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FIG. 2. Localization of Tn5-lac insertions on pVir2 and corresponding phenotypes on tomato and tobacco. Each bar above the map stands
for one insertion; when the orientation has been defined it is represented by a flag on top of the bar. Properties on plants are indicated by
symbols: +, wild-type reaction; *, avirulent (on tomato) or no reaction on tobacco; 0, intermediate phenotypes (see Materials and Methods).
Hatched bars show the cluster of genes governing pathogenicity on tomato (i) and tobacco (=])

of hrp genes in at least four different EcoRI restriction
fragments of plasmid pVir2. On the contrary, no homology
was found between pVir2 and the flanking regions of Tn5
insertions which had occurred in pathogenicity genes which
do not control HR-inducing ability (pGMI1887 and pGMI
1891). The inserts carried in pGMI1887 and pGMI1891 had
previously been shown not to be linked to the hrp: :Tn5 genes
since they were still present in Acrr deletion mutants (5). In
addition, the use of pBR322 derivatives carrying different
hrp::TnS flanking regions as probes to hybridize against the
EcoRI restriction pattern of pVir2 showed that one particu-
lar restriction fragment of pVir2 had homology with several
pBR322 derivative probes, although it has been shown that
the corresponding inserts do not carry repeated sequences
(5). It was therefore concluded that the flanking regions of
several TnS mutants which had previously been assumed to
correspond to insertions into different genomic EcoRI frag-
ments might in fact correspond to a single native fragment
which has been rearranged either in the original bacterial
colony or more probably after cloning in E. coli. It was
therefore important to check for colinearity of the pVir2
insert with genomic DNA. This was done by hybridization of
a Southern transfer of EcoRI-digested genomic DNA of
wild-type strain GMI1000 with a pVir2 probe (Fig. 3). EcoRI
fragments 2, 3, 4, 5, and 7 of pVir2 are found in the genomic
DNA. A genomic DNA band of 3.2 kb which is not present
in pVir2 hybridized with pVir2 probe and with EcoRI
fragment 1 alone and corresponded to the left border of the
insert of pVir2. A similar hybridization experiment with
EcoRI fragment 6 as the probe revealed that a genomic
EcoRI fragment of 8 kb corresponds to the right border of
the pVir2 insert. This fragment comigrates with EcoRI
fragment 2 of pVir2. Similar experiments performed with
SmaI-digested DNA gave similar results, since all the inter-
nal SmaI fragments of pVir2 were found in the genomic
DNA. In addition, two genomic bands of 4.3 and 5.6 kb
which hybridized to the probes corresponded respectively to
the border fragments 3 and 7 of the SmaI pattern of pVir2
(Fig. 2). These results demonstrate the colinearity of the
pVir2 insert with the corresponding region of the genome.

Ability of pVir2 to complement Hrp- mutants. To confirm
the presence of functional hrp genes on pVir2, this plasmid
was introduced by triparental matings into various P.
solanacearum Hrp- mutants by using E. coli K-12(pRK

2013) as a helper strain. Transconjugants were tested for
restoration of their HR-inducing ability on tobacco. This
property was completely restored for the two hrp::Tn5
mutants tested whose mutations map in the region which has
been cloned in pVir2 (GM11302 and GMI1305). However,
pVir2 was unable to restore the HR-inducing ability of the
Acrr mutant GMI1336, which carries a deletion that encom-
passes the pVir2 region. This was expected since hrp2::TnS
insertion had previously been shown to map in a region
which is deleted in strain GM11336 (5) and since the corre-
sponding flanking regions are not present on pVir2. Simi-
larly, introduction of the pVir2 plasmid into GM11342, a
strain which carries the hrp6::TnS insertion of GM11305
together with a deletion of the Acr region overlapping and
extending over the right end of the pVir2 region, led only to
partial complementation. HR was slightly delayed, and only
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FIG. 3. Comparison of ethidium bromide profiles of the pVir2
DNA cleaved by EcoRI (E) and SmaI (S) (left lanes) with the
hybridization patterns of genomic DNA of strain GMI1000 cleaved
by EcoRI and SmaI and hybridized with pVir2 probe (right lanes).
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FIG 4. Hybridization patterns of genomic DNA of various X.
campestris strains digested with EcoRI and hybridized with pVir2.
X. campestri-s pv. campestris CFBP1124 (A), CFBP1119 (B),
NCPPB528 (C), CFBP1710 (D); X. campestris pv. vesicatoria
CFI3P30 partial digest (E), NCPPB2985 (H); X. campestris pv.

