ac44. Filled circle, XemH1005; open circle, HM2.2S. Plants
were initially inoculated at 10° CFU/ml.
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tridge inserted in the tandem repeat region of homologue
pthA. Marker-exchange mutants were recovered with nptl-sac
insertions in avrBin (HM1.10), avrb6 (HM1.15), fragment
Hcl (HM1.26), avrB103 (HM1.36), avrBn (HM1.34), and
avrB5 (HM1.20) (Fig. 2). In the second step, marker-ex-
change mutants were grown in the presence of sucrose, result-
ing in selection of nptl-sac eviction mutants that sometimes
lost multiple avr genes (e.g.,, HMI1.38S, HMI1.32S, and
HM1.208S; refer to Figure 2). More than 140 mutants were
generated and 60 of them were tested on the Acala congenic
resistance lines and analyzed by Southern hybridization.

Based on hybridizations with the BamHI internal fragment
of homologue avrb6, marker-eviction mutants affecting all 10
avr/pth genes were obtained. Plasmid pXcmH suffered ex-
tensive deletions/rearrangements, but in no case was the entire
plasmid cured. No mutant carrying fewer than four hybridiz-
ing fragments was obtained. In some cases, members of the
family appeared to rearrange to form new members, as evi-
denced by the appearance of new hybridizing DNA frag-
ments, and often accompanied by the appearance of a new
avirulence specificity (data not shown). Also in all cases, at
least one member remained plasmidborne, as evidenced by
comparatively strong hybridization intensities characteristic
of the plasmidborne genes.

Table 1 lists selected mutants that exhibited altered pheno-
types on cotton. As predicted by gene-for-gene theory, muta-
tions of avrBIn (HM1.10), avrb5 (HM1.208S), avrb6 (HM1.15
and HM1.208), avrB4, or avrb7 (HM1.388) resulted in the
loss of avr specificity on the indicated cotton lines. As ex-
pected, mutation of the avrBI03 (HM1.36), avrBl04
(HM1.32S), avrBn (HM1.34), or Hcl (HM1.26) fragments
resulted in no alteration of avirulence or pathogenic pheno-
types, presumably because of other, epistatic, gene-for-gene
interactions (see De Feyter et al. 1993). No marker exchanges
affecting fragment Hc6 were recovered.

All mutations or mutation combinations involving avrb6
(e.g., HMIL.15 and HM1.208) reduced watersoaking ability
on susceptible cotton lines. (Although in Figure 2 HM1.2S
appears to have a band of similar size to the one carrying
avrb6, additional Southern analyses using other restriction
enzymes reveal that the original avrb6 band is missing and
that this “k” band is slightly smaller than the original avrb6
band; data not shown.) By contrast, mutations eliminating all
five of the other pXcmH avr genes except avrb6 did not affect
watersoaking symptoms on susceptible cotton lines. Based on
plasmid profile (not shown), Southern blot analysis (Fig. 2),
and plant tests (Table 1), HM1.38S had lost avrB4, avrb7,
avrBln, avrBI10l, and avrB102 and remained fully patho-
genic. To evict as many avr genes as possible, several marker-
evicted mutants were subjected to a second round of marker-
exchange mutagenesis. Marker-evicted mutant HM2.2S was
derived from HM1.20S (avrB5~, avrb67) and had lost at least
seven avr genes (avrB4, avrB5, avrb6, avrBn, avrBin,
avrBI101, and avri02). By contrast with HM1.38S, however,
HM2.2S also lost all watersoaking ability on mature leaves of
the susceptible line Ac44 (Table 1; Fig. 3). HM2.2S was a-
symptomatic (nonpathogenic) on susceptible cotton leaves
when inoculated at 10° CFU/ml, and nearly asymptomatic
(but no watersoaking) when inoculated at high levels (10
CFU/ml; Fig. 3). Interestingly, when inoculated at high levels
on AcBIn3 plants, a slight HR was observed.



Effect of mutational loss of pathogenicity on endophytic
growth of HM2.2S.

