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Plasmids pAD1 (37.8 megadaltons) and pAD2 (17.1 megadaltons) of Streptococ-
cusfaecalis strain DS16 have been mapped with restriction enzymes. The location
of a hemolysin-bacteriocin determinant on the conjugative pAD1 plasmid was
derived from analyses of transposon insertions. Electron microscope and hybrid-
ization analyses located Tn9J7(Em) and the streptomycin (Sm) and kanamycin
(Km) resistance determinants on the nonconjugative pAD2 plasmid. It was shown
previously that the erythromycin (Em) resistance associated with Tn917 is
inducible and that transposition from pAD2 to pAD1 is also stimulated by
exposure of cells to low concentrations of Em. Here we show that inducing
concentrations of Em also increase the conjugative transfer potential of pAD1;
this is possibly related to a mild and short-lived inhibitory stress placed on the
cells before full induction of resistance. Selection of Em-resistant transconjugants
arising from matings between DS16 and a plasmid-free recipient gave rise to
transconjugants which primarily harbor stable pAD1::pAD2 cointegrates. A 30-
min exposure of donors to Em (0.5 Kg/ml) before mating resulted in a severalfold
increase in the number of such transconjugants. However, a small fraction (e.g., 3
of 40) of these Emr Smr Kmr transconjugants harbored pAD1::Tn9J7 and pAD2
molecules. Since we believe pAD2 is incapable of being mobilized by pAD1
without being covalently linked, it is likely that transfer in these cases involved
cointegrates representing structural intermediates in the transposition of Tn917
from pAD2 to pAD1. It follows that such intermediates probably had two copies
of Tn917 and readily resolved after transfer. (These cointegrates are different from
the stable cointegrates which were shown to have only a single copy of Tn917; the
latter are assumed not to be related to transposition.) Two variants with altered
Tn917 transposition properties were derived. One of them transposed at an
elevated frequency, whereas the other showed no detectable transposition. In
neither case was transposition influenced by Em exposure; however, both
remained inducible for Em resistance.

Recent reports from our laboratory have dealt
with a multiple-drug-resistant, hemolytic strain
of Streptococcus faecalis (designated DS16) har-
boring two plasmids (4, 30, 31). One of the
plasmids, pAD1 (37.8 megadaltons [Mdal]), de-
termines a hemolysin-bacteriocin and a conjuga-
tive response to the sex pheromone cAD1. The
other plasmid, pAD2 (17.1 Mdal), is nonconjuga-
tive and encodes resistance to streptomycin
(Sm), kanamycin (Km), and the MLS antibiotics
(macrolides, lincosamides, and streptogramin
Bcx). The MLS resistance determinant is located
on a 3.3-Mdal transposon designated Tn917 (29,
30). MLS resistance is inducible; however, ex-

t Present address: The Upjohn Co., Kalamazoo, MI 49001.
t Present address: Pfizer, Inc., Groton, CT 06340.

posure to low concentrations of erythromycin
(Em) also induces transposition. The latter is
detectable through the acquisition of the trans-
poson by the coresident, highly conjugative
pAD1 (30).

Strain DS16 also harbors a second transpo-
son, Tn916, located on the chromosome. This
10-Mdal element determines tetracycline resist-
ance and has been shown to insert into pAD1
and other hemolysin plasmids (12, 13), in some
cases giving rise to a hyperhemolytic phenotype.
Tn916 also has the intriguing ability to undergo
plasmid-independent conjugal transfer (13).

In this report restriction maps of pAD1 and
pAD2 are presented along with the locations of
key markers. In addition, we provide further
information on the nature of Tn917 transposition
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as well as pAD1::pAD2 cointegrate structures
which transfer at elevated frequencies after ex-

posure to inducing concentrations of Em.