juglandis NCPPB411 (I); X. campestris pv. begonia NCPPB300 (J);
X. campestris pv. granminis NCPPB2700 (M); P. solanacearum
GMI1000 (N).

partial necrosis was observed in the infiltrated area, whereas
complementation was complete for the undeleted strain
0MI1305. This suggests the presence of a gene(s) which
modulates the HR-inducing ability in the deleted region,
rightward of the pVir2 region.

Transposon mutagenesis of pVir2. To characterize more

precisely the genetic organization of this region of the P.
solanacearum genome, we performed localized mutagenesis
of pVir2 in E. coli with a TnS-lac transposon. Individual
clones were picked, and for each of them the site of insertion
of the transposon on the plasmid and its orientation were
determined. Each clone was then individually mated in a

triparental cross with P. solanacearum GMI1229, an Sm'
Rifr Hrp+ derivative of strain GMI1000. Transconjugants
that were Kmr Smr Rif' were selected, and following two
rounds of purification, all were found not to have retained
the Tcr marker of the pLAFR3 vector. Therefore, the
plasmid had not been stably maintained in P. solanacearum,
and the Kmr transconjugants might result from the integra-
tion of TnS-lac, either through recombination with the ge-

nomic region homologous to the pVir2 insert or via transpo-
sition. To make the distinction between the two possibilities,
minipreps of the genomic DNA of individual transconjugants
were digested with EcoRI and analyzed in Southern blots by
hybridization with a pVir2 probe. Of 90 clones analyzed, 50
had acquired the transposon through homologous recombi-
nation, whereas the remaining ones had an intact pVir2
region, suggesting that they resulted from TnS-lac transpo-
sition. All of the transconjugants which had acquired the
transposon in the pVir2 region were tested for pathogenicity
oil axenic tomatoes and the ability to induce HR in tobacco
leaves. The results of these experiments and the location of
each ihsertion in the pVir2 region are summarized in Fig. 2.
It is clear from these results that hrp genes form a cluster of
at least 17.5 kb located on the left side of the pVir2 region. It
is most probable that this cluster extends outside the left end
of pVir2 since the leftmost insertions obtained in pVir2 still
induced an Hrp- phenotype. Contiguous to the right side of
this cluster is 3 kb of DNA that seems to be specifically
involved in the control of aggressiveness toward tomato,
although one of the insertions occurring in this region led to

an Hrp- phenotype. Inoculation of axenic tomatoes with
bacteria carrying an insertion in this region led to delayed
appearance of necrotic symptoms which rarely ended in
typical wilting.

Since strain GM11229 is totally devoid of P-galactosidase
activity, we wanted to take advantage of the TnS-lac inser-
tions to monitor the expression of pathogenicity genes
carried by pVir2 by measuring P-galactosidase activity in the
mutahts. Unfortunately, this was not conclusive, since all
but one of the mutants gave rise to blue colonies when grown
on X-gal-containing BG plates, whatever the position and
orientation of the TnS-lac insertion in the pVir2 region. This
was confirmed by measuring 150 to 300 P-galactosidase U by
a standard ONPG method (20). Because of the absence of an
orientation effect on the production of ,-galactosidase, we
did not want to draw conclusions concerning the transcrip-
tion of this region of the genome.