Since avrb6™ mutants of XcmH1005 that had lost signifi-
cant watersoaking ability on Ac44 were shown to be unaf-
fected in growth in planta (Yang et al. 1994), we evaluated
growth of HM2.2S on Ac44 in comparison with the parental
strain XcmH1005. The growth rate and yield in planta of
HM2.2S were no different from those of XcmH1005 (Fig. 4).
However, the amount of HM2.2S released onto the leaf sur-
face was 1,600 times less than that of XcmH1005. Only
0.007% (8.8 + 3.0 x 10* CFU/cm? out of 1.18 + 0.24 x 10°
CFU/cm?) of HM2.2S bacteria present in the infected leaf tis-
sue was released onto the leaf surface, whereas 9.2% (1.42 +
0.15 x 10® CFU/cm? out of 1.55 + 0.23 x 10° CFU/cm?) of
the XcmH1005 bacteria was released onto the surface. There-
fore, mutant HM2.2S appeared to be unaffected in growth in
cotton.

Additive complementation of pathogenicity defect in
HM2.2S by avr/pth genes.

Complementation tests were carried out to further analyze
the potential pathogenicity function(s) of all 10 members of
the avr/pth gene family isolated from XcmH1005 and to

search for potential pathogenicity function(s) encoded on
pXcmH, but not encoded by the six avr/pth genes found on
the plasmid. Plasmids carrying individual family members
avrb6 (pUFR127), avrB101 (pUFR142), avrBIn (pUFR156),
and avrb7 (pUFR163) conferred a very slight watersoaking
ability to HM2.2S. Plasmids carrying the other six individual
avr/pth genes or the Hcl or He6 fragments were not observed
to even partially complement the watersoaking defect in
HM2.2S. Pathogenicity assays of DNA fragments in regions
outside the avr/pth genes on pXcmH (the extent of these large
genes is indicated by arrows in Figure 5) did not reveal any
watersoaking activity when introduced into HM2.2S (Fig. 5).
Plasmids carrying any combination of two or more mem-
bers of the avr/pth gene family encoded on pXcmH conferred
watersoaking activity to HM2.2S (Fig. 5). Most avr/pth genes
encoded on pXcmH appeared to act synergistically to confer a
level of watersoaking that appeared to be greater than the sum
of the individual genes. For example, strains containing avr-
BlIn and avrB101 together exhibited nearly wild-type levels of
watersoaking activity (on pUFYO058), but individually they
conferred barely detectable watersoaking. Similarly, avrb7
and avrB102 together conferred much stronger watersoaking
than either alone; adding a third gene (e.g., avrBIn on

avrB4 avrbé avrB101 avrBin avrB102 avrb7
pXcmH | —>—> | 1| —» —> | 44— 4+— |
I ) I I 1 UL I I |

(90 kb) Activity
pUFR103 1 "’,'_’, e — +
PUFR115 :?,-l 0
pUFR127 l:ﬁ—l +
PUFR106 e > +++
pUFYO057 4 L 0
pUFY061 —— 0
PUFR142 _— 0/+
pUFY058 L _’, _’, J ++
PUFR107 e > S +++
pUFR109 L1 "_’, ', . ++
pUFR156 —_ 1 o/+
pUFR155 — 0
pUFYO059 —l 0
pUFR111 L > > 1 4 ++
pUFR112 _—’, L ‘_, 1 ‘, T + 4+
pUFR113 T = ‘, — ,‘ T +
pUFR157 0
pUFR163 L 0/+

Fig. 5. Watersoaking activity of pXcmH DNA fragments in mutant HM2.2S. Arrows indicate the location, size, and direction of transcription of the
avr/pth genes on pXcmH. HM2.2S was asymptomatic on susceptible cotton line Ac44: 0 = no detected watersoaking activity; +/0 = very weak water-
soaking activity; + = weak watersoaking activity; ++ = moderate watersoaking activity; +++ = full watersoaking activity (as wild-type XcmH1005; refer
to Figure 3). EcoRI sites are indicated by upper vertical bars; SsI sites are indicated by lower vertical bars.
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PUFR112) again added strongly to the visible watersoaking
effect. This apparent synergism allowed detection of water-
soaking activity contributed by avrB102 (on pUFR113 by
comparison with pUFR163) and by both avrB5 and avrB104
(on pXcm?2.12 by comparison with plasmids carrying each
gene alone). Cosmid clones (pUFR106 and pUFR107) carry-
ing avrb6 and at least two other avr genes fully restored the
watersoaking defects of HM2.2S. No evidence was found for
pathogenicity function of avrB4, avrB103, and avrBn, but
these genes were not cloned in a combination that might have
allowed detection of very weak function.