MATERIALS AND METHODS
Bacteria, media, and reagents. The S. faecalis

strains used in this study are listed in Table 1. Antibi-
otic medium no. 3 (Difco Laboratories) was used for
the broth matings and in selective agar plates. Cross-
streak matings were carried out on antibiotic medium
no. 3 agar. Hemolysin production was observed on
Todd-Hewett (Difco) agar plates containing 4% horse
blood (Colorado Serum Co.). In the preparation of
plasmid DNA for analyses by agarose gel electropho-
resis or sucrose density gradient centrifugation, the
cells were grown in M9-yeast extract medium (33).
Broth cultures were grown at 37°C and monitored with
a Klett-Summerson colorimeter (no. 54 filter).
When present in selective plates, antibiotics were

used at the following concentrations: Em, 50 jig/ml;
rifampin, 25 jig/ml; fusidic acid, 25 ,ug/ml; Sm, 1,000
,ug/ml; Km, 500 ,ug/ml; and spectinomycin, 500 ,ug/ml.
The sources of most of the reagents used in this

study were as previously described (6, 10, 13, 30).
Spectinomycin was a gift from The Upjohn Co.;
novobiocin was from Sigma Chemical Co.; and (X174
DNA, lambda DNA, and all restriction enzymes were
from Bethesda Research Labs.
Mating procedures. Broth matings were performed

as previously described (10), using a ratio of 1:10

(donors/recipients). In matings between DS16 and
JH2-2, pAD1 transfers at 10-3 to 10-1 per donor;
determinants on pAD2 are usually mobilized at 10-8 to
10 -7. In some cases cross-streak matings were per-
formed to determine whether specific resistance deter-
minants transferred at high frequency. Donor cells to
be tested were streaked across a perpendicular streak
of recipient cells. After growth overnight on drug-free
agar, cells in the intersection were streaked onto
selective plates. If the determinant being monitored
was linked to the conjugative pAD1 plasmid, many
colonies were readily apparent, whereas few or no
colonies implied an absence of linkage.

Transposition experiments. To obtain derivatives of
pAD1 which had received Tn917 from pAD2, DS16
cells grown in an inducing concentration ofEm (gener-
ally 0.5 ±g/ml) for 4 h were washed and mated with
JH2-2 cells for 4 h. After selection on plates containing
rifampin, fusidic acid, and Em, transconjugants were
purified and tested for sensitivity to Km or Sm or both.
Strains which were hemolytic, resistant to Em, and
sensitive to Km and Sm were candidates for harboring
pAD1::Tn9J7 derivatives. Generally, these strains
would donate Em resistance at high frequency in
subsequent matings. Plasmid DNA used in restriction
enzyme analyses was isolated from the JH2-2 trans-
conjugants or, in some cases, from JH2SS or OGlSS
transconjugants derived from subsequent matings.
Cointegrate structures were obtained similarly, except
that exposure of DS16 cells to Em was for only 30 min.

In cases in which quantitative results were desired,

TABLE 1. S. faecalis strains used in this study
Chromo-

Strain somal Plasmid content Construction Reference
genotypea

DS16 tet pAD1 (Hem-Bac),b pAD2 (Emr Kmr Clinical isolate 31
Smr)

DS16C1 tet pAD2 Cured of pAD1 13
DS16C2 tet pAD1 Cured of pAD2 13
DS16C3 tet None Cured of pAD1 and pAD2 13
JH2-2 riffus None Derivative of JH2 20
FA2-2 riffus None Derivative of JH2 This study
JH2SS str spc None Derivative of JH2 30
OGlSS str spc None Derivative of OG1 13
FA301 riffus pAD1::Tn9J7 (pAM301) DS16 x JH2-2 This study
FA307 riffus pAD1::Tn917 (pAM307) DS16 x JH2-2 This study
FA308 riffus pAD1::Tn9J7 (pAM308) DS16 x JH2-2 This study
FA310 riffus pAD1::Tn9J7 (pAM310) DS16 x JH2-2 This study
FA330 riffus pAD1::pAD2 (pAM330) DS16 x JH2-2 This study
FA332 riffus pAD1::pAD2 (pAM332) DS16 x JH2-2 This study
FA333 riffus pAD1::pAD2 (pAM333) DS16 x JH2-2 This study
FA334 riffus pAD1::pAD2 (pAM334) DS16 x JH2-2 This study
FA7 riffus pAD1::Tn917 (pAM311), pAD2 DS16 x JH2-2 This study
FA13 riffus pAD1::Tn917 (pAM312), pAD2 DS16 x JH2-2 This study
FA16 riffus pAD1::Tn917 (pAM313), pAD2 DS16 x JH2-2 This study
FA330S str spc pAM330 FA330 x JH2SS This study
FA334S str spc pAM334 FA334 x JH2SS This study
FA3714 str spc pAD1::Tn9J7 (pAM714) OG1RF (pAM714) x JH2SS From Y. Ike
FA3001 tet pADI, pAD2 DS16 variant with elevated This study

