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Enterococcus faecalis cells carrying the conjugative plasmid pAD] undergo several related
changes when induced by the sex pheromone cADI. Included are the production of novel
surface proteins, the formation of cellular aggregates in broth cultures, the ability to transfer the
plasmid at high frequency in broth matings, and the change from a soft to a “dry” colony
morphology. Spontaneous, constitutively dry colony (Dry°) variants of E. faecalis (pAD1) were
found to arise at a frequency of 107*-1072. Dry° phase variants constitutively expressed aggrega-
tion and plasmid transfer functions typically expressed only under cAD1-inducing conditions.
Reversion of Dry° variants to a cADI1-inducible phenotype (Dry*) occurred at a similar fre-
quency. Tn917-lac mutagenesis of regions of pAD1 previously shown to be involved in plasmid
transfer revealed that in Dry™ cells these regions were transcribed only when the inducer, cAD1,
was present. In Dry® variants the regions were transcribed constitutively. A pAD1 miniplasmid
containing determinants regulating cAD1 inducible plasmid transfer and a cAD!-inducible
lacZ transcriptional fusion displayed phase variation in LacZ expression at a rate similar to the
Dry*/Dry® phase variation. These results suggest that the site of mutation(s) resulting in the Dry®
phenotype is within the regulation-related region of pAD1. Complementation tests showed that
this region, when supplied in frans, complemented the Dry° phenotype. Phase variation affect-
ing mating functions represents an alternative (pheromone independent) method of regulating

pADI1 transfer. © 1991 Academic Press, Inc.

pAD1 is a 60-kb conjugative plasmid origi-
nally found in Enterococcus faecalis DS16
(Tomich et al., 1979). Dissemination of the
plasmuid is of clinical interest due to a hemo-
lysin—-bacteriocin determinant which may be
a significant virulence factor (Tke et al., 1984,
1987). Like a number of other conjugative
plasmids found in E. faecalis, transfer func-
tions are induced by a sex pheromone ex-
creted by potential recipients (reviewed in
Clewell and Weaver, 1989). The transfer
functions, in this case, are specifically in-
duced by the small peptide, cAD1 (Mori et
al., 1984).

Cells carrying pAD1 undergo a number of
changes when stimulated by cADI1, including
production of several novel surface proteins.
Recent studies have indicated at least one of
these proteins is plasmid encoded and corre-
sponds to a cellular adhesin called aggrega-
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tion substance (Galli, ez al., 1989, 1990). Pro-
duction of the latter allows pAD1-containing
cells to coaggregate with E. faecalis cells
which do not contain pAD1 (i.e., recipients).
Cellular clumping is readily observed when
pADI-containing cells are grown in broth in
the presence of synthetic cAD1 or culture fil-
trate from cells which produce cADI. In a
related phenomenon pADI-containing cells
grown on solid media, which normally give
rise to colonies that are dull and soft or fluid
in consistency, characteristically give rise to
bright, fracturable colonies when cADI is
present (Weaver and Clewell, 1988).

In addition to inducing expression of ag-
gregation substance, cAD1 also induces the
expression of genes required for plasmid
DNA transfer (Clewell and Brown, 1980;
Ehrenfeld and Clewell, 1987; this study). E.
faecalis (pAD1) cells that are preinduced
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with cADI1 are capable of transferring the
plasmid at high frequency in short broth mat-
ings (e.g., 10 min) (Ike and Clewell, 1984).
After receiving a copy of pAD1, endogenous
cAD1 production by the recipient is shut
down, although pheromones specific for
other plasmids continue to be produced. A
plasmid-encoded competitive inhibitor of
cAD1, designated iAD], is produced (Ike et
al., 1983; Mori et al., 1986; Clewell et al.,
1990) which acts to prevent induction of
transfer functions if cAD1 levels are low.
Previous studies have shown that approxi-
mately half of pAD1 encodes products neces-
sary for the mating response. Structural genes
are believed to be coded for within regions F,
G, and H (Ehrenfeld and Clewell, 1987; see
Fig. 1). Aggregation functions are encoded
within the F region (Ehrenfeld and Clewell,
1987; Galli e al, 1990), while the G and H
regions appear to encode functions required
for stabilization of mating aggregates and
DNA transfer (Ehrenfeld and Clewell, 1987).
Plasmid determinants responsible for regu-
lating expression of transfer and aggregation
have been localized to a 6-kb segment of the
plasmid referred to as the regulatory region
(Fig. 1). Areas within the regulatory region
have been characterized by Tn9/7 and
Tn917-lac mutagenesis (Ike and Clewell,
1984; Ehrenfeld and Clewell, 1987; Weaver
and Clewell, 1988). The product of traB is
believed to be involved in the shutdown of
cAD1 production (Weaver and Clewell,
1990, 1991). The traA product acts to repress
expression of aggregation and transfer func-
tions when cAD1 is not present and is
thought to play a role in pheromone sensing
(Weaver and Clewell, 1988; Clewell and
Weaver, 1989). Insertion mutations within ei-
ther of these regions derepresses expression of
aggregation and transfer functions. C region
product(s) is believed to play a role in phero-
mone sensing and possibly in cAD!1 shut-
down. C region mutants are phenotypically
variable but all have elevated levels of iAD1
expression in an E. faecalis OG1X host back-
ground. This characteristic is hypothesized to
be due to the inability of OG 1X cells contain-
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ing C region mutants to bind iAD1 (Weaver
and Clewell, 1990). traB, traA, and the C re-
gion are constitutively transcribed (Weaver
and Clewell, 1988). The E region is tran-
scribed only in the presence of pheromone
(Weaver and Clewell, 1988) and is thought to
encode product(s) which act as positive regu-
lators of proteins needed for aggregation and
transfer (Weaver and Clewell, 1988). In addi-
tion, the gene encoding iAD1, the competi-
tive inhibitor of cAD 1, maps within the regu-
latory region (Clewell et al., 1990).