DISCUSSION

With the exception of pthA of X. citri (Swarup et al. 1991,
1992), all of the other published members of the Xantho-
monas avr/pth gene family were identified and cloned as avr
genes. Six plasmidborne members of this gene family were
previously isolated from X. campestris pv. malvacearum
strain XcmH1005 (De Feyter and Gabriel 1991a). Two of
these (avrb6 and avrb7) were noted to confer enhanced wa-
tersoaking to another strain on susceptible hosts (De Feyter et
al. 1993). We have now cloned all 12 DNA fragments found
in XemH1005 that hybridize with members of the gene fam-
ily, and have found that 10 of these carry functional members
of the gene family. Four new members are reported here.
Based on hybridization intensity and lack of evidence for a
second plasmid in XcmH1005, these four new members ap-
pear to be chromosomally encoded. One of these is the previ-
ously reported avrBn (Gabriel et al. 1986), which is now rec-
ognized as a member of this avr/pth gene family. The three
others are previously undescribed avr genes (avrB3, avrB103,
and avrB104).

Mutations affecting all 10 avr genes in XcmH1005 were
achieved by marker exchange-eviction mutagenesis. Muta-
tion of avrb6 was known to result in a significant loss of wa-
tersoaking ability of XecmH1005 (Yang et al. 1994), but mu-
tations of other individual members of the avr/pth gene
family in XemH1005 had no obvious effect on watersoaking
on susceptible cotton lines. In fact, mutation of all five other
members (except avrb6) encoded on native plasmid pXcmH
(e.g., in HM1.38S) also had no effect. Surprisingly, however,
mutation of avrb6 plus six additional avr/pth family members
in XemH1005 resulted in the complete loss of pathogenic
symptoms (e.g., in HM2.2S) on susceptible cotton leaves.
Since HM2.2S suffered deletions of seven avr/pth genes and
adjacent DNA fragments, mutational analysis alone did not
rule out the potential involvement of other closely linked
pathogenicity genes. However, complementation tests did rule
out the involvement of other closely linked genes and re-
vealed that at least seven of the 10 members of the avr/pth
family could additively contribute to pathogenicity, but that
only three members were needed to fully restore the water-
soaking defect of HM2.2S (Fig. 5). We conclude that (i) many
of the XemH1005 avr genes that are members of the Xantho-
monas avr/pth gene family are also functional as pth genes,
(ii) the contribution of each member to pathogenicity of cot-
ton is quantitative, and (iii) XcmH1005 carries redundant pth
homologues that are not necessary for full pathogenicity.

In contrast to avrBs2 of X. campestris pv. vesicatoria
(Kearney and Staskawicz 1990), pthA in X. citri (Swarup et
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al. 1991), and avrA and avrE of P syringae pv. tomato
(Lorang et al. 1994), there was no evidence that the avr/pth
genes of XemH1005 were even slightly involved in bacterial
growth in planta. Instead, they were involved in the induction
of watersoaking symptoms and associated release of 9.2% of
the total bacteria of the leaf onto the leaf surface, presumably
aiding in dispersal. Mutant HM2.2S, with at least seven
avr/pth genes destroyed, released 1,600 times less bacteria to
the leaf surface (0.007% of the total) than the wild type. Al-
though HM2.2S was asymptomatic on susceptible cotton
when inoculated at 10° CFU/ml, it grew endophytically at the
same rate and to the same level as the wild-type strain. There-
fore, inactivation of multiple avr/pth genes in X. campestris
pv. malvacearum created what appears to be a nonpathogenic
endophyte of cotton. In the case of X. campestris pv. malva-
cearum, pathogenicity and host tissue destruction may be
beneficial for the reproductive fitness of the pathogen. Since
X. campestris pv. malvacearum spreads primarily by rain
splash, it seems doubtful that a nonpathogenic endophyte
could disseminate efficiently in natural field situations. The
lack of correlation between disease symptoms and growth in
planta has been observed with other plant pathogens. Indole
acetic acid—deficient strains of Pseudomonas syringae pv. sa-
vastanoi failed to elicit gall on oleander but exhibited similar
growth patterns as the gall-eliciting wild-type strain (Smidt
and Kosuge 1978). The lemA gene, which encodes a two-
component regulator, is required by P. syringae pv. syringae
for disease lesion formation on bean plants, but not bacterial
growth within or on the leaves of bean (Hrabak and Willis
1992; Willis et al. 1990). Mutation of the fungal pathogen
Colletotrichum magna resulted in a strain that is not able to
induce pathogenic symptoms, but that grows in host tissue as
an endophyte and retains the wild-type host range (Freeman
and Rodriguez 1993).