Several of the mutants which carried an insertion within
the hrp cluster in the EcoRI restriction fragments 4, 2, and 5
gave rise to colonies on BGT medium with different mor-
phology from wild-type colonies, being significantly smaller
and less mucoid. This phenotypic effect of transposon inser-
tion suggests that at least some of the pathogenicity genes
located within the pVir2 region are expressed in pure culture
in the absence of host plant products.
Homology of P. solanacearum hrp genes with those of other

plait-pathogenic bacteria. HR-inducing ability is a property
shared by many plant-pathogenic bacteria. Therefore it was
of interest to determine whether the hrp cluster of pVir2
could have sequences homologous to genes catried in other
species of plant-pathogenic bacteria. For that purpose, ge-
nomic DNA of various otganisms was digested with EcoRI,
and Southern transfers were hybridized with pVir2 and with
pGMI737. This plasmid carries EcokI fragments 1, 4, and 2
of pVir2 and was constructed by partial EcoRI digestion of
pVir2 followed by religation. It carries an insert correspond-
ing to an internal portion of the hrp cluster.
With these probes under normal stringency, no homology

was found with two strains of Alcaligenes eutrophus or P.
cepacia, two bacterial species taxonomically closely related
to P. solanacearum but not plant pathogenic (11). Also, no
homology was found with the following plant-pathogenic
organisms: Erwinia carotovora pv. atroseptica, E. caro-
tovora pv. carotovora, P. syringae pv. syringae, P. syringae
pv. phaseolicola, and Corynebacterium fascians. In the
same conditions, homology was found with two strains of X.
campestris pv. campestris and X. campestris pv. vesi-
catoria. Therefore, additional hybridations were performed
under low-stringency conditions with the genomic DNA of
13 X. campestris strains representing eight pathovars. In
every case, homology was detected (lFig. 4). This homology
was probably restricted to the hrp cluster, since the hybrid-
ization patterns obtained with pVir2 or pGMI1737 as the
probe were identical.

In addition, these data reveal different hybridization pat-
terns with the different pathovars, and the patterns were
conserved among the three strains of X. campestris pv.
vesicatoria tested. Similarly, three of the four strains of X.
camnpestris pv. campestris had a common pattern. The
fourth strain, NCPPB528, had a pattern homologous to that
of the X. campestris pv. vesicatoria group. Furthermore,
hybridization patterns of X. campestris pv. pelargoni and X.
campestris begonia were identical for the two strains tested,
as it was for X. campestris pv. juglandis and X. campestris
pv. corylina.

Finally, homology with pVir2 was found in all of over 50
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strains of P. solanacearum originating from various hosts
and geographical areas (to be published elsewhere).

DISCUSSION
We had previously shown that Hrp- mutations of P.

solanacearum obtained following random mutagenesis all
mapped on the megaplasmid in a region which was deleted
from Acrr mutants. Originally the size of the deletion was
assumed to be over 80 kb (5); we now have evidence that it
extends over more than 400 kb, since this region has been
cloned (data not shown). In this paper we demonstrate that
eight of nine previously isolated Hrp- mutants carry a TnS
insertion which maps within a 25-kb region ofDNA which is
carried on the pVir2 insert. Localized mutagenesis of this
region led to the identification of a set of genes which confer
pathogenicity to P. solanacearum. These genes map within a
20-kb region of DNA. Based on their involvement in the
induction of HR on the nonhost plant tobacco, two types of
genes can be distinguished. Genes of the first group are
strictly required for HR induction (hrp genes); they form a
cluster of at least 17.5 kb which begins at the right end of
EcoRI fragment 7 of pVir2. The left border of this cluster
remains to be determined. Most of the genes of this hrp
cluster are strictly required for pathogenicity on tomato,
although all of the insertions within 2 kb of the right end of
this hrp cluster result in a decrease in aggressiveness toward
tomato rather than in total loss of pathogenicity.

It is interesting that all but one of the TnS-induced
mutations which have been isolated following random mu-
tagenesis and which are impaired in HR-inducing ability map
in the hrp cluster carried by pVir2. This suggests that most of
the genetic information required for HR induction is located
in this part of the genome; however, at least one other locus
is involved in the control of this property since a Tn5-
induced Hrp- mutation which does not map on pVir2 also
does not map in the 20-kb genomic region adjacent to the left
end of the insert of pVir2 (data not shown).
A second cluster of pathogenicity genes is located on the

right end of the hrp cluster and modulates aggressiveness on
tomato. Genes located in this second cluster seem to be
mostly dsp genes, since only one of the mutants carrying an
insertion is this region is affected in control of HR-inducing
ability.
Mutants in the pVir2 region were obtained by using

