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The conjugative transfer (tra) genes of a 52-kilobase (kb) staphylococcal plasmid, pGO1, were localized by
deletion analysis and transposon insertional inactivation. All transfer-defective (Tra™) deletions and Tn551 or
Tn917 transposon insertions occurred within a 14.5-kb BglII fragment. Deletions and insertions outside this
fragment all left the plasmid transfer proficient (Tra*). The tra region was found to be flanked by directly
repeated DNA sequences, approximately 900 base pairs in length, at either end. Clones containing the 14.5-kb
BgllI fragmerit (pG0200) and subclones from this fragment were constructed in Escherichia coli on shuttle
plasmids and introduced into Staphylococcus aureus protoplasts. Protoplasts could not be transformed with
pGO200E (pGO0200 on the staphylococcal replicon, pE194) or subclones containing DNA at one end of the tra
fragment unless pGO1 or specific cloned tra DNA fragments were present in the recipient cell. However, once
stabilized by sequences present on a second replicon, each tra fragment could be successfully introduced alone
into other plasmid-free S. aureus recipients by conjugative mobilization or transduction. In this manner, two
clones containing overlapping fragments comprising the entire 14.5-kb BglIl fragment were shown to
complement each other. The low-frequency transfer resulted in transconjugants contairiing one clone intact,
deletions of that clone, and recombinants of the two clones. The resulting recombinant plasmid (pG0220),
which regenerated the tra region intact on a single replicon, transferred at frequencies comparable to those of
pGOLl. Thus, all the genes necessary and sufficient for conjugative transfer of pGO1 are contained within a

14.5-kb region of DNA.

Large, 40- to 60-kilobase (kb) conjugative plasmids have
been found in both Staphylococcus aureus and S. epidermi-
dis (3, 11, 24). Conjugative transfer of these plasmids has the
following characteristics: transfer occurs at a low frequency
(1075 to 10~7 progeny per donor input cell); aggregation of
mating pairs is not mediated by surface structures or pher-
omones; mating does not take place in broth but requires a
solid substrate (e.g., nitrocellulose or cellulose acetate);
plasmid transfer can occur between S. aureus and S. epider-
midis (2, 11); and genes required for transfer are plasmid
encoded (24). Antimicrobial agent resistance genes are trans-
ferred either as part of the conjugative replicon (resistance to
tobramycin, kanamycin, and gentamicin [Gm']; ethidium
bromide and quaternary ammonium compounds [Qam'];
trimethoprim [Tp‘]; and penicillin [Pc"]) (3, 14); or are
resident on smaller, nonconjugative plasmids that are mobi-
lized by conjugative plasmids (resistance to chloramphenicol
[Cm'] and tetracycline [Tc"]) (11). Conjugative staphylococ-
cal plasmids from several geographic areas have consider-
able restriction fragment similarity, particularly in the puta-
tive tra regions (14). Outbreaks of staphylococcal infections
caused by Gm" organisms carrying conjugative plasmids
have been described by several investigators, and isolates
carrying these plasmids seem to have become endemic at
some large teaching hospitals (2, 19).

The 52-kb conjugative plasmid pGOl1, originally resident
in a clinical S. aureus isolate at the Medical College of
Virginia Hospital, has all of the transfer characteristics
summarized above, encodes Gm", Tp", and Qam", and has
both restriction fragment similarity and DNA hybridization
homology to conjugative plasmids isolated from our own
hospital (2) as well as to plasmids from the University of
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Michigan (pAM899-1) and Creighton University (pPCRG1600)
(G. Archer, unpublished observations). Thus, this plasmid
serves as a model for the study of conjugative staphylococ-
cal plasmid fra genes. As a first step toward a detailed
genetic and functional analysis of the tra region of these
plasmids, in this report we describe a determination of the
physical and functional boundary of the genes encoding
transfer functions on pGO1. In addition, tra insertion and
deletion mutants and subclones of the tra region on S.
aureus-Escherichia coli shuttle vectors were constructed to
aid in future studies of the molecular basis for the conjuga-
tive transfer of antimicrobial resistance in these medically
important bacteria.

MATERIALS AND METHODS

Bacterial strains and plasmids. S. aureus and E. coli strains
and plasmids are listed in Table 1. Recombinant plasmids
were constructed in E. coli HB101 or SK1592 (7, 22).
Recombinant shuttle plasmids constructed in E. coli were
introduced into S. aureus RN4220. This strain was produced
by nitrosoguanidine treatment of ATCC 8325-4 (RN450) until
pBR322 sequences were stably maintained (21). Nomencla-
ture for clones contairiing pGO1 DNA is as follows. The
initial clones selected in E. coli that were on E. coli cloning
vectors were given pGO numbers. When either pE194 or
pSK265 staphylococcal replicons were added to the E. coli
vectors to produce shuttle plasmids the letter E or C was
added to the end of the E. coli clone number (i.e., pGO200
became pGO200E when pE194 was inserted into pBR322).

