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FIG. 3. Cloned portion of P. solanacearum AW1 that has the phcA gene that regulates PC. (A) Restriction map of the 56.3-kb region of
strain AW1 DNA contained in cosmids pHB9 and pRG9. The position and maximum size of phcA are shown. The numbers are fragment sizes
in kilobases (those in parentheses are the distance to the end of the cloned DNA, not to the next restriction site). (B) EcoRI fragments with
the phcA0::Tn5 and phcA7::Tn5 insertions from strains AW1-80 and AW1-87 (cloned into pSB80 and pSB87, respectively). (C) Wild-type
DNA in three cosmids that have regions homologous to pSB80. (D) Subcloned DNA containing phcA. See Table 1 for a description of the

restriction fragments that were subcloned into pLAFR3.

is unstable in P. solanacearum) was used to transform strain
AW1. All the Km" colonies from the transformation with
pSB80 had the PC-like phenotype of AW1-80 (Table 3),
confirming the linkage of this TnJ5 insertion with the PC-like
phenotype. The control with pTD299 again showed the
absence of spontaneous PC.

Cloning of phcA, a gene that controls traits affected by PC in
AWI1. Eight cosmids were identified in a previously prepared
genomic library of AW1 (8) that hybridized to the Tn5 and
flanking DNA from pSB80. Restriction analysis and South-
ern blots showed that the cosmid pRG9 had the entire 4.0-kb
EcoRI region homologous with the probe, whereas pHB9
had only 3 kb of this region (Fig. 3). The other six cosmids
were contained within the area delineated by pHB9 and
pRGI. The smaller pPGA9 cosmid was selected as the source
of the wild-type 4.0-kb EcoRI and the 2.2-kb EcoRI-Bglll
fragments that were cloned into pLAFR3 to create pGA91
and pGA93, respectively (Fig. 3D).

The cosmid pHB9 and the subclones pGA91 and pGA93
were transferred into strain AW1 and its derivatives to test
for restoration of the wild-type phenotype. The transconju-
gants were screened first for production of copious amounts
of EPS slime on BGT selection plates and then further
characterized (Table 2). Most of the AW1-PC(pHBY) trans-
conjugants were EPS™ on BGT plates, but a persistent
minority of the colonies remained EPS™ despite repeated
transfer of Tc" EPS™ colonies. We do not understand how
these EPS™ colonies arise. The inability of pHB9 to fully
restore AW1-PC to the wild type, especially noticeable in the
levels of EG and PG activity, was probably due to this
variable subpopulation of PC-like mutants (Table 2). Virtu-

ally 100% of the transconjugants of the PC::TnS-type mu-
tants of AW1 and the PC-like EPS-inducible AW1-83 were
restored by pHB9 to near wild-type levels of EPS produc-
tion, EG activity, and motility (Table 2). Virulence was
enhanced by pHB9, but except for AW1-83, the merodip-
loids did not cause wilt as well as the wild type (Fig. 1B).
Similar failure of AW1 merodiploids to complement in planta
has been ascribed to instability of the cosmids when antibi-
otic selection is removed (8; Denny and Baek, submitted).
The effect of pHB9 on AW1-83 was specific, because this
cosmid did not restore EPS production to the EPS' strain
AW1-86T.

Similar results were obtained for the subclones pGA91 and
pGA93, so only the results for pGA93 are presented (Table
2; Fig. 1C). The AW1(pGA93) merodiploid had depressed
EPS production and enzyme activity, and these functions
were at similar levels in merodiploids of AW1-PC and the
PC::Tn5-type mutants. In contrast to pHB9, there was little
problem with EPS™ colonies arising in cultures of AW1-
PC(pGA93), suggesting greater stability of this merodiploid.
When tested for virulence, the subclone pGA93 was also
better than the cosmid pHB9 in restoring the ability to wilt
tomato plants (Table 2; compare Fig. 1C and B). A more
dramatic difference between the cosmid and the subclone
was that only 0.02% of the AW1-83(pGA93) transconjugants
produced EPS. Characterization of the rare EPS™ transcon-
jugants showed excess production of EPS, elevated PG
activity, normal virulence, and an intermediate level of
motility (Table 2).