In the present study we have characterized
a class of spontaneous mutants of E. faecalis
(pAD1) which constitutively express cellular
aggregation and plasmid transfer functions.
The mutation(s) occurred at a frequency
higher than would be expected for normal
spontaneous mutation, and reversion was
found to occur at approximately the same
frequency as the forward mutation. This
phase variation phenomenon was found to
be related to a heritable change in pAD1, and
evidence is presented suggesting the muta-
tion(s) responsible occur within a portion of
the pAD1 transfer regulatory region. Poten-
tial sites for the mutations responsible for
phase variation within the regulatory region
are discussed as well as implications of regula-
tion of transfer via phase variation on the dis-
semination of pAD1.

MATERIALS AND METHODS

Bacterial strains and plasmids. All bacte-
rial strains and plasmids used in this study
are listed in Table 1. E. faecalis OGIX was
used as a host strain uniess otherwise noted.
pAM714, a pADI1::Tn917 derivative that ex-
hibits normal conjugation, was used instead
of pADI in conjugation experiments because
of the ease of selection for Em*. The dry col-
ony (Dry®) variants pAM714SW2 and
pPAM714SW 3 were derived in separate exper-
iments. OG1RF(pAM211) was used as the
donor strain in surface exclusion experi-
ments.

pAM7701 is a recombinant consisting of
the shuttle vector pAMA401 (Wirth et al,
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TABLE 1

STRAINS AND PLASMIDS

Strain or plasmid

Relevant characteristics

Ref.

Strains
E. faecalis
0G1X str
OGIRF rif fus
FA2-2 rif fus
DS16 tet erm
JH2-2 rif fus Rec+
uv202 rif fus Rec™ (derived from JH2-2)
E. coli
DHS5«a F~ 80d/acZAM15 A(lacZY A-argF) U169 recAl end Al
hsdR17 (1, my) supE44 \"thi-1 gyrA
Plasmids
pADI Hemolysin-bacteriocin, Agg*, Tra®.
pAM211 pADI1::Tn916, tet, Agg*, Tra®.
pAM401 E. coli-E. faecalis shuttle vector, cat
pAM714 pADI1::Tn917, erm, Agg*, Tra®.
pPAM714SW2 Dry*® phase variant of pAM714.
pAM714SW3 Dry® phase variant of pAM714.
pAM714SW2R  Dry* revertant of pAM714SW2.
pAM2011E Miniplasmid derived from pAM2011, erm, Agg™, Tra~
(see Results, Fig. 3B).
pPAM2120 pAD1 with a Tn917-lac insert in traA. Constitutive for
aggregation and transfer.
pAM7016 pAD1 with a Tn917-lac insert in the mapping at 15.0 kb
on the pADI map, Agg*, Tra*.
PAM7227 pADI with a Tn917-lac insert in the I region, Agg®,
Tra* (see Table 4).
pPAMT245 pAD1 with a Tn917-lac insert in the I region, Agg*,
Tra* (see Table 4).
pAM7500 Amp (The HindIll fragment of pADI1 spanning 17.2-
22.2 on the pAD1 map, inserted into the HindIlI site
of pBluescript (Stratagene).
pAM7607 Dry® variant of pAM7016, (Tra™*).
PAM7608 Dry® variant of pAM7245, (Tra™).
pAM7609 Dry® variant of pAM7227, (Tra%).
pAM7701 pAMA401 with an insert of pAD1 DNA [including traA,

iad, the C region and a portion of traB and the E
region, Tra~, Agg™ (see Materials and Methods)].

Ike et al. (1983)

Oliver et al. (1977)
Clewell et al. (1982)
Tomich er al. (1979)
Jacob and Hobbs (1974)
Yagi and Clewell (1980)

Bethesda Research Labs

Tomich et al. (1979)
Gawron-Burke and Clewell (1982)
Wirth ez al. (1986)

Ike et al. (1983)

This study

This study

This study

Weaver and Clewell (1989)

Weaver and Clewell (1988)
This study
This study
This study

(Pontius and Clewell, manuscript
in preparation)

This study
This study
This study
This study

Note. Agg*, capable of aggregation in response to cAD1; Agg™, incapable of aggregation in response to cAD1; Tra™,
transfer proficient; Tra™, incapable of self-transfer.

1986) and a portion of the pADI regulatory
region, specifically the HindIll fragment
spanning 17.2-22.2 kb on the pADI map,
which includes a portion of the E region, iad,
trad, traB, and the C region (Weaver and
Clewell, 1989; Clewell et al., 1990) (see Fig.
3). pAM7701 was constructed by first digest-
ing pAM7500 (pBluescript containing the

pADI1 Hindlll fragment of interest (Pontius,
manuscript in preparation) with BamHI and
Sall. These fragments were cloned into
BamHI/Sall-digested pAM401 using stan-
dard cloning procedures (Maniatus ef al.,
1982). The resulting ligation mixture was
used to transform FEscherichia coli strain
DHS5a, and Cm" isolates were selected. Iso-
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lates were then screened for Tet® and Amp®.
Plasmid DNA was collected (by the method
of Ish-Horowitz and Burke, 1981) from se-
lected transformants and restriction analyses
were performed to confirm that the recombi-
nant contained the desired insert.