Materials and media. Mueller-Hinton agar (MHA; BBL
Microbiology Systems, Cockeysville, Md.) was used for
culture of both E. coli and S. aureus strains; the exception
was RN1030, which was propagated on brain heart infusion
agar (BHIA; Difco Laboratories, Detroit, Mich.). S. aureus
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Chromosomal genotype or phenotype

Remarks and references

E. coli
SK1592 hsdR4 gal endA
HB101 F™ hsdS20 (rg~ mg ) recAl3

aral4 proA2 lacY! galK2
rpsL20 xyl-15 mtl-1 supE44 \ -

S. aureus

Restriction-deficient host for recombinant plasmids (22)
Recombination-defective host (7)

ATCC 8325-4

Transduction recipient ($11 lysogen of ATCC 8325-4) (26)

Host for shuttle plasmids (21)

Recipient strain (RN4220) for conjugation (12)

Recipient strain (RN4220) for conjugation with Tn403/ integrated into the

chromosome (W. Thomas, submitted for publication)

Lysogenized recipient strain for conjugation and transduction (26)
Recombination defective 11 lysogen (26)

S. aureus clinical isolate from Medical College of Virginia (1)
Tn917 ts delivery vehicle (30)

Tn551 ts delivery vehicle (27)

Cloning vector (6)

Positive selection cloning vector (29)

pC194 with multiple cloning site of pUC19 (20)

I1S-like element associated with Tp" from pGO1 cloned on pBR322 (12)
14.5-kb Bglll B fragment of pGO1 cloned on pOP203 (A2*) (this study)
4.6-kb EcoRI E fragment of pGO1 that contains DNA flanking the tra region

cloned on pOP203A,™* (this study)

Bglll B fragment of pGO1 subcloned into the BamHI site of pBR322 (this
study)

Deletion derivative of pGO200E (this study)

6.1-kb EcoRlI C fragment of pGO1 cloned into the EcoRI site of pBR322

(this study)

7.0-kb Bglll-Aval subclone of pGO200 produced by Aval digestion of

pGO200 followed by religation (this study)

9.4-kb Hindll1-Bglll subclone of pGO200 produced by HindlII digestion of

pGO200 followed by religation (this study)

RN450
RN451
RN4220
GO57 Nov' Rif"
GO160 Gm"
RN2677 Nov" Rif", restriction deficient
RN1030 recA

Plasmids
pGO1® Gm' Tp' Qam’ Tra™, 52 kb
pTVts® Cm" Em", 12.4 kb
pRN3208” Pc" Cd" Em" Mer", 28.2 kb
pBR322¢ Ap" Tc", 4.3 kb
pOP203(A2*)¢ Tc", 7.0 kb
pE194* Em", 3.8 kb 17
pSK265? Cm'", 2.7 kb
pGO23¢ Ap" Tc*, 6.2 kb
pGOS53° Tc", 21.5 kb
pGO132¢ Tc", 11.5 kb
pGO200¢ Ap" Tc*, 18.8 kb
pGO200EA1”< Ap" Tc® Em', 12.4 kb
pGO201¢ Ap" Tc', 10.4 kb
pG0202¢ Ap' Tc*, 10.1 kb
pGO203¢ Ap', Tc*, 13.7 kb
pGO210¢ Ap", Tc*, 8.8 kb
pG0220* Em" tra*, 21.6 kb

4.5-kb Hindlll E fragment of pGO1 cloned on pBR322 (this study)
Recombinant resulting from transfer of Em" into GO57 from donor with

pGO202E and pGO203C (this study)

¢ Abbreviations not used in the text: Ap, ampicillin; Mer, mercury; Nov, novobiocin; Rif, rifampin. The nomenclature for shuttle constructions was simplified
by the addition of E or C to the original plasmid designation after subsequent addition of pE194 or pSK265 to the E. coli clones.