The apparent enigma of why pathogens carry avr genes at
all, and why some pathogens, such as XcmH1005, carry so
many of them, appears to have several valid explanations.
First, some avr genes have obvious selective value (see intro-
ductory paragraphs, above). Second, some of them may have
only weak selective value that is difficult to assay, but the
genes quantitatively contribute a selective value. In the case
of X. campestris strains that attack cotton, at least 10 avripth
family members can contribute quantitatively and synergisti-
cally to pathogenicity, and some can contribute more than
others. Third, some avr genes may simply be redundant. De-
letion of up to five of the 10 avr/pth genes in XcmH1005 did
not appear to affect pathogenicity, release of the pathogen,
and, presumably, the fitness of the pathogen on cotton. It is
also possible that some avr genes have selective value on
plants not known to be in the host range of the pathogen.
However, since Xanthomonas strains are highly host-specific,
since the pathogenicity functions of avrb6 and pthA appear to
be host-specific (Yang et al. 1994), and since cotton blight is
well studied, it is difficult to argue that some of these
XemH1005 avr/pth genes have selective value on some hypo-
thetical host other than cotton.

Of course, the apparent enigma of why pathogens carry
dispensable avr genes is also explicable by stochastic events,
such as horizontal gene transfer and mutation. At least some
members of the Xanthomonas avr/pth gene family are found
on self-mobilizing plasmids (for example avrBs3 of X. cam-



pestris pv. vesicatoria; Bonas et al. 1989). Horizontal, intra-
specific transfer from one X. campestris pathovar to another
may be due to a coincidental linkage with another (selected)
factor, such as copper resistance, on the same plasmid (e.g.,
refer to Stall et al. 1986). Members of the Xanthomonas

avr/pth gene family are not found in all strains of X. campes-
tris pv. vesicatoria, which evidently does not need or utilize
members of the Xanthomonas avr/pth gene family. Mainte-
nance or even increase of unnecessary (duplicate, mutant, or
horizontally transferred) genes in a population does not re-

Table 2. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristics

Reference or source

Escherichia coli

DH5e< F, endAl, hsdR17 (v, my*), supE44, thi-1, recAl, gyrA, relAl, $80dlacZ AM15, A(lacZYA-
argF)U169

HB101 supE44, hsdS20 (rymy*), recAl3, ara-14, proA2, lacYl, galK2, rpsL20, xyl-5, mtl-1

ED8767 supE44, supF58, hsdS3 (r,my*), recA56, galK2, galT22, metBl

Xanthomonas campestris pv. malvacearum

XcmH Natural race 4 isolate from cotton; carries six plasmid-borne avr genes plus at least four others

XcmH1005 Spontaneous Rif" derivative of XcmH

HM1.10 avrBIn::nptl-sac, marker-exchange mutant of XcmH1005.

HM1.15 avrb6: :nptl-sac, marker-exchange mutant of XcmH1005.

HM1.20 avrB5::nptl-sac, marker-exchange mutant of XcmH1005.

HM1.20S avrB57, avrb6~ marker-evicted mutant derived from HM1.20.

HM1.26 Hcl::nptl-sac, marker-exchange mutant of XcmH1005.

HM1.32S Hcl™, avrBIn~, avrB104~ marker-evicted mutant of XemH1005.

HM1.34 avrBn::nptl-sac, marker-exchange mutant of XcmH1005.

HM1.36 avrB103::nptl-sac, marker-exchange mutant of XcmH1005.