transposition
FA3002 tet pAD1, pAD2 DS16 variant with reduced This study

level of transposition
a tet, Tetracyline; rif, rifampin;fus, fusidic acid; str, streptomycin; spc, spectinomycin.
b Hem-Bac, Hemolysin-bacteriocin.
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the extent of transposition was expressed as a percent-
age based on the number of Emr Kms Sms transconju-
gants divided by the total number of Emr transconju-
gants (30).

Restriction enzyme analyses. Digestion with restric-
tion enzymes was carried out under conditions speci-
fied by the manufacturer. Physical mapping made use
of double and partial digestions with appropriate re-
striction enzymes. The general strategy for mapping
pADI has been outlined in detail elsewhere (A.
Franke, Ph.D. thesis, University of Michigan, Ann
Arbor, 1980), and the approach used for pAD2 was
essentially the same. Electrophoresis on agarose gels
has also been described previously (13). Analyses of
pAD1 and pAD2 were performed on plasmid DNA
isolated from strains DS16C2 and DS16C1, respective-
ly. In some cases pAD1 was introduced into OGlSS
before isolation.
Other procedures involving the isolation and analyses

of plasmid DNA. The isolation of plasmid DNA (radio-
actively labeled or otherwise) was by equilibrium
centrifugation of crude Sarkosyl lysates in ethidium
bromide-CsCl gradients essentially as described else-
where (6). In cases where plasmid DNA was used for
restriction enzyme analyses, pooled satellite (plasmid)
DNA was centrifuged a second time in dye-buoyant
density gradients. The analysis of plasmid DNA on
alkaline sucrose density gradients was also as previ-
ously described (5), as was the examination of DNA
fragments by electron microscopy (26, 33). In the
latter procedure, single-stranded circular molecules of
(X174 molecules were used as a standard. Cloning of

pAD2 determinants in the S. sanguis vector system
was as described by Macrina et al. (22). Filter-blot
hybridization was as described by Southern (28), as
modified by Wahl et al. (32).

Curing experiments involved the overnight growth
of cells in the presence of novobiocin (32 jig/ml).

RESULTS

Physical map of pAD2 and location of Tn917.
From analyses of pAD2 with several restriction
enzymes the map shown in Fig. 1 was deduced.
Tn917 was located on the basis of electron
microscopic analyses (Fig. 2) of self-annealed
restriction fragments (the single BamHI frag-
ment and EcoRI fragment A). On the basis of
contour lengths of fragments similar to those
shown in Fig. 2, Tn917 measured 3.28 ± 0.25
(standard deviation) Mdal (5.1 kilobases), with
the inverted repeats estimated at 0.20 + 0.07
Mdal (0.31 kilobase) (nine molecules measured;
the masses correspond to those of double-
stranded structures). These measurements are in
close agreement with earlier reported measure-
ments (30). The larger pair of inverted repeats,
occurring on the opposite side of the molecule,
measured 0.94 ± 0.09 Mdal (1.29 kilobases)
(nine molecules measured), a value also close to
that previously observed (30). These repeats
flank a segment measuring about 1.77 kilobases.

"^uc -~~~

Tn917B

FIG. 1. Physical map of pAD2. BamHI, BglII, AvaI, EcoRI, Sall, and KpnI sites were mapped on the basis of
double and partial digestion analyses with appropriate enzymes. The locations of Tn9I7 and the Smr and Kmr
determinants were derived from electron microscopic analyses (Fig. 2) and hybridization studies (Fig. 3).
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FIG. 2. Electron micrographs of self-annealed restriction fragments of pAD2. (a) EcoRI fragment A. (b)
BamHI fragment. The small circular molecules represent single-stranded 4X174 molecules used as a standard.
The arrows point to the "stems" corresponding to annealed inverted repeats. The short stem is associated with
Tn917. Bar, 1 p.m.