> S. aureus host.
< E. coli host.

was cultured for plasmid extractions in brain heart infusion
broth, whereas E. coli was grown in Luria broth (GIBCO
Diagnostics, Madison, Wis.) supplemented with 0.2% glu-
cose. S. aureus was grown for protoplast transformation and
transposon curing in Penassay broth (PAB; Difco). SMMP,
an osmotically stabilized liquid medium for the generation of
protoplasts, and DM3 agar, for the regeneration of cell wall
competent cells from protoplasts, were prepared as previ-
ously described and contained the following: SMMP (1 M
sucrose, 40 mM MgCl,, 40 mM maleic acid, and 7% PAB);
DM3 (0.5 M succinate, 20 mM MgCl,, 0.5% glucose, 0.5%
yeast extract [Difco], 0.5% Casamino Acids [Difco], 0.05%
bovine serum albumin, and 0.8% agar) (8). Antibiotic con-
centrations used for selection were as follows: gentamicin (5
ng/ml) and erythromycin (20 pg/ml) in MHA for S. aureus;
erythromycin (5 png/ml) in DM3; erythromycin (0.5 mg/ml) in
MHA for E. coli; chloramphenicol (20 pg/ml) in MHA for S.
aureus; chloramphenicol (5 pg/ml) in DM3; chloramphenicol
(50 pg/ml) in MHA for E. coli; novobiocin (5 pg/ml),
rifampin (5 wg/ml), ampicillin (30 wg/ml), tetracycline (20
wg/ml), and Cd (5 X 107° M) in MHA and BHIA. Lysosta-

phin, antibiotics, succinate, and all other chemicals used in
these experiments were obtained from Sigma Chemical Co.,
St. Louis, Mo. Organic solvents, agarose, and acrylamide
reagents were obtained from International Biotechnologies,
Inc., New Haven, Conn. All restriction enzymes and T4
DNA ligase were obtained from Boehringer Mannheim Bio-
chemicals, Indianapolis, Ind. Radionuclides and labeling kits
were obtained from New England Nuclear Corp., Boston,
Mass. Molecular weight markers were obtained from Be-
thesda Research Laboratories, Bethesda, Md.
Transductions. S. aureus transducing phage ¢11 was used
to lyse RN450 containing pGO1. Phage lysates then were
used to infect a $11 lysogenized recipient, and cells were
plated on either gentamicin or trimethoprim as described
previously (3). Since the genome size of ¢11 is approxi-
mately 45 kb, deleted versions of pGO1 (52 kb) could be
selected, due to their smaller size, by their ability to be
packaged. Transductants were screened for deletions by the
loss of Gm" or Tp" as well as by electrophoresis of crude
lysates of individual colonies through agarose to identify
plasmids that were smaller than the parent replicon. Shuttle
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plasmids in RN4220 were transduced into RN451, with
selection for Em" or Cm", followed by confirmation by
restriction digestion and electrophoresis (see below).

Filter matings. Overnight BHIA cultures of donor and
recipient strains were scraped from a plate and suspended in
saline to a density of 108 CFU. Equal volumes (typically 1
ml) of donor and recipient suspensions were pelleted sequen-
tially in sterile microfuge tubes. The pellets were suspended
in 0.1 ml and dropped onto nitrocellulose membranes that
had been placed on dry MHA plates. Matings took place on
the membranes for either 6 or 18 h at 37°C, or 30°C for
matings involving temperature-sensitive (zs) replicons. Cells
were vortexed off the filters in 1 ml of saline and plated on
MHA plates containing appropriate selective antibiotics.

Transposon mutagenesis. The temperature-sensitive plas-
mids pRN3208 and pTV1ts were used to deliver the trans-
posons Tn551 and Tn917, respectively, to pGO1 (27, 30).
TnS551 mutagenesis of pGO1 was done in S. aureus RN450,
whereas Tn917 insertions were generated in recombination-
deficient S. aureus RN1030 (26). pRN3208 was introduced
into RN450 by protoplast transformation, whereas pTV1ts
was transduced into ¢11-lysogenized RN1030 by ¢11 trans-
duction. pGO1 was introduced into both of these strains by
filter mating. Overnight colonies propagated at 30°C were
suspended in saline to a density of 10° CFU, diluted 1:1,000
in PAB, and incubated at 42°C for 16 h. Dilutions were made
such that isolated colonies could be obtained on plates
containing erythromycin. Cured cultures also were plated on
cadmium or chloramphenicol to test for the loss of the
pRN3208 or pTVI1Ts delivery vehicle, respectively. Suc-
cessful curings yielded 10> more CFU on plates containing
erythromycin than on plates containing cadmium or chlor-
amphenicol. Individual Em" colonies that were sensitive to
the vehicle markers were used as donors in filter matings
with strain GO57 as the recipient. Cured colonies (Em"Cd*
and Em"Cm®) were used as donors directly without plasmid
extraction and transformation to enrich for plasmid inser-
tions.