Reagents. Antibiotics were generally used
in the following concentrations: ampicillin,
100 pg/ml; tetracycline, 20 ug/ml; rifampin,
25 pg/ml; fusidic acid, 25 pg/ml; streptomy-
cin, 1000 ug/ml; chloramphenicol, 25 ug/ml;
and erythromycin, 10 pg/ml. In the case of E.
Jaecalis transformations, an erythromycin
concentration of 2 ug/ml and a chloram-
phenicol concentration of 15 ug/ml were
used. Media for culture of E. faecalis strains
were THB (Todd-Hewitt Broth, Difco Labo-
ratories, Detroit, MI) or N2GT [Nutrient
Broth No. 2, Oxoid Ltd., London, England),
supplemented with 0.2% glucose and 0.1 M
Tris-HCI (pH 7.5)]. Media for culture of E.
coli was LB (Davis et al., 1980). When solid
media was required 1.5% agar (Difco) was
added. Synthetic cAD1 was generally used at
a concentration of 40 ng/ml and 5-bromo-4-
chloro-3-indolyl-3-p-galactopyranoside (X-
gal)! (Sigma Chemical Co., St. Louis, MO)
was used at a concentration of 100-200 ug/
ml. Restriction enzymes and T4 DNA ligase
were obtained from New England Biolabs
(Beverly, MA) and were used under condi-
tions recommended by the manufacturer.

Frequency of phase variation. Frequency
of E. faecalis OG1X (pADI1) and OG1X
(pPAM714) phase variation was determined
after suspending a single colony of each strain
in N2GT broth with appropriate antibiotics,
incubating overnight, and plating out dilu-
tions of the overnight culture on solid media.
Screening for variants was performed on the
basis of colony morphology. The rate of varia-
tion of OG1X (pAM2011E) was determined
by suspending a block of agar with one 36-h-
old colony in broth and immediately plating
dilutions on solid media containing X-gal.

! Abbreviations used: X-gal, 5-bromo-4-chloro-3 in-
dolyl-8-p-galactopyranoside; CC, counterclockwise.
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This method allows calculation of rate of
phase transition in variants/cfu/generation
(Eisenstein, 1981). Screening was based on
colony color after 36 h. Values of frequency
and rates of variation of E. faecalis cells given
in Tables 2 and 5 should be viewed as ap-
proximations. While every effort was made
to vortex cells vigorously prior to plating it
is doubtful that cell chains or even cell ag-
gregates were completely dispersed prior to
plating.

Conjugation and transformation. Ten-min-
ute broth matings were done as previously
described (Ehrenfeld and Clewell, 1987).
Nonconjugative introduction of plasmid
DNA into OG1X was accomplished using a
protoplast transformation procedure (Wirth
et al., 1986). Transformation of E. coli was
done as previously described (Gawron-Burke
and Clewell, 1984). Transformation of strain
UV202 was performed using a procedure de-
veloped for electroporation (Cruz-Rodz and
Gilmore, 1990).

Surface exclusion experiments. Experi-
ments were designed as previously described
(Dunny et al., 1985). Overnight cultures of
donors were diluted 1:10 in fresh N2GT with
cAD1 and preincubated for 1 h at 37°C.
Overnight cultures of recipients were diluted
in a like manner and preincubated in N2GT
with or without cAD1. Following preincuba-
tion, a 15-min broth mating was performed.
Transconjugants were selected on the basis of
resistance to streptomycin (1000 ug/ml) and
tetracycline (10 ug/ml).

iADI assays. iADI] assays (Ike et al., 1983)
were performed as previously described using
E. faecalis DS16 as the responder strain.
Twofold dilutions of each filtrate were tested
for the ability to inhibit the clumping re-
sponse of the responder strain in a solution
containing cAD1. One unit of iAD1 activity
is defined as the amount required to reduce a
given cADI1 titer by half (Ike er al, 1983).
Culture filtrates were prepared when cultures
reached late exponential growth phase (a
reading of 90 using a Klett-Summerson co-
lorimeter (Klett Manufacturing Co., Long Is-
land City, NY), with a number 54 filter).
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Tn917-lac mutagenesis of pADI. Tn917-
lac mutagenesis of pAD1 was accomplished
using the delivery vector pTV32Ts provided
by P. Youngman (Perkins and Youngman,
1986; Youngman, 1987). Mutagenesis and
mapping of transposon inserts was per-
formed as previously described (Weaver and
Clewell, 1988) in an E. faecalis host back-
ground. Mutants used in this study were se-
lected randomly and on the basis of reduc-
tion in plasmid transfer efficiency, the inabil-
ity to aggregate in response to cADI, or
cAD/l-inducible production of f-galactosi-
dase. To determine the latter, cells were
placed on solid media containing X-gal with
or without cAD1. Colony color was observed
after 24 and 48 h incubation at 37°C.