TnS-lac. All but one of these mutants expressed a high level
of P-galactosidase activity. The absence of orientation effect
on the production of P-galactosidase could result from the
transcription of the two strands of DNA; however, the fact
that this absence of orientation effect is detected in the entire
pVir2 region suggests that a sequence present within the
transposon itself could act as a promotor for the transcrip-
tion of lacZ in P. solanacearum. Therefore, no conclusion
could be drawn concerning the regulation of the expression
of pathogenicity genes located in this region. However, the
existence of several mutants with altered colony morphology
suggests that at least some of these pathogenicity genes
could be constitutively expressed.
Transposon TnS-lac insertions in pVir2 were obtained in

E. coli and then marker exchanged in P. solanacearum. In
this experiment, transconjugants which had acquired the Tcr
marker of pLAFR3 were very rare even when selection was
performed directly for tetracycline resistance following mat-
ing with the E. coli donor. This was due to a suicide effect of
pVir2 when introduced into strains GMI1000 and GM11229.
Such a suicide effect was not seen with recipient strain
GM11336, an Acri mutant carrying a deletion overlapping the

pVir2 region (data not shown). This inability to construct
merodiploids for the region carried by pVir2 could result
from severe gene dosage effect due to overexpression of a

gene(s) present in this region or to the presence of a

sequence(s) acting in the titration of a regulatory sub-
stance(s). It probably explains why a large proportion of P.
solanacearum transconjugants (40 of 90) had acquired the
TnS-lac transposon via transposition rather than via marker
exchange during the mating with E. coli.

Functions encoded by the pathogenicity genes located in
the pVir2 region are still unknown. It has been shown
previously (12) that Acrr derivatives of GMI1000 are altered
in the exopolysaccharide and lipopolysaccharide structures.
Since the pVir2 region is deleted in Acrr mutants (5), and
since some of the Tn5-lac insertions in this region result in
altered colony morphology, it is possible that certain func-
tions encoded by the pathogenicity genes carried by pVir2
may affect the synthesis of surface components of P.
solanacearum. This remains to be confirmed by biochemical
characterization of some of the TnS-lac-induced mutants.

Organization of genes governing pathogenicity in large
clusters have already been described in other plant-
pathogenic bacteria. In X. campestris a set of genes specif-
ically involved in interaction with the homologous host (dsp)
have been shown to be clustered on a 10-kb region (27).
Similarly, hrp gene clusters have been found on an 8.5-kb
region of P. syringae pv. phaseolicola (17). In addition, it
has been shown that sequences located within the hrp cluster
of P. syringae pv. phaseolicola are widely conserved among
different P. syringae pathovars (Panopoulos, personal com-

munication). Although we could not find homology of pVir2
with several pathovars of P. syringae, including P. syringae
pv. phaseolicola, this does not definitely rule out the possi-
bility that functional homology might exist.

Hybridization data presented in this paper demonstrate
the existence of structural homology of the hrp cluster of
pVir2 with all the pathovars of X. campestris tested. There-
fore it is highly possible that common pathogenicity genes
(and functions) exist among P. solanacearum and X.
campestris pathovars. Of course this needs to be tested by
making the appropriate mutations in X. campestris path-
ovars.

It appears that the number of pathways leading to plant
pathogenicity among bacteria might be fairly limited even if
the types of symptoms induced and host plants are very
diverse. Large groups of plant-pathogenic bacteria probably
share sets of basic functions strictly required for pathoge-
nicity. The diversification of plant-pathogenic bacteria ac-

cording to host range and type of symptoms induced would
result from the existence of an additional set of specific
pathogenicity genes differing among different bacteria.
These specific genes could act to modulate expression of
common functions and/or encode functions such as toxin
synthesis, degradative enzymes, growth factor synthesis,
etc., which would interfere directly with the host plant.

Further characterization of the hrp cluster of P. so-

lanacearum described in this study is ongoing. Mutagenesis
of a genomic clone overlapping the pVir2 insert and extend-
ing further on the left should allow the determination of the
left border of this cluster. Simultaneously, we have under-
taken the sequencing of genes of the hrp cluster present on

pVir2.
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