Cloning, transformation, and DNA manipulation. All re-
striction endonuclease digestions, electrophoresis, genera-
tion of clones in E. coli, E. coli plasmid extraction, Southern
blotting, and hybridization experiments were performed as
described by Maniatis et al. (23) or according to directions
provided by the manufacturers. Southern blots were probed
at 42°C under the following stringency conditions: low
stringency, 25% formamide and 0.9 M NaCl; high strin-
gency, 50% formamide and 0.9 M NaCl. Crude lysates for
the small-scale production of S. aureus plasmids were pro-
duced by low-salt lysis followed by centrifugation as previ-
ously described (4). Staphylococcal plasmids were isolated
for small-scale restriction digestion by the cetyltrimethylam-
monium bromide extraction method of Townsend et al. (28),
and large-scale plasmid isolation was performed by using
dye-buoyant density gradient centrifugation as previously
described (12). Recombinant shuttle plasmids were intro-
duced into S. aureus RN4220 by a modified version of the
protoplast transformation procedure of Chang and Cohen
(8). Briefly, protoplasts were formed by the gentle digestion
of log-phase cells for 5 h with lysostaphin (0.4 mg/ml) in
SMMP broth. Protoplasts were harvested by centrifugation
at 15,000 x g and suspended in fresh SMMP, and plasmid
DNA was added. Polyethylene glycol was added for not
more than 2 min and then diluted with SMMP. Protoplasts
were harvested again by 15,000 X g centrifugation, sus-
pended in SMMP, and allowed to express at 32°C for 3 to 4

J. BACTERIOL.

FIG. 1. Physical and functional map of plasmid pGOl. Map
coordinates in kilobases are assigned by using the single PstI site (P)
as the origin. Restriction endonuclease cleavage sites for EcoRI (E)
and BgllI (B) are also shown. Phenotypic designations (depicted by
open boxes) are as described in the text. Sequences lost from pGO1
in the transduction deletion derivatives pGO1A4 and pGO1ASA are
shown by bold arcs. Two deletion events apparently took place to
produce pGO1A4 (innermost arcs), a 41-kb plasmid that is Tp® but
transfer proficient. pGO1A5A is 31 kb in size and confers Tp" and
Gm* but is Qam® and transfer negative. The mapped sites of Tnj5/
insertions that had no significant effect on the conjugative transfer of
pGO1 are shown as arrows. Note that three of these insertions are
internal to the tra region (area of 25 tra insertion sites).

h before they were plated on DM3 agar containing erythro-
mycin and/or chloramphenicol.

RESULTS

Deletion mutants. The localization of sequences encoding
conjugative transfer genes on pGO1 was first attempted by
the production of deletion mutants by using transduction
with phage $11. The size of pGO1 (52 kb) was greater than
that of ¢11 (~45 kb); therefore, transductants that had
deletions were readily generated. Deletion was apparently
nonrandom; several major classes of deletions were repeat-
edly isolated in independent transduction experiments (Fig.
1). One of these isolates, pGO1A4, lost 11 kb of DNA,
rendéring the plasmid Tp® but transfer proficient. This dele-
tion ruled out 23% of the plasmid DNA as being involved in
conjugation. A second deletion derivative, pPGO1ASA, which
was still Gm® and Tp" but transfer defective, involved a
deletion of 20 kb. This was the most common deletion
isolated, comprising 30% of derivatives, and was not helpful
in precise localization of tra genes because of the large
amount of missing DNA. Because of the small number of
different classes of deletions and the large tra deletion
produced, transposon mutagenesis was used to more pre-
cisely identify genes necessary for transfer..

Transposon insertions. Insertional inactivation of transfer-
associated genes was accomplished by using ' both Tn551 and
Tn917. Both transposons encode erythromycin resistance
(ermB) and are virtually identical, differing only in their
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FIG. 2. (A) Detailed restriction map of the conjugative transfer region of pGO1. All 15 Tn55/ (M) and 10 Tn9!7 (@) sites of insertion that
abolished transfer mapped to within this region. The sites of several Tn55/ insertions into this region that had no significant effect on
conjugation are shown by arrows (y). The hatched areas () mark directly repeated sequences flanking these insertion sites. Map coordinates
of pGOL1 are given below the insertion map of the tra region. (B) Subclones of the tra region, obtained by using pBR322, and their plasmid
designations. The ability of each of the subclones to be stably introduced into S. aureus RN4220 by protoplast transformation is also shown.
Abbreviations for restriction sites are as in Fig. 1, plus the following: A, Aval; H, HindIll; He, Hincll; S, Sphl; and X, Xbal.