To investigate the consistency of PC in AW1, we isolated
10 independent spontaneous PC-type mutants (AW1-PC1 to

1senb Ag 020z ‘62 41200100 uo /Ao wse ql//:dny wol) papeojumoq


http://jb.asm.org/

5682 BRUMBLEY AND DENNY

EPS N
N
N T AR
MINS
g NLENNN
g N
3 Nnhning
NHnnm
NMnhnni
N
[ 0 N N NN
EG Activity
N
jod INNNRINN
.Q\\\ ’ §§\
= NN
Nnnm
N
RNnmninn
Nnnni
. DN
1000 } . J_ 1 PG Activity
= ol
800 | 1]
o
£ 600}
~
DO 400}
200 |
o NN NN\
w.T. PC—types pGA93 merodiploids

FIG. 4. Effect of PC and subsequent complementation with phcA
on strain AW1. Ten independent PC-type mutants of strain AW1
were examined for EPS production in broth culture (top histogram),
EG activity (middle histogram), and PG activity (bottom histogram).
W.T., Wild-type strain AW1. The pGA93 merodiploids are the
transconjugants of each PC-type; pGA93 has the 2.2-kb wild-type
fragment containing phcA. Standard error bars are shown.

-PC10). All 10 PC types were EPS™ EG' and overproduced
PG (Fig. 4), and none were induced to produce EPS by AW1
when grown in paired culture (data not shown). After
transfer of pGA93 into each PC type, 100% of the transcon-
jugants were EPS* on BGT selection plates. Representative
transconjugants of each strain produced near-wild-type lev-
els of EPS and EG and PG activity in BG broth (Fig. 4).
Therefore, PC in AW1 consistently had the same pleiotropic
effect, and since all the PC types were restored by pGA93,
this plasmid contains a gene, designated phcA, that controls
multiple traits affected by PC. Furthermore, because phcA/
phcA::Tn5 merodiploids are wild type, then the functional
phcA must be dominant.

RFLP analysis. Strains AW1, AW1-PC, AWI1-80, and
AW1-83 were examined for restriction fragment length poly-
morphisms (RFLP) in the regions flanking phcA. Southern
blot analysis of EcoRI-digested genomic DNA probed with
pHB9 and the 18.9-kb BamHI fragment from pSB9S detected
no major DNA alterations associated with the spontaneous
PC in a 53-kb region (data not shown). However, in strain
AW1-83, the 11.1-kb wild-type EcoRI fragment was in-
creased in size by approximately 6 kb; this mutation is within
the region cloned in pHB9, which may explain why pHB9
restored AW1-83 to wild-type status.
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FIG. 5. Southern blot analysis of total genomic DNA of wild-
type strains of P. solanacearum hybridized to the Tn5 and flanking
DNA from AW1-80 (cloned in pSB80). Strain designations are listed
across the top and are described in Table 1. Positions of size
standards (in kilobases) are shown on the left.

Genomic DNA from all 13 additional wild-type strains of
P. solanacearum digested with EcoRI hybridized to the
4.0-kb EcoRI fragment that contains phcA, but there were
three RFLP groups (Fig. 5). The group A strains (AW1,
UW30, SGT, UW25 = NC25) shared strong homology in a
4.0-kb fragment as well as weak homology in a repeat
sequence that was unique for each strain. Group B strains
(GMI1000, UW130, UW143) and group C strains (UW9,
UW20, UW127, UW19, UW150, 82N) had strong homology
with the probe in a 1.5-kb fragment but differed in that they
had either a 2.3- or 2.5-kb fragment that hybridized, respec-
tively. In an additional experiment with EcoRI-Bgl/II-di-
gested genomic DNA from representative strains of RFLP
groups B and C, the 2.2-kb fragment containing phcA
hybridized to the 1.5-kb EcoRI fragment in each strain (data
not shown).

RFLP group C strain 82N and a spontaneous PC-type
derivative, 82N-PC, were also examined for RFLP with the
Tn5-mutagenized phcA region in pSB80 (Fig. 2), and as was
seen with AW1, PC had no observable effect. Significantly,
the Tn5 insertion in 82N-1, a mutant that almost mimics PC
(EPS™ EG', but overproduction of PG activity [10]), was in
the 1.5-kb EcoRI phcA-homologous fragment, and a plasmid
with phcA (pGA91) restored EPS production and EG and PG
activity to wild-type levels. These observations suggest that,
besides retaining DNA homology, there is functional con-
servation of phcA in strain 82N.