RESULTS

Aggregation characteristics of Dry° vari-
ants. OG1X(pAD1) colonies typically appear
dull and are soft or fluid in consistency when
grown on solid media. If grown on solid me-
dia containing cADI, colonies appear dry
and fracturable (Weaver and Clewell, 1988).
This cADI-inducible change in colony
morphology is referred to here as Dry*. At
a frequency higher than would be expected
for normal spontaneous mutation constituti-
vely bright, fracturable colonies, designated
Dry*°, were found. Dry® cells reverted back to
wild-type (Dry*)—also at a relatively high
frequency. The frequencies of variation ob-
served between Dry* and Dry® states in ex-
periments using OG1X(pAD1) and OG1X-
(pAM714) are given in Table 2. Both strains
gave rise to Dry® variants at a frequency of
1074-1072, The frequency of reversion of
Dry* variants to the Dry* phenotype was simi-
lar. Previous studies have linked a dry, frac-
turable colony morphology with the cAD1-in-
ducible expression of cellular aggregation
functions (Ike and Clewell, 1984; Weaver
and Clewell, 1988). It was therefore of inter-
est to determine whether the Dry* < Dry®
phase variation affected expression of these
aggregation factors. Indeed, when grown in
broth, Dry® cells aggregated with an appear-
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ance similar to that of Dry* cells that were
exposed to cAD1. Revertants of Dry° vari-
ants showed the pheromone-inducible ex-
pression of aggregation factors typical of cells
carrying wild-type pAD1. The appearance of
four novel surface proteins has previously
been correlated with pheromone-inducible
aggregation in an OG1X E. faecalis back-
ground (Ehrenfeld and Clewell, 1987;
Weaver and Clewell, 1988). Western blot
analysis showed that Dry® variants constitu-
tively produce these proteins, whereas Dry*
revertants produced these proteins only
when grown in the presence of cAD1 (not
shown).

Plasmid transfer characteristics of Dry°¢
variants. Previous studies (Clewell and
Brown, 1980; Ehrenfeld and Clewell, 1987)
showed that in addition to induction of ag-
gregation, pheromone also induced functions
required for DNA transfer. It was therefore of
interest to determine whether phase variants
were altered in expression of plasmid transfer
functions or if the phenomenon was linked
only to a change in cellular aggregation char-
acteristics. OG1X(pAM?714) and a Dry® vari-
ant of this strain were tested for the ability to
transfer the plasmid in 10-min broth mat-
ings. Normally, significant plasmid transfer
in such matings occurs only when donors are
preinduced with cADI1 (Ike and Clewell,
1984). As shown in Table 3, Dry°® variants
were found to transfer the plasmid efficiently,
at a frequency at least 200-fold higher than a
Dry* strain. A Dry* revertant of OGI1X-
(pPAM714SW2) that was tested for ability to
transfer in 10-min broth matings showed no
detectable transfer (transfer of <1077-107¢
transconjugants/donor), which is typical of
the wild-type phenotype [since induction by
pheromone requires at least 20-30 min (Ike
and Clewell, 1984)]. Dry* revertant plasmids
transferred at wild-type levels (approximately
1073 transconjugants/donor) in 1-h broth
matings, indicating a return to normal,
cADIl-inducible, regulation of transfer func-
tion expression. Thus, expression of plasmid
transfer functions, as well as cellular aggrega-
tion functions, are linked to phase variation.
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TABLE 2

PHASE VARIATION FREQUENCY OF OG1X(pAD1) AND OG1X(pAM714)

Variant colonies/

Plasmid Phase transition total colonies Frequency
Dry+ —_ Dryc
pADI1 Expt 1 9/7688 1.2 x 1073
Expt 2 6/3322 1.8 x 1073
Expt 3 1/3275 3.1 x 107
pAM714 Expt | 1/6852 1.5 x 107*
Expt 2 16972944 5.7 X 1072
Dryc — Dry+
pADI Expt 1 40/1715 2.3 %1072
Expt 2 13/425 3.1 x 1072
Expt 3 3373506 94x 1073
pAM714 Expt 1 3/4127 73 %107
Expt 2 1/3009 3.3x 107

Tn917-lac mutagenesis of pADI. To gain
additional evidence that pADIl-encoded
mating response genes in addition to aggrega-
tion factors are expressed under noninducing
conditions by Dry® phase variants, Tn917-lac
mutagenesis of pAD1 was undertaken, and
several of the derivatives were tested for
phase variation. The position of each Tn917-
lac insert obtained is shown in Fig. 2. Specific
map positions and the orientation of the lacZ
fusion created by the insert relative to the
pAD1 map are listed in Table 4.

In all cases where the orientation of the fu-
sion was such that potential transcription of
lacZ could occur in a counterclockwise orien-
tation (CC), relative to the pAD1 map shown
in Fig. 2, pAD1::Tn917-lac mutants gave rise
1o blue colonies on X-gal media containing

cAD1 and white colonies on media devoid of
the pheromone. When /acZ fusions were ori-
ented in the opposite direction no transcrip-
tion was detected on either medium. Thus,
transcription could only be detected as occur-
ring in a CC direction and only in the pres-
ence of cADI. Interestingly, pheromone-in-
ducible transcription was observed in the re-
gion counterclockwise to the H-region, now
designated I, where associated phenotypes
are not presently known. It was also observed
that transcription levels, as judged qualita-
tively from the intensity of colony color on
exposure to cADI1, appeared lower in the lat-
ter area compared to the F, G, or H regions.