inverted repeats and the inducibility of Em" (25). Tn917 has
been shown to effectively insert into S. aureus chromosomal
loci not previously targeted by Tn557 (30). Tn551 insertions
into pGO1 were generated in a S. aureus 450 background,
whereas Tn917 insertions were produced in the recA stain,
RN1030, to facilitate future complementation experiments.
After curing, 200 Cd® Em" colonies were screened for Tn551
insertions and 200 Cm*® Em" colonies were analyzed for
Tn917 insertions. In both cases, more than 60% of the
transposon insertions were into plasmid rather than chromo-
somal DNA targets. This was determined by mating each of
the 400 colonies and identifying Gm" Em" transconjugants in
addition to identifying colonies producing no transconju-
gants. Transconjugants contained a transposon insertion into
plasmid DNA not essential for conjugation (Tra™), whereas
colonies that yielded no transconjugants (Tra™) were as-
sumed to have insertions into DNA essential for transfer.
There were 15 independent Tra™ Tn55/ insertions and 10
independent Tra™ Tn9/7 insertions as determined by de-
tailed restriction endonuclease mapping of purified plasmid
DNA; all mapped within the 14.5-kb Bg/II B fragment (Fig.
2). Mapping of Tn55/ and Tn917 Tra™ insertions showed all
but three to fall outside the BglIl B fragment and to be
distributed throughout the rest of the plasmid replicon. Of
the three Tra* insertions within Bgl/II B, two were at each
end of the fragment, outside all Tra™ insertions, further
delimiting a contiguous tra region. The third was in the
middle of the BgllI fragment. Because of the low and
variable transfer frequency of staphylococcal plasmids, it
was not possible to assign gradations of transfer phenotype
to different insertions. Thus, all insertion mutants were

classified as either transfer proficient or unable to transfer at
a detectable frequency (<10~° progeny per donor cell).
Clones of tra region fragments. Although both transposon
insertion and transduction deletion mutants identified se-
quences required for transfer, they did not rule out other
areas of pGOl involved in transfer that may have been
missed given the nonrandom character of transposon inser-
tion and the site-specific nature of transduction deletions. To
address this problem, we attempted to subclone the Bg/II B
fragment onto S. aureus-E. coli shuttle plasmids in E. coli
and to reintroduce the constructions back into S. aureus.
The BgllI B fragment was initially isolated by cloning it into
the single Bglll site of the positive selection vector
pOP203(A2%) (29). pGO200 was created by subcloning the
Bglll fragment into the BamHI site of pBR322. The subse-
quent addition of pE194 at the single Clal site created the
shuttle pGO200E. When pGO200E was introduced by pro-
toplast transformation into RN4220, only a Tra™ deletion
derivative (pGO200EA1) was obtained. To determine
whether the deletion was due to the size of pGO200E or to
gene products encoded by specific sequences lost in the
deletion, subclones of the region on shuttle plasmids were
produced and tested for their ability to transform S. aureus.
The subclones (Fig. 2) were constructed as follows:
pGO202E was produced by cleaving pGO200E with Aval
followed by religation. All other subclones were either a
cleavage and religation of pGO200 or a direct subclone of the
appropriate fragment onto pBR322. Shuttle plasmids were
then made by adding either staphylococcal replicon pE194 or
pSK265 back to the E. coli clone by direct selection in E. coli
(15). pSK265 was made by adding the multiple cloning site of
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FIG. 3. Restriction endonuclease map of pGO220 and plasmid DNA from transconjugants of complementing clones. (A) Locations of
restriction endonuclease cleavage sites of pG0O220. Sequences of pBR322 () and pE194 (O) present in pG0O220 are indicated, as is DNA
involved in conjugative transfer (l). Relative contribution of DNA sequences to pGO220 by each of the plasmids present in the donor strain
(pGO202E and pGO203C) is shown by lines labeled accordingly. (B) Plasmid DNA was isolated and purified by dye-buoyant density gradient
centrifugation and subjected to digestion with EcoRI before electrophoresis in a 0.7% agarose gel and then ethidium bromide staining. The
numbers to the left indicate the sizes of the EcoRI restriction fragments of pGO202E (11.5 and 3.2 kb) and pGO203C (6.1, 5.1, and 4.8 kb).
Lanes: A, pG0203C and pGO202E (donor strain); B, Cm" transconjugant (pG0203C); C, second class of Cm" transconjugant (deletion); D,
Em" transconjugant (pG0220). The recombinant transconjugant pGO220 contains the large (11.5-kb) EcoRI fragment of pGO202E as well as
the 6.1- and 5.1-kb fragments of pGO203C. Abbreviations are as in Fig. 1 and 2, plus the following C, Clal.

pUC19 to pC194, creating unique restriction sites that facil-
itated shuttle construction (20). The E. coli shuttle clones
then were transformed into S. aureus RN4220. The stabili-
ties of individual shuttle subclones are indicated in Fig. 2.
Some of the subclones that could not be stably maintained in
S. aureus were transformed on first one staphylococcal
replicon and then the other. In addition, the staphylococcal
plasmids were added back at more than one pBR322 restric-
tion site. Neither maneuver resulted in stable transformants.
Thus, the instability was not felt to be due to the shuttle
plasmid construction. The large size of some of the stably
transformed plasmids (i.e., pGO203C) also ruled against size
being a major factor in the failure to isolate stable transfor-
mants. However, the 4.5-kb HindIII fragment, subcloned as
pGO0210, was contained within all of the unstable shuttle
plasmids and was itself unstable. We hypothesized that a
factor or factors produced by genes within this fragment
were responsible for instability.