Generation and characterization of PC-type mutants of
other P. solanacearum strains. PC-type mutants of the 13
additional P. solanacearum strains examined for RFLP were
generated after prior selection for nalidixic acid resistance
(Nx"). Six and eight independent PC-type mutants were
selected from NC25 and UW25, respectively, and one or two
PC-type mutants were isolated from the remaining strains.
Almost all the PC-type mutants isolated had typical PC-type
phenotypes (EPS™ EG', motile), but PC types of strains
UW130 and UW127 that were at first EPS™ began producing
some EPS after several days. Unlike most strains that
produced PC types within 5 days, GMI1000 and SGT were
incubated 18 days before PC-type mutants were recovered.
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TABLE 4. Effect of phcA on EPS production by merodiploids of
PC-type mutants of additional strains of P. solanacearum

EPS production by
merodiploids®

pHB9 pGA91 pGA93

Group 1A (UW9, -19, -23, -130, and -150; + + +
82N)

Strains®

Group 1B
UW?25-PC7 and -PC8; NC25-PC3 to -PC6  + + +
UW?25-PC1 to -PC6 and B1; NC25-PC1

and -PC2
Group 2
Uwi143 + + +
UWw20 - + +
GMI1000 + + +
SGT - - -
Group 3 (UW30, UW127) NC NC NC

“ PC types of the strains listed were selected from still cultures based on
loss of EPS production, reduced EG activity, and increased motility.

® Transconjugants were rated for EPS production based on visual assess-
ment of plate cultures: +, copious EPS; +, slight EPS; —, no EPS; NC, no
conjugation.

The PC-type strains were assigned to three groups based
on whether various plasmids with phcA of strain AW1
restored EPS production (Table 4). All the PC-type strains
tested in group 1A were fully restored to EPS™ by the
cosmid and subclones, whereas some of the PC types of
NC25 and UW2S in group 1B were restored and other PC
types (including B1l) were not. The strains in group 2
responded variably to the different clones of phcA, and
strains in group 3 did not produce transconjugants. The
ability of phcA from AW1 to restore EPS production by the
PC-type mutants of the 13 strains did not correlate with the
RFLP groupings of these strains. That many PC types of
other strains of P. solanacearum were restored by phcA
from AW1 indicates that related regions in these other
strains often regulate traits affected by PC. The failure of
phcA to restore all the PC types of these other strains
indicates that other mutations may be involved in PC of P.
solanacearum. i

In a single experiment, pSB80 (phcA0::Tn5) was trans-
formed into the 13 different wild-type P. solanacearum
strains to determine whether site-specific mutagenesis of the
phcA homologous region would result in PC-like mutants.
Transformation was successful only for three RFLP group A
strains. All Km" colonies from UW25, NC25, and SGT
transformed with pSB80 were EPS™ on BGT plates, and
selected colonies were EG' in broth culture, suggesting
induced PC. Transformation with pTD299 (egl9::TnS5) sug-
gested that only NC25, UW25, and SGT were transforma-
tion competent and demonstrated the absence of spontane-
ous PC. These results are significant because they indicate
that a mutation in the phcA homologous region in SGT
results in PC even though the spontaneous PC type of SGT
was not restored by a cloned copy of wild-type phcA (Table
4).