HM1.38S avrB4~, avrb7-, avrBIn~, avrB101~, avr102~ marker-evicted mutant of XcmH1005

HM2.2 avrB4~, avrB5~, avrb6™, avrB101::nptl-sac avrBIn~, avr1027), marker exchange mutant of
HM1.20S.

HM2.2S avrB4~, avrB5™, avrb6™, avrBn™, avrBIn~, avrBI101~, avr1027), marker-evicted mutant derived
from HM2.2S.

XemN Natural isolate from cotton from Upper Volta, Africa; virulent on all tested Upland cotton lines

Xcm1003 Spc Riff derivative of XemN

Plasmid

pRK2073 pRK2013 derivative, npt::Tn7,Kms, Sp', Tra*, helper plasmid

pUFR004 ColE1, Mob*, Cm"

pUFR034 IncW, Km', Mob*, lacZo*, Par*, cos

pUFR042 IncW, Km', Gm', Mob*, lacZa*, Par*

pUFR047 IncW, Gmr, Apr, Mob+, lacZo*, Par*

pUFRO054 IncP, Tc', Mob*, containing methylases Xmal and Xmalll

pUFR103 Cosmid clone carrying avrB4, avrb6

pUFR106 Cosmid clone carrying avrB4, avrb6, avrB101

pUFR107 Cosmid clone carrying avrb6, avrB101, avrBIn

pUFR109 Cosmid clone carrying avrB101, avrBIn

pUFR111 Cosmid clone carrying avrB101, avrBIn, avrB102

pUFR112 Cosmid clone carrying avrBIn, avrBI102, avrb7

pUFR113 Cosmid clone carrying avrB102, avrb7

pUFR115 7.5-kb fragment containing avrB4 in pUFR042

pUFR127 5-kb fragment containing avrb6 in pUFR042

pUFR142 9-kb fragment containing avrB10! in pUFR047

pUFR156 12.9-kb fragment containing avrBIn in pUFR042

pUFR157 11-kb fragment containing avrB102 in pUFR042

pUFR163 10-kb fragment containing avrb7 in pUFR042

pUFY1.48 8.4-kb fragment carrying pthA::npt-sac in pUFR047

pUFY10.1 8.1-kb fragment carrying pthA::npt-sac in pUFR004

pUFY31.46 8.5-kb fragment carrying avrB103 in pUFR047

pUFY33.19 5-kb fragment carrying avrB5 in pUFR047

pUFY36.8 8.6-kb fragment carrying Hcl in pUFR047

pUFY36.26 5-kb fragment carrying avrBn in pUFR047

pUFY37.62 11-kb fragment carrying avrB104 and avrB5 on pUFR047

pUFY38.1 8-kb fragment carrying avrB104 in pUFR047

pUM24 nptl-sac cartridge in a 3.8-kb BamHI fragment

pXcml.12 Cosmid clone carrying Hel and avrBn

pXcml.21 Cosmid clone carrying avrB103

pXcm2.23 Cosmid clone carrying avrBn

pXcm?2.12 Cosmid clone carrying avrB104 and avrB5

pXcm2.11 Cosmid clone carrying avrB5

pXcml.22 Cosmid clone carrying Hc6

pZitd5 4.5-kb fragment containing pthA in pUFR047

Gibco-BRL, Gaithersburg, MD

Boyer and Roulland-Dussoix
1969
Murray et al. 1977

De Feyter and Gabriel, 1991a;
Gabriel et al. 1986
Yang et al. 1994
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

Gabriel et al. 1986
De Feyter and Gabriel 1991a

Leong et al. 1982

De Feyter et al. 1990

De Feyter et al. 1990

De Feyter and Gabriel 1991a
De Feyter et al. 1993

De Feyter and Gabriel 1991b
De Feyter and Gabriel 1991a
De Feyter and Gabriel 1991a
De Feyter and Gabriel 1991a
De Feyter and Gabriel 1991a
De Feyter and Gabriel 1991a
De Feyter and Gabriel 1991a
De Feyter and Gabriel 1991a
De Feyter and Gabriel 1991a
De Feyter and Gabriel 1991a
De Feyter et al. 1993

De Feyter et al. 1993

De Feyter et al. 1993

De Feyter et al. 1993

Yang and Gabriel 1995
Yang and Gabriel 1995

This study

This study

This study

This study

This study

This study

Ried and Collmer 1987

This study

This study

This study

This study

This study

This study

Swarup et al. 1992
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quire selection for the gene itself. Linkage with other, se-
lected, factors can lead to rapid increases or decreases of a
given trait; in the case of asexually reproducing prokaryotes,
the entire genome is linked and clonally reproduced. There-
fore, the frequent epidemics and pandemics of individual
pathogen clones must result in major shifts in frequency and
distribution of large numbers of unselected genes in the
overall population, including avr genes.