In order to examine transcription at
various insertion points, Dry° variants of sev-
eral of the newly generated Tn917-lac deriva-

TABLE 3

TRANSFER FREQUENCY OF DRY* AND DRY® OG1X(pAM714)¢

Transfer frequency (in Transconjugants/donor)

Plasmid 10-min broth mating 1-h broth mating
pAMT714 (Dry*) <5.0 X 1077 6.1 x 1073
pAM714SW2 (Dry©) 47 %X 107 59x1073
pAM714SW2R2 (Dry*)? <5.0 X 1077 3.3x 1073

2 Ten-minute and 1-h broth matings were performed between Dry* or Dry® OG1X{(pAM714) and FA2-2.
? pPAM714SW2R2 is a Dry* revertant derived from pAM714SW2.
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FIG. 1. Map of pAD1. Regions believed to encode the
structural genes required for the mating response are la-
beled F, G, and H. The region responsible for regulating
expression of the mating response is also indicated. It
includes traA, traB, iad, and the C and E regions. hly-bac
indicates the location of the hemolysin-bacteriocin deter-
minant. uvr indicates the position of an ultraviolet light
resistance determinant.

tives were obtained. No F region derivatives
were tested; since unlike other Tn917-lac
mutants obtained, these strains were incapa-
ble of aggregating in broth or expressing a dry
colony morphology in response to cADI
(data not shown) and should therefore be in-
capable of expressing a Dry° phenotype.
Strains tested included those Tn917-lac mu-
tants with cAD1-inducible /acZ fusions indi-
cated by an asterisk in Fig. 2.

Selected OG1X(pAD1::Tn917-lac) deriva-
tives were plated on solid media, and phase
variants of each strain were selected on the
basis of a Dry® colony morphology. These
arose at a frequency of 107°-1073, The deriva-
tives were then plated on media containing
X-gal but no cADI. In each case the colonies
that arose were blue. Thus, transcript(s) nor-
mally made only in the presence of phero-
mone were constitutively produced by Dry©
variants. These results provide additional evi-
dence indicating that expression of structural
genes involved in the mating response, in ad-
dition to aggregation factors, are affected by
phase variation.

PONTIUS AND CLEWELL

Localization of DNA responsible for phase
variation. Results indicating that both
transfer and aggregation functions were con-
stitutively expressed in Dry® variants led to
the hypothesis that the mutation(s) responsi-
ble for phase variation occurred on pADI,
possibly within the regulatory region, rather
than the chromosome of the host strain. It
was not surprising then to find that when
plasmid DNA was obtained from both a Dry®
variant of OG1X(pAM714) and a revertant
strain and introduced into plasmidless strains
of OGIX by protoplast transformation,
transformants exhibited the phenotype of the
strain from which the particular plasmid was
isolated (not shown). Thus, phase variation is
due to heritable changes in pAD1 DNA.

To determine if the mutations relating to
phase variation were in the regulatory region
of pADI1 (i.e., between 17.0 and 23.0 kb on
the pADI1 map) a miniplasmid derivative,
pAM2011E, was tested for phase variation
(Weaver and Clewell, 1989) (depicted in Fig.
3B). The miniplasmid consists of a 15-kb re-
gion of pAD1 DNA that includes the regula-
tory region. In addition, the miniplasmid car-
ries a Tn917-lac insert that interrupts the E
region, which is essential for positive regula-
tion of the pheromone response. The lacZ
fusion created by the Tn917-lac insertion
{(Weaver and Clewell, 1989) normally pro-
duces LacZ only when cAD! is present.
Phase variation to the Dry® phenotype in

FiG. 2. Position of Tn917-lac inserts in pAD1. The
arrows mark the position of inserts obtained and aster-
isks mark derivatives tested for phase variation.
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TABLE 4

POSITION OF Tn917-lac INSERTS IN pAD1“

Inserts with /acZ fusions in a counterclockwise orientation?
pAMT7241 (44.1), pAM7248 (44.4), pAM7245 (44.7), pAM7203 (48.9), pAM7219 (49.8), pAM7233 (49.8),
pAM7215 (50.0), pAM7227 (50.0), pAM7229 (50.0), pAM7214 (50.0), pAM7201 (50.0), pAM7137 (3.3),
pAM7142 (6.1), pAM7109 (8.6), pAM7131 (9.8), pAM7144 (9.8), pPAM7136 (11.0), pAM7104 (11.1), pAM7110
(11.1), pAM7044 (11.9), pAM7035 (12.5), pAM7020 (12.8), pAM7028 (12.8), pAM7021 (12.9), pAM7001
(12.9), pAM7022 (12.9), pAM7085 (12.9), pAM7040 (12.9), pAM7014 (12.9), pAM7033 (12.9), pAM7042
(12.9), pAM7061 (12.9), pAM7018 (12.9), pAM7025 (13.2), pAM7030 (13.2), pAM7004 (13.4), pAM7016 (15.0)

Inserts with /acZ fusions in a clockwise orientation®

pAMT275 (45.1), pAM7243 (48.9), pAM7225 (48.9), pAM7261 (49.2), pAM7226 (49.5), pAM7114 (57.0),
PAM7102 (11.0), pAM7027 (12.1), pAM7034 (12.4), pAM7024 (13.0), pAM7049 (13.1), pAM7077 (13.6)

4 Map positions of Tn917-lac inserts in pAD1 correspond to those shown on the pAD1 map (Fig. 2).
% Indicates potential transcription across the /acZ fusion would occur in a counterclockwise direction in relation to

the pAD1 map (Fig. 2).