This hypothesis was strengthened by the finding that
unstable shuttle plasmids (pGO210E, pGO0210C, and
pGO202E) could be stably transformed into recipients con-
taining pGO1; transformed plasmids replicated autono-
mously without detectable integration into the resident plas-
mid. Since pGO1ASA could not stabilize these plasmids,
sequences encoding stabilizing factors were lost in this
deletion. The region containing trans-stabilizing factor(s)
was further localized by the finding that pGO210C could
be stably transformed into recipient strains containing
pGO200EA1, the deletion derivative of pGO200E that ap-
peared in pGO200E transformants. This deletion contained
at least 1.0 kb of the HindIII fragment at one end of pGO200
and at least 1.1 kb at the opposite end of the cloned BglIl B
fragment but was missing the middle 10.3 kb of this fragment
(Fig. 2). Since pG0203C could not stabilize pGO210E and
pGO203C carried all of the tra region sequences except
those present on pG0210, we assumed that the 4.5-kb
HindIII fragment contained genes for production of factors
causing instability as well as sequences encoding stabilizing
factor(s).

Complementation of pGO203C and pGO202E. Difficulties
encountered in introducing pGO200E and pGO202E by
transformation led to attempts to construct complementing
strains by mobilization or transduction. pGO202E could be
mobilized by pGO1, occasionally without the cotransfer of
pGOL1. pGO202E could also be introduced into lysogenized
recipients by ¢11 transduction. Thus, pGO202E could be
introduced into plasmid-free strains by conjugative mobili-
zation or transduction but not by protoplast transformation,
suggesting that factors produced by this zra region subclone
affected protoplasts but not cells with cell walls.

pGO202E was mobilized into RN4220 containing
pGO0203C. Cm" Em" Gm® transconjugants were lysed to
confirm the plasmid composition. With this strain as a donor,
either Cm" or Em" transconjugants were found at low but
detectable frequencies after mating into strain GO57. Cm"
transconjugants contained pGO203C or deleted versions of
the plasmid, whereas Em" transconjugants all contained a
single recombinant of the two plasmids. The recombinant
contained the entire Bgl/II B fragment of pGO1 intact on a
single replicon (Fig. 3). The plasmid had a restriction endo-
nuclease digestion pattern identical to that of pGO200E and
transferred into GO160 at a frequency of 107¢ to 1077
transconjugants per donor cell input, a frequency of transfer
identical to that of pGO1. Table 2 shows the conjugation

TABLE 2. Transfer frequency of pGO1 and subclones?

Donor plasmid Transfer frequency
PGOL..coirniiiiiiieinennns 1.4 x 1077
pGO202E + pG0203C ... . 4.5 x 1071°
pGO202E..........cc.cueen.. .. <9.0 X 107°
pGO203C......ccvvviinennnn, .. <7.0%x107°
PGO220 (MINI-27A) c..euevinineinineiiiieeieneieeereanns 2.8 x 107¢

2 Filter matings were performed as described in Materials and Methods
with GOS57 as a recipient in all mating experiments. Transfer frequency was
calculated as the number of transconjugants per donor cell present on the
filters after 18 h.



VoL. 171, 1989 TRANSFER REGION OF S. AUREUS PLASMID pGO1 689

BH H H CE H EY BHH
s ! z 1 L | ! ! i e
pGOI S
? Tp
Bl RS probe
pG023 )
0S5 kb

FIG. 4. Identification of directly repeated DNA sequences flanking the tra region of pGO1. (A) Previously reported location of directly
repeated sequences on pGO1 surrounding the gene for trimethoprim resistance (12). A Bgl/ll-HindIII-HindIII restriction site pattern is
associated with the repeat. The presence of a 250-bp HindIII fragment on acrylamide gels is also characteristic of this repeat. (B) A 10%
acrylamide gel of HindlIII digestions of the following (lanes): A, pGOS53; B, pGO132; C, pGO23. Lanes A through C display a 250-bp fragment
characteristic of the repeated sequence. The precise location and orientation of the repeated sequences were determined by hybridization of
clones of the region with the 250-bp fragment obtained from pGO23. Digestion with BglII allowed orientation to be determined, since the
probe hybridized only to one side of the Bgl/lI site within the repeat. Hybridization to fragments produced by digestion with Xbal or EcoRI
together with BgllI (Fig. 2) allowed the repeats to be localized to positions flanking the zra region (panel C). (C) Lanes: A through C, pGO53
digested with Bg/II and Xbal (A), EcoRI and Xbal (B), and Bgl/ll and EcoRI (C); D, pGO132 digested with Bgl/ll and EcoRI. The
corresponding lowercase letters designate the same DNA transferred to nitrocellulose and probed with the 250-bp HindIII fragment, internal
to the repeat, labeled with 32P. The probe was purified from a 10% polyacrylamide gel and labeled by hexamer priming. The autoradiograph
reveals location of the repeats to the left end (lanes: a [lower arrow], 1.1-kb Xbal-Bglll fragment; b, 1.5-kb Xbal-EcoRI fragment; c, 7.2-kb
EcoRI-Bglll fragment) and the right end (lane d, 1.6-kb Bgl/Il fragment) but not to sequences central to the Bglll fragment (lane b, no
hybridization signal to 6.1- and 6.2- kb internal fragments of pGOS53).