MATERIALS AND METHODS

Bacterial strains, plasmids, and matings.

The bacterial strains and plasmids used in this study are
listed in Table 2. Strains of Escherichia coli were grown in
Luria-Bertani (LB) medium (Sambrook et al. 1989) at 37°C.
Strains of Xanthomonas were grown in PYGM (peptone—
yeast extract—glycerol-MOPS [morpholinepropanesulfonic
acid]) medium at 30°C (De Feyter et al. 1990). For culture on
solid media, agar was added at 15 g/liter. Antibiotics were
used as previously described (Yang et al. 1994). To transfer
plasmids from E. coli strains HB101 or DH5a to X. campes-
tris pv. malvacearum, helper plasmid pRK2073 and modifier
plasmid pUFR054 were used as described (De Feyter and
Gabriel 1991a, 1991b).

Recombinant DNA techniques.

Total DNA isolation from Xanthomonas was as described
(Gabriel and De Feyter 1992). Plasmids were isolated from E.
coli by alkaline lysis methods (Sambrook et al. 1989). Re-
striction enzyme digestion, alkaline phosphatase treatment,
DNA ligation, and random priming reactions were performed
as recommended by the manufacturers. Southern hybridiza-
tion was performed by using nylon membranes as described
(Lazo and Gabriel 1987). Otherwise, standard recombinant
DNA procedures were used (Sambrook et al. 1989).

Gene replacement and marker eviction.

To carry out marker-exchange mutagenesis, a 3.8-kb
BamHI fragment containing a nptl-sac cartridge from pUM24
(Ried and Collmer 1987) was randomly ligated into a Ball
site of pthA on pZit45. Recombinant plasmids were screened
for an insertion in the middle of the tandemly repeated region,
and pUFY1.48 was selected, in which the nptl-sac cartridge
was found in the Ball site of repeat number 10 of pthA. An
Sstl fragment carrying the pthA:nptl-sac fusion from
pUFY1.48 was recloned into the suicide vector pUFR004 (De
Feyter et al. 1990), forming pUFY10.1. Marker-exchange
mutants  (avrinptl-sac) were created by transferring
pUFR10.1 to XcmH1005 and selecting for colonies resistant
to kanamycin (15 pg/ml) and sensitive to chloramphenicol
(35 pg/ml) and sucrose (5%). Marker-exchange mutants were
plated on PYGM medium containing 5% sucrose to evict the
nptl-sac marker. Some marker-evicted strains were selected to
for further rounds of marker eviction mutagenesis.

Plant inoculations and bacterial growth in planta.

Cotton (Gossypium hirsutum L.) lines used were Acala-44
(Ac44) and its congenic resistance lines AcB1, AcB2, AcB4,
AcB5a, AcB5b, Acb6, Acb7, AcBIn, and AcBIn3 as de-
scribed (Swarup et al. 1992; De Feyter et al. 1993). Cotton
line 20-3 carries both Bn and Bsm resistance genes (De Feyter
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and Gabriel 1991a). Cotton plants were grown in the green-
house, transferred to growth chambers before inoculation, and
maintained under conditions as described (De Feyter and
Gabriel 1991a). Bacterial suspensions of X. campestris pv.
malvacearum (108 CFU/ml) in sterile tap water were gently
pressure infiltrated into leaves of 4- to 6-week-old cotton
plants. Pathogenic symptoms were observed periodically 2 to
7 days after inoculation.