¢ Indicates potential transcription across the /acZ fusion would occur in a clockwise direction in relation to the

pADI map (Fig. 2).

OG1X(pAM2011E) could not be observed
because pAD1 genes necessary for expression
of aggregation and plasmid transfer functions
had been deleted. OG1X(pAM2011E) was
tested for phase variation by observing
changes in colony color when the strain was
plated on solid media containing X-gal. The
results are shown in Table 5. Blue colony vari-
ants occurred at a frequency of approxi-
mately 107-1073, and white colony rever-
tants appeared at a similar frequency. An es-
timate of the actual rate of phase transition,

A. pAD1 Regulatory Region.

B. pAM2011E.

™or7dac
———

L W

found to be 10~°-10~*/CFU per generation,
could be made in this case (see Materials and
Methods) because, unlike pAD1 or pAM714,
pAM2011E is incapable of self-transfer dur-
ing the experiment. When white colony re-
vertants were streaked on plates containing
X-gal and cADI, the colonies that arose were
blue indicating the revertants had returned to
normal pheromone-inducible regulation of
the lacZ fusion,

Protoplast transformation experiments
were performed to determine whether the

C. pAMT7T01.

L J

F1G. 3. (A) The regulatory region of pAD1. (B) Corresponding DNA present on the miniplasmid
pAM2011E (Weaver and Clewell, 1989) with the position of a Tn917-/ac insert indicated. (C) Portion of

pADI1 included in the recombinant pAM7701.
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TABLE 5
RATE OF PHASE VARIATION OF OG1X(pAM2011E)*

Rate of phase variation
(Variants/CFU/generation)

White — Blue Blue — White
Expt 1 1.8x 1073 2.7 x 107
Expt 2 6.2 107° 1.6 x 1074
Expt 3 1.1 X 107 1.5 x 107

2 Colonies 36 h old were suspended and immediately
plated on solid media (THB with agar) containing 100
ug/ml X-gal and appropriate antibiotics. Colony color
determinations were made after 36 h incubation at 37°C.
Frequencies are reported in variants/CFU/generation;
number of generations varied from 23 to 28.

phase transition observed was plasmid di-
rected. Plasmid DNA was isolated from blue
colony variants, white colony revertants, as
well as the original OGI1X(pAM2011E).
When pAM2011E was used to transform
OGI1X, 114 transformants were obtained.
On X-gal-containing media 105 of these
transformants gave rise to white colonies
while 9 gave rise to blue colonies. When plas-
mid DNA from a blue colony variant was
used, 38 of 39 transformants gave rise to blue
colonies. When plasmid DNA from a white
colony revertant was used to transform
OG1X, 321 of 326 transformant colonies
were white; the remaining 5 were blue. All
transformants gave rise to blue colonies when
plated on media containing X-gal and cADI.
Since the majority of transformants were
true to parental type, it was concluded that
the observed phase change of OG1X(pAM-
2011E) is plasmid directed.

Because the frequency of white < blue
phase variation of pAM2011E is similar to
that for Dry* < Dry® phase variation of
OG1X(pAD1) and because in each case
genes necessary for expression of plasmid-
regulated aggregation and transfer functions
are affected by phase variation, we believe the
two phenomena are related. The data imply
that the mutations responsible for phase vari-
ation occur within the region of the plasmid
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previously shown to regulate the pheromone
response—between 17.0 and 23.0 kb on the
pADI1 map (Fig. 1 and Fig. 3A).
Complementation analyses. To further ex-
amine the nature of the mutation(s) responsi-
ble for phase variation a portion of the regula-
tory region of pAD1 was cloned and tested
for the ability to complement the Dry° pheno-
type in trans. pAD1 DNA corresponding to
the region 17.2-22.2 kb on the pAD1 map
(Fig. 1 and Fig. 3C) was inserted into an ap-
propriate shuttle vector (pAM401) and the
recombinant plasmid, pAM7701, was intro-
duced via electroporation into the Rec™ E.
faecalis strain UV202. A control strain,
UV202(pAMA401), was also constructed.
OG1X strains harboring pAM714, pAM-
7227, pAM7245, or pAM7016 and Dry® vari-
ants of each strain were then used as donors
in matings with the recipients UV202-
(pPAM401) and UV202(pAM7701). Trans-
conjugants were observed for colony mor-
phology and, when appropriate, for colony
color on media containing X-gal. Transcon-
jugants resulting from matings with the recipi-
ent UV202(pAM401) were true to the origi-
nal donor phenotype. pAD1 derivatives, in-
cluding those from Dry® donors, when
introduced into UV202(pAM7701), how-
ever, showed a soft colony morphology.
Those carrying LacZ fusions gave rise to
white colonies on plates containing X-gal.
Thus, the Dry® phenotype was comple-
mented (or suppressed) in trans by a prod-
uct(s) from the portion of the pAD1 regula-
tory region present on the recombinant plas-
mid pAM7701 [17.2-22.2 kb (Fig. 3C))].
Surface exclusion characteristics of Dry*
variants and a traA mutant. Previous reports
showed that surface exclusion functions of
pADI (Clewell and Brown, 1980) and pCF10
(another conjugative, pheromone-inducible
E. faecalis plasmid) were pheromone induc-
ible. In the case of pCF10 regulation of sur-
face exclusion was not necessarily linked to
regulation of transfer and aggregation func-
tions; a transfer constitutive, aggregation
constitutive mutant of pCF10 did not consti-
tutively express surface exclusion functions
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TABLE 6