DISCUSSION

Our results strongly support the possibility that a mutation
in one gene, designated phcA, during spontaneous PC of
strain AW1 is responsible for the altered regulation of the set
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of PC-associated traits. First, all four independent Tn5
mutants that were indistinguishable from a spontaneous
PC-type strain had single transposon insertions within a
small region in the left end of a 4.0-kb EcoRI fragment. A
fifth mutation (phcA7::Tn5) in the same region was slightly
leaky in multiple traits, suggesting incomplete inactivation of
phcA rather than a mutation in a different gene. Second,
although one PC-like mutant was found that had a TnS
insertion not in phcA, strain AW1-83 was atypical because it
produced EPS when grown adjacent to AW1. The gene(s)
inactivated in AW1-83 does not appear to be affected during
spontaneous PC, because (i) none of the PC-type strains
examined were inducible and (ii) pGA93 would not have
complemented the PC-type strains if they were mutated in
this region. Third, all the traits examined in all the
phcA::Tn5 and PC-type mutants of AW1 were restored by
the 2.2-kb fragment containing phcA from the wild-type
strain. Fourth, preliminary results indicate that phcA is
inactivated during PC, because the homologous region
cloned from the PC-type strain AW1-PC is nonfunctional
(B. F. Carney and T. P. Denny, unpublished data). There-
fore, the wild-type phenotype of AW1 requires a functional
phcA gene, and loss of phcA gene activity or Phc function
results in phenotype conversion.

We believe that phcA-like regions have an important role
in PC of numerous P. solanacearum strains. First, all 13
additional strains of P. solanacearum, which are repre-
sentative of the geographic and genetic diversity within this
species (9), had DNA homologous to the 4.0-kb fragment
containing phcA from strain AW1. Although RFLP groups B
and C lack a homologous 4.0-kb EcoRI fragment, they have
a common 1.5-kb EcoRI fragment that when mutated in
strain 82N by insertion of Tn5 resulted in a PC-like pheno-
type that was restored to wild-type status by the cloned
phcA gene. Second, pGA93 merodiploids of spontaneous
PC-type derivatives from 7 of 11 P. solanacearum strains
were restored to an EPS™ phenotype by the 2.2-kb fragment
containing phcA (groups 1A and 1B). The variable results
with the strains in group 2 make it uncertain whether
changes in the phcA-like region were involved in generating
the PC types tested. Nevertheless, SGT was shown to have
a functional phcA region, because site-directed mutagenesis
with phcA0::Tn5 resulted in a PC-like phenotype.

Even though only phcA appears to be mutated during
spontaneous PC of AW1, this does not mean that other genes
may not be involved in regulating PC-associated traits. For
instance, for the siblings of K60 (UW25 and NC25), comple-
mentation and site-directed mutagenesis demonstrated that a
phcA-like region is often involved in PC. However, other PC
types of K60, including the often-studied strain B1, were not
restored by phcA, which suggests that changes in addition to
or other than those in phcA sometimes occur in this strain.
These results confirm that PC of K60 is inconsistent. In
addition, we believe it is likely that the gene mutated in
strain AW1-83 has some accessory role in regulating PC-
associated traits.

Isolation of phcA has given us the first glimpse at the
possible genetic mechanism responsible for PC. Although it
appears that phcA is inactivated during PC, it is clear that no
deletions or insertions larger than 100 bases occur in phcA or
the surrounding region of AW1. No rearrangements were
detected within this region, but we might not have used the
right combination of restriction enzymes and hybridization
probes to detect such a change. There is a very similar
situation in Pseudomonas aeruginosa, in which spontaneous
loss of EPS (alginate) production was long thought to be

1senb Ag 020z ‘62 41200100 uo /Ao wse ql//:dny wol) papeojumoq


http://jb.asm.org/

5684 BRUMBLEY AND DENNY

irreversible, but certain cultural conditions have been dis-
covered that allow selection of EPS™ revertants (11). This
process of alginate conversion is regulated by the algS gene,
which switches between on and off forms in EPS* and EPS~
cultures, respectively (13). No RFLP differences were de-
tected between the on and off forms of algS$S (13), which is
similar to our findings with phcA. Therefore, it may be
possible for spontaneous PC types to revert to the wild type,
but we simply have not identified the proper conditions
under which revertants can be isolated.

The apparent coordinate control of PC-associated traits by
phcA suggests that this is another example of global gene
regulation. The simplest model of global gene regulation is
when a single regulator gene controls the expression of a
variety of different operons (23). Global regulation most
easily explains how some PC-associated traits could be
positively regulated (i.e., EG and EPS), whereas other traits
seem to be negatively regulated (i.e., motility). Many exam-
ples of global gene regulation have now been characterized,
and DNA-binding proteins that affect expression of regu-
lated genes are often involved (23). Therefore, one of our
next goals is to determine whether phcA encodes a DNA-
binding protein that regulates expression of genes affected
by PC.
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