The growth of X. campestris pv. malvacearum in the sus-
ceptible cotton line Ac44 was determined as described (Yang
et al. 1994). In planta growth experiments were performed
three times. Data points shown in Figure 4 were the mean and
standard error of three samples from one experiment. Bacte-
rial populations released onto the leaf surface were quantified
as described (Yang et al. 1994). These data are reported as the
mean and standard error of three samples. Similar results
were obtained in two independent experiments.

ACKNOWLEDGMENTS

Florida Agricultural Experiment Station Contribution # R-03871. We
thank Robert De Feyter for helpful comments on the manuscript.

LITERATURE CITED

Bonas, U., Conrads-Strauch, J., and Balbo, I. 1993. Resistance in tomato
to Xanthomonas campestris pv. vesicatoria is determined by alleles of
the pepper-specific avirulence gene avrBs3. Mol. & Gen. Genet.
238:261-269.

Bonas, U., Stall, R. E., and Staskawicz, B. 1989. Genetic and structural
characterization of the avirulence gene, avrBs3 from Xanthomonas
campestris pv. vesicatoria. Mol. & Gen. Genet. 218:127-136.

Boyer, H. W,, and Roulland-Dussoix, D. 1969. A complementation
analysis of the restriction and modification of DNA in Escherichia
coli. J. Mol. Biol. 41:459-465.

Bronson, C. R., and Ellingboe, A. H. 1986. The influence of four unnec-
essary genes for virulence on the fitness of Erysiphe graminis f. sp.
tritici. Phytopathology 76:154-158.

Canteros, B., Minsavage, G., Bonas, U., Pring, D., and Stall, R. 1991. A
gene from Xanthomonas campestris pv. vesicatoria that determines
avirulence in tomato is related to avrBs3. Mol. Plant-Microbe Interact.
4:628-632.

De Feyter, R., and Gabriel, D. W. 1991a. At least six avirulence genes
are clustered on a 90-kilobase plasmid in Xanthomonas campestris pv.
malvacearum. Mol. Plant-Microbe Interact. 4:423-432.

De Feyter, R., and Gabriel, D. W. 1991b. Use of cloned DNA methylase
genes to increase the transfer frequency of foreign genes into Xan-
thomonas campestris pv. malvacearum. J. Bacteriol. 173:6421-6427.

De Feyter, R., Kado, C. I., and Gabriel, D. W. 1990. Small, stable shuttle
vectors for use in Xanthomonas. Gene 88:65-72.

De Feyter, R., Yang, Y., and Gabriel, D. W. 1993. Gene-for-genes inter-
actions between cotton R genes and Xanthomonas campestris pv. mal-
vacearum avr genes. Mol. Plant-Microbe Interact. 6:225-237.

Freeman, S., and Rodriguez, R. J. 1993. Genetic conversion of a fungal
plant pathogen to a nonpathogenic, endophytic mutualist. Science
260:75-78.

Gabriel, D. W., Burges, A., and Lazo, G. R. 1986. Gene-for-gene rec-
ognition of five cloned avirulence genes from Xanthomonas campes-
tris pv. malvacearum by specific resistance genes in cotton. Proc.
Natl. Acad. Sci. USA 83:6415-6419.

Gabriel, D. W, and De Feyter, R. 1992. RFLP analyses and gene tagging
for bacterial identification and taxonomy. Pages 51-66 in: Molecular
Plant Pathology: A Practical Approach. Vol. 1. S. J. Gurr, M. J.
McPherson, and D. J. Bowles, eds. IRL Press, Oxford.

Gabriel, D. W, Kingsley, M. T., Yang, Y., Chen, J., and Roberts, P. 1993.
Host-specific virulence genes of Xanthomonas. Pages 141-158 in:
Molecular Mechanisms of Bacterial Virulence. C. 1. Kado and J.
Crosa, eds. Kluwer Academic Publishers, Dordrecht.

Gabriel, D. W., and Rolfe, B. G. 1990. Working models of specific rec-



ognition in plant-microbe interactions. Annu. Rev. Phytopathol. 28:
365-391.

Hopkins, C. M., White, F. E, Choi, S.-H., Guo, A., and Leach, J. E.
1992. Identification of a family of avirulence genes from Xantho-
monas oryzae pv. oryzae. Mol. Plant-Microbe Interact. 5:451-459.