EXPRESSION OF SURFACE (ENTRY) EXCLUSION FUNCTIONS BY DRY® VARIANTS AND A {raA MUTANT OF pAD1*

Plasmid content

of the recipient Transconjugants/recipient P Value?
—cADI? +cADI1¢
pAM714 Expt 1 6.4 X 107* 9.9 x 107
Expt 2 7.7 x 107 5.0x 1077
Expt 3 7.6 X 107 5.8 % 107
Expt 4 1.7 x 107* 44 x10°°
Expt 5 2.0x 107 3.1x107°
Mean 5.1 x107* 1.8 x 1073 <0.005
pAM2120 Expt 1 5.6 x 10°¢ 2.6 x 107°
Expt 2 4.5x 107 5.3x10°°
Expt 3 5.8 X 1076 59 x107°
Expt 5 2.7 % 107° 9.4 x 107
Mean 1.1 X 1073 2.5%x 1078 N.S.
pAM714SW2 Expt 3 7.1 x 107 50x 1073
Expt 4 12X 1073 25%x 1074
Expt 5 1.2 % 107 1.4 x 1073
Mean 6.8 X 107 1.0 x 107* 005<P<0.1°
pAM714SW3 Expt 1 3.2x 107 1.7 x 1073
Expt 2 1.5 %1073 5.7 x 1073
Expt 3 8.4 x 107 1.0 x 1073
Mean 3.9 x 107 2.8 x107° 0.1 <P <0.375¢

4 Experiments were performed as described under Materials and Methods. The donor strain, OGIRF(pAM211),
was preincubated for 1 hin N2GT broth containing cAD1, prior to matings. Matings were for 15 min.

b Recipients were preincubated for 1 h in N2GT broth prior to matings.

¢ Recipients were preincubated for 1 h in N2GT broth with cAD1 prior to matings.

4 P values are for ¢ test (unpaired) comparisons for each isolate with vs without cAD1. Transformation of the data
and use of geometric means rather than arithmetic means does not change results obtained substantially. N.S., not

significant.

¢ If the data for pAM714SW2 and pAM714SW3 are combined the P < 0.025.

(Dunny et al., 1985). Phenotypic observa-
tions and results of complementation tests
suggested that mutations within the frad
locus (which encodes a negative regulator of
aggregation and transfer gene expression)
might be responsible for phase variation. If
s0, expression of surface exclusion functions
of tra4 mutants and Dry® variants should be
the same under both inducing and noninduc-
ing conditions. Experiments were performed
to determine whether this was the case, and
the results are shown in Table 6. OG1X
(pAM714), used here as the control or “wild-
type” recipient, consistently exhibited a sig-
nificant (P < 0.005) reduction in uptake of
donor plasmid DNA when it (the recipient)
had been preincubated with cAD1 prior

to mating. OG1X(pAM2120), containing
pADI1 with a Tn917-lac insert in trad, was
reduced in plasmid entry under both induc-
ing and noninducing conditions at the ap-
proximate level of induced OGI1X(pAM-
714). The Dry° variants resembled that of
wild type—with a reduction in uptake only if
preincubated with cAD1 (P < 0.025 for the
combined data from pAM714SW2 and
pAM714SW3). Thus, while surface exclu-
sion functions of the fraA4 insertion mutant
was constitutively expressed, this was not the
case for the Dry® variants.

Comparative restriction analysis. Phase
variation phenomena are known in some
cases to involve DNA rearrangements (e.g.,
inversions, insertions/excisions, etc), and
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comparative restriction fragment analyses
proved useful in identifying the region of
DNA affected (Abraham et al., 1985; Marrs
et al., 1988; Komano et al., 1986, 1990; Bart-
lett et al., 1988; Bartlett and Silverman,
1989). With the hope of gaining insight into
the nature and location of the mutations re-
sponsible for phase variation, wild-type
pADI! and plasmid DNA from OGIX-
(pAD1) Dry* variants, as weil as pAM2011E
and plasmid from blue colony variants of
OGI1X(pAM2011E), were analyzed using a
number of restriction enzymes. Restriction
enzymes used included Alul, BamHI, EcoR],
Haelll, Hincll, HindlIll, Hpal, Hpall, Msel,
Pvull, Rsal, Sall, Sau3A, and Tagl. Digests
were compared using both agarose and poly-
acrylamide gel electrophoresis. No differ-
ences in restriction patterns were detected be-
tween plasmid from variant cells and plasmid
obtained from cells with nonvariant pheno-
type.

cADI and iADI1 levels of Dry* variants. Pre-
vious studies indicated that the relative level
of cADI to iADI1 is critical in determining
whether plasmid transfer functions are ex-
pressed (Ike et al., 1983; Mori et al., 1986;
Ehrenfeld and Clewell, 1987). One easily test-
able hypothesis to explain the observed phase
variation was that Dry® phase variants ex-
pressed less IAD1, and/or that cAD1 was be-
ing produced at levels that would cause self-
induction. Either of these occurrences would
be detected as an apparent decrease in iAD1
productioninaniAD1 microtiter assay. How-
ever, when i1ADI levels of OG1X E. faecalis
strains containing variant plasmids were
tested, they were found to be the same as for
OG1X containing wild-type pAD1.