frequency of plasmid constructions, and Fig. 3 is an agarose
gel showing plasmid DNA in transconjugants after the mat-
ing of the donor strain containing pGO202E and pGO203C.

Hybridization of the tra region with defined DNA. pGO200
was used to probe Southern blots containing other gram-
positive conjugative elements as targets. The plasmids
pIP501 (16) and pAMBI1 (9a) were chosen as two examples of
broad-host-range plasmids isolated from Streptococcus
faecalis. A representative pheromone response plasmid
pCF-10, which contains a copy of the conjugative transpo-
son Tn925, was also used for hybridization studies (9). When
the plasmids pIP501, pAMB1, and pCF-10 were probed
under conditions of high and low stringency, no hybridiza-
tion was detectable. However, unexpected signals were seen
in the lane containing control DNA (pGO1 digested with
BglIl) when hybridization was performed under conditions
of high stringency. The hybridization pattern, in which 8 of
the 10 BglII fragments gave positive signals, was identical to
that seen when sequences surrounding the trimethoprim
resistance gene (Fig. 4) were used as a probe. This repeated
sequence was identified by its Bg/II-HindIII restriction site
pattern. Digestion with HindIII released a characteristic
250-base-pair (bp) fragment detectable by polyacrylamide

gel electrophoresis (Fig. 4). Polyacrylamide gels of HindIII
digests of pGO200 as well as a clone of DNA flanking the
right end of the Bg/ll B fragment (pGO132) both demon-
strated this 250-bp fragment. The internal 250-bp HindIIl
fragment from a copy of this repeated sequence 5’ to the Tp”
gene (pGO23 [12]) was used as probe against the pGO1 BglII
B fragment double digested with Bglll-Xbal, BgllI-EcoRI,
and Xbal-EcoRI to release the left end, the right end, and the
central portion of the tra region, respectively (Fig. 4).
pGO132, the EcoRI fragment flanking the right end of
BgllII-B, was also probed after double digestion with EcoRI-
Bglll. The repeated sequence probe hybridized with the
1.2-kb BgllI-Xbal fragment corresponding to the left end of
pGO200 and to the 1.5-kb Bg/II K fragment in pGO132 that
is contiguous with the right end of the Bgl/II B fragment. This
information, together with restriction site mapping and poly-
acrylamide gel electrophoresis, allowed us to conclude that
the tra region was flanked by directly repeated sequences.
Thus, sequences apparently not involved in transfer and
repeated at different locations on pGO1 were localized to
within 1 kb of insertions that abolished conjugation, further
defining the limits of the tra region.



690 THOMAS AND ARCHER

DISCUSSION

In this study, we identified a 14.5-kb region of DNA,
bounded by directly repeated DN A sequences, into which all
transposons inserted that rendered a conjugative plasmid
transfer deficient. The same region cloned on a heterologous
nonconjugative replicon conferred transfer proficiency on
the resulting plasmid. Thus, all of the sequences sufficient to
mediate the conjugative transfer of plasmid DNA in S.
aureus were included within this 14.5-kb region.