Hrabak, E. M., and Willis, D. K. 1992. The lemA gene required for
pathogenicity of Pseudomonas syringae pv. syringae on bean is a
member of a family of two-component regulators. J. Bacteriol. 174:
3011-3020.

Kearney, B., and Staskawicz, B. J. 1990. Widespread distribution and
fitness contribution of Xanthomonas campestris avirulence gene
avrBs2. Nature 346:385-386.

Keen, N. T. 1990. Gene-for-gene complementarity in plant-pathogen
interactions. Annu. Rev. Genet. 24:447-463,

Keen, N. T,, and Staskawicz, B. 1988. Host range determinants in plant
pathogens and symbionts. Annu. Rev. Microbiol. 42:421-440.

Lazo, G. R., and Gabriel, D. W. 1987. Conservation of plasmid DNA
sequences and pathovar identification of strains of Xanthomonas cam-
pestris. Phytopathology 77:448-453.

Leong, S. A, Ditta, G. S., and Helinski, D. R. 1982. Heme biosynthesis
in Rhizobium. Identification of a cloned gene coding for aminole-
vulinic acid synthetase from Rhizobium meliloti. J. Biol. Chem. 257:
8724-8730.

Lorang, J. M., Shen, H., Kobayashi, D., Cooksey, D., and Keen, N. T.
1994. avrA and avrE in Pseudomonas syringae pv. tomato PT23 play
a role in virulence on tomato plants. Mol. Plant-Microbe Interact.
7:508-515.

Murray, N. E., Brammar, W. J., and Murray, K. 1977. Lambdoid phages
that simplify the recovery of in vitro recombinants. Mol. & Gen.
Genet. 150:53-61.

Ried, J. L., and Collmer, A. 1987. An nptl-sacB-sacR cartridge for con-
structing directed, unmarked mutations in Gram-negative bacteria by
marker exchange-eviction mutagenesis. Gene 57:239-246.

Ritter, C., and Dangl, J. L. 1995. The avrRpml gene of Pseudomonas
syringae pv. maculicola is required for virulence on Arabidopsis. Mol.
Plant-Microbe Interact. 8:444-453.

Sambrook, J., Fritsch, E. F, and Maniatis, T. A. 1989. Molecular Clon-
ing: A Laboratory Manual. 2nd ed. Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY.

Smidt, J., and Kosuge, T. 1978. The role of indole-3-acetic acid accumu-
lation by alpha methyl tryptophan-resistant mutants of Pseudomonas
savastanoi in gall formation on oleanders. Physiol. Plant Pathol. 13:
203-214.

Stall, R. E., Loschke, D. C., and Jones, J. B. 1986. Linkage of copper
resistance and avirulence loci on a self-transmissible plasmid in Xan-
thomonas campestris pv. vesicatoria. Phytopathology 76:240-243.

Swarup, S., DeFeyter, R., Brlansky, R. H., and Gabriel, D. W. 1991, A
pathogenicity locus from Xanthomonas citri enables strains from sev-
eral pathovars of X. campestris to elicit cankerlike lesions on citrus.
Phytopathology 81:802-809.

Swarup, S., Yang, Y., Kingsley, M. T., and Gabriel, D. W. 1992. A Xan-
thomonas citri pathogenicity gene, pthA, pleiotropically encodes gra-
tuitous avirulence on nonhosts. Mol. Plant-Microbe Interact. 5:204-
213.

Willis, D. K., Hrabak, E. M., Rich, J. J., Barta, T. M., Lindow, S. E., and
Panopoulos, N. J. 1990. Isolation and characterization of a Pseudo-
monas syringae pv. syringae mutant deficient in lesion formation on
bean. Mol. Plant-Microbe Interact. 3:149-156.

Yang, Y., De Feyter, R., and Gabriel, D. W. 1994. Host-specific symp-
toms and increased release of Xanthomonas citri and X. campestris
pv. malvacearum from leaves are determined by the 102 bp tandem
repeats of pthA and avrb6, respectively. Mol. Plant-Microbe Interact.
7: 345-355.

Yang, Y., and Gabriel, D. W. 1995. Intragenic recombination of a single
plant pathogen gene provides a mechanism for the evolution of new
host specificities. J. Bacteriol. 177:4963-4968.

Vol. 9, No. 2, 1996 / 113