Phase variation in a Rec™ host. To deter-
mine if homologous recombination played a
role in phase variation, UV202(pAM714)
and UV202(pAM7016) were examined and
compared to Rec* isogenic control strains
JH2-2(pAM714) and JH2-2(pAM7016).
UV202(pAM7016) was found to change to
the Dry° phenotype at a frequency of 9.2 X
107% in one experiment. No mutants were de-
tected (a frequency of <107%) in two other
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experiments. In a JH2-2 background pAM-
7016 changed to the Dry° phenotype at an
average frequency of 3.5 X 107¢ in three ex-
periments, but no mutants were detected (a
frequency of <107%) in two additional experi-
ments. Results for UV202(pAM714) and
JH2-2(pAM714) were similar. The data
imply that phase variation is Rec-indepen-
dent; however, it appears to occur at a lower
frequency in the JH2-2 host (the Rec” paren-
tal strain of UV202) compared to the noniso-
genic OG1X.

DISCUSSION

In this study we have found that
OG1X(pAD1) undergoes a heritable, revers-
ible, phenotypic change from Dry* to Dry*
colony morphology at a frequency of 1074~
1072, In addition to a change in colony mor-
phology Dry® variants constitutively express
aggregation and plasmid transfer functions
that are normally expressed only in the pres-
ence of cAD1. Restriction fragment poly-
morphism analysis with a number of restric-
tion enzymes have revealed no detectable
changes in restriction patterns. These results
make it appear unlikely that insertion and ex-
cision of an IS element, or a gross DNA rear-
rangement is responsible for the changes ob-
served during phase variation. Results indi-
cate that the mutations responsible for phase
variation occur within the regulatory region
of pAD1. Sequence analysis of a portion of
the regulatory region (Clewell et al., 1990;
Pontius and Clewell, manuscript in prepara-
tion) reveals the presence of large numbers of
direct and indirect repeats where small inser-
tion/deletion events resulting in frameshift
mutations might occur (reviewed in Levin-
son and Gutman, 1987; Ripley, 1990).

The Dry® phenotype could be comple-
mented in trans with a portion of the regula-
tory region from pAD1. The construct tested
contained portions of the E region and traB,
as well as iad, the C region, and traA. traB is
believed to produce products necessary for
cADI1 shutdown; fraB mutants have a
“ringed” colony morphology (Weaver and
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Clewell, 1988) which is not typical of Dry*
phase variants, making it seem unlikely that
the mutations responsible for phase variation
occur within fraB. It is also unlikely that an
alteration of the E region, which encodes de-
terminant(s) necessary for positive regulation
of the pheromone response, is responsible for
phase variation; E region product in trans
would not be expected to complement (cause
apparent repression of) the Dry® phenotype.
The level of the inhibitor, iAD1, produced by
variants was identical to wild type, so muta-
tions affecting iad are not responsible for
phase variation.

Changes affecting the negatively acting
trad product would predictably result in
many of the phenotypic changes observed
during phase variation to the Dry® state. How-
ever, surface exclusion functions of a trad
mutant are fully derepressed while those of
Dry*® variants are not; the latter appear to re-
main inducible. Additional data (not shown)
indicate pADI1 transfers from Dry® variants
during 10-min broth matings at an even
higher frequency if the donors are prein-
duced with pheromone. cADI-inducible
transfer is not characteristic of pADI1::Tn-
917-trad and pADI1::Tn9l7-lac-traA mu-
tants (Ike and Clewell, 1984; Weaver and
Clewell, 1988). These results suggest that
TraA may be partially functional in Dry*® vari-
ants. A mutation resulting in a reduced activ-
ity or level of TraA might result in a Dry®
phenotype.

A mutation affecting C region product
alone is unlikely to be responsible for phase
variation. All C region insertion derivatives
obtained to date express elevated levels of
1AD1 in an OGI1X E. faecalis host back-
ground, a characteristic which is not typical
of Dry° phase variants. Tn9!7-/ac insertions
within the C region mapping near trad show
a partial derepression of aggregation and
transfer functions (Weaver and Clewell,
1988). These findings suggest the possibility
that efficient production of TraA might be
affected by mutations within the C region.
Thus, the results obtained to date suggest that
the mutations responsible for phase variation
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directly or indirectly affect TraA production.
Comparative nucleotide sequencing analyses
(underway) should reveal the precise location
of the responsible mutations.

Phase variation provides an alternative
mechanism for regulating pAD1 fertility
functions and allows plasmid transfer to oc-
cur in the absence of pheromone. pADI1
could then be introduced into recipient
strains that do not excrete cAD1 thereby ex-
tending its host range. Another possible role
for phase variation stems from the recent ob-
servation by Galli ef al. (1990) that the pADI
aggregation substance (the product of asal)
contains two tetra-amino acid motifs that
have been shown in other systems to contrib-
ute to binding to eukaryotic cells. Since
pAD1 is already believed to contribute to vir-
ulence as a result of its hemolysin-related de-
terminant (Ike ez al., 1984, 1987), the possibil-
ity that phase variants constitutively express-
ing aggregation substance might more readily
colonize human/animal tissue is worthy of
consideration.
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