The only other conjugative plasmids in gram-positive
bacteria for which data on the organization and function of
the tra genes have been generated are the pheromone-
responsive plasmids resident in S. faecalis (9, 10). Staphy-
lococcal conjugative plasmids, however, are dissimilar from
these S. faecalis plasmids in several aspects. First, staphy-
lococcal donors containing conjugative plasmids do not
clump in the presence of appropriate recipients, and macro-
scopic donor-recipient mating aggregates do not form. Thus,
the staphylococcal tra region appears to encode a different
and less efficient type of surface structure for forming mating
aggregates than do pheromone-responsive plasmids. Sec-
ond, the staphylococcal tra genes appear to be contained in
one contiguous region of DNA that is less than one-half the
size required for pheromone-mediated transfer (9, 10). Fi-
nally, there was no homology between the 14.5-kb staphy-
lococcal tra region and the DNA of pCF-10, a typical S.
faecalis pheromone-responsive plasmid, even under condi-
tions of low stringency. Staphylococcal tra genes may be
functionally more similar to those found on the broad-
host-range gram-positive conjugative elements resident in
various streptococcal species (9, 16). However, staphylo-
coccal conjugative plasmids are confined to a relatively
narrow host range, and the tra region DNA from pGO1 also
showed no homology with pIP501, pAMB1, or Tn925, rep-
resentatives of broad-host-range streptococcal elements. Al-
though lack of homology does not rule out a similarity
between tra region genes in organization and function, it
makes it unlikely that these gram-positive conjugative trans-
fer systems evolved directly from one another. Precise
relationships between gram-positive conjugative transfer
genes and the similarity of these systems to the well-
characterized gram-negative conjugative plasmids await fur-
ther genetic and functional analysis.

The genetic analysis of the tra genes of pGO1 revealed
several interesting results. First, the directly repeated se-
quences that were found at either end of the tra region have
restriction-site similarity to insertion sequence (IS)-like ele-
ments described by Gillespie et al. (IS257 [13]) and Barberis-
Maino et al. (IS431 [5]). Homologous sequences in directly
repeated orientation have also been found in six additional
locations on pGOl, including one copy at each end of the
gene encoding resistance to trimethoprim (12). These IS-like
elements have also been identified at either end of the genes
encoding mercury resistance on staphylococcal penicillinase
plasmids and at one end of the staphylococcal chromosomal
gene(s) responsible for methicillin resistance (5). The asso-
ciation of these IS-like elements with multiple resistance
determinants in both plasmid and chromosomal loci implies
an involvement of these elements in the movement of genes
in staphylococci, including those for conjugative transfer.
Thus, these sequences, either by virtue of independent
mobility or by serving as recombination sites, may be
important in the construction and evolution of large conju-
gative antimicrobial resistance plasmids in staphylococci.

Second, the 4.5 kb of tra region DNA adjacent to the left
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direct repeat (Fig. 2) could not be transformed on a high-
copy-number shuttle plasmid; DNA comprising the rest of
the tra region was transformed without difficulty. However,
this DNA could be successfully transformed when comple-
mented in trans by DNA from the same region, within
approximately 3 kb of the left repeat. We feel that this
observation may represent the presence of a trans-regulated
tra gene that is lethal to the staphylococcal protoplast when
present in high copy numbers. This effect is only seen in
protoplasts; conjugative mobilization and transduction effec-
tively introduce the same sequences into plasmid-free, cell-
wall-competent strains. Our hypothesis is that when initially
transformed into protoplasts, DNA containing the lethal
gene product(s) may be unregulated due to zygotic induc-
tion. Overproduction of the product is lethal to the cell,
possibly due to membrane insertion. However, the gene
product is not produced or is modified when the regulator
gene(s) is already present in the transformation recipient.
Thus, this appears to be a trans-regulated factor involved in
conjugative transfer. Its role in this process has yet to be
determined.

Third, a single Tn55/ insertion into the BglIl B tra
fragment left pGO1 Tra™. This insertion, almost precisely in
the middle of the tra region, argues against a single major
polycistronic transcript that encodes all of the tra-associated
proteins as do the tra operons of F and F-like plasmids (18).
The presence of proteins produced by tra region subclones
in E. coli minicells, complementation of Tra™ Tn55! inser-
tions by pGO210C (W. Thomas, unpublished observations),
and the complementation for transfer of overlapping tra
fragments further suggest that several promoters are likely to
exist and function in the staphylococcal tra region. How-
ever, these results could also be explained by the transcrip-
tion of tra genes by transposon or vector promoters, and the
transfer of one of the overlapping tra fragment clones could
be explained by mobilization after the recombinational res-
cue of the intact tra region in the same cell. The genetic
organization of the tra region awaits the results of comple-
mentation analysis and the identification of individual pro-
moters.

In summary, we have defined the genetic and functional
limits of the tra region of a conjugative staphylococcal
plasmid and identified a trans-regulated tra function that is
probably lethal to protoplasts when cloned on a high-copy-
number vector. Because of the similarity of conjugative
staphylococcal plasmids isolated in diverse geographic loca-
tions, data generated from studies of the pGO1 tra region are
likely to serve as paradigms for staphylococcal conjugative
transfer. Since there are no data on gram-positive conjuga-
tive plasmid transfer genes from any system other than the
unique pheromone-responsive system in S. faecalis, a study
of staphylococcal tra genes may provide important new
insights into the evolution and dissemination of plasmids in
gram-positive bacteria. Furthermore, it may be possible to
improve systems for the in vitro manipulation of genes
between staphylococci of the same and different species.
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