Whereas previous observation of self-annealed
pAD2 molecules detected two small loops (1.7
and 0.47 kilobases) coming from this stem (30),
only a single loop was observed here. Insofar as
the present study involved a different single-
colony isolate of DS16C1, it is possible that a
spontaneous deletion of DNA corresponding to
the smaller loop had occurred.
The location of the Smr and Kmr determinants

followed the generation of recombinant clones
specifying these markers, using the S. sanguis
vector pVA736(Emr) (5.0 Mdal) (22). Cleavage
of pAD2 and pVA736 with EcoRI (pVA736 has a
single EcoRI site) followed by ligation and trans-
formation into S. sanguis strain Challis, select-
ing in one case for Em and Sm resistance and in
another case for Em and Km resistance, resulted
in two useful chimeric plasmids. One of them,
pAM510 (6.2 Mdal), contained the Sm resistance
determinant (but did not exhibit Km resistance),
whereas pAM511 (6.5 Mdal) contained the Km
resistance determinant but did not exhibit Sm

resistance. Plasmid transformation of S. sanguis
readily results in deletions (2, 22, 23); thus,
retransformation with pAM510 and pAM511
gave rise to derivatives with deletions of the Emr
determinant. Selected isolates were called
pAM5101 (5.2 Mdal) and pAM5111 (5.6 Mdal),
respectively. Using the latter plasmids as probes
in filter-blot hybridizations to pAD2 DNA
cleaved with BglII, EcoRI, and AvaI, we ob-
tained the data of Fig. 3. Hybridization only to
BglII fragment A, AvaI fragment A, and EcoRI
fragment A was observed for both probes. The
Smr and Kmr determinants must therefore be
located in the region between 0.8 and 0.9 on the
pAD2 map shown in Fig. 1. With the pVA736
vector as a probe, no significant homology with
pAD2 was observed (data not shown), implying
that the Emr determinant of Tn9J7 and that of
pVA736 are quite different. The Emr determi-
nant of pVA736 originally came from pAMP1
(22).

Physical map of pAD1 and insertions of Tn917.
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A
1 2 3 4 5 6 1 2' 3' 4' 5' 6'

B I f I

1 2 3 4 5 1 2 3 4 5

a

b

FIG. 3. Localization of the Sm and Km resistance determinants on the physical map of pAD2. (A) Lanes 1 to
6 depict agarose gel electrophoresis of plasmid DNA digests as visualized by ethidium bromide stain. Lanes 1 to
3 contain pAD2 DNA digested with EcoRI, AvaI, and BglII restriction endonucleases, respectively. Lanes 4 to 6
contain EcoRI digests of pAM5101, pVA736, and lambda DNA, respectively. The EcoRI fragments (A to D) of
pAD2 are marked in lane 1. Lanes 1' to 6' illustrate the autoradiogram obtained from a Southern blot of this gel
after its hybridization with 32P-labeled pAM5101 (Smr Ems) DNA. Note that the pAD2 EcoRI-A, AvaI-A, and
BglII-A fragments hybridized to probe as did the positive controls of pAM5101 and pVA736 plasmid DNAs. (B)
Lanes 1 to 5 depict agarose gel electrophoresis of plasmid DNA digests as visualized by ethidium bromide stain.
Lanes 1 to 3 contain pAD2 DNA digested with EcoRI, Aval, and BglII, respectively. Lanes 4 and 5 contain
EcoRI-digested pAM5111 and lambda DNA, respectively. Lanes 1' to 5' illustrate the autoradiogram obtained
from a Southern blot of this gel after its hybridization with 32P-labeled pAM5111 (Kmr Ems) DNA. Note that the
EcoRI-A, AvaI-A, and BgII-A fragments of pAD2 as well as the positive control of pAM5111 DNA show
significant hybridization.

Figure 4 shows a physical map of pAD1 with an
approximate positioning of the hemolysin-bacte-
riocin determinant at about 0.54 to 0.62. The
location of the latter was based on effects exhib-
ited by insertions (Fig. 5; Table 2) of both Tn917
and Tn9O6 (from reference 13). Insertion of
Tn917 into EcoRI fragment H and Tn916 into
EcoRI fragment F resulted in no expression of
hemolysin. Insertion of Tn916 into EcoRI frag-
ment D frequently (but not always) resulted in
hyperexpression of hemolysin (13; Franke, un-
published data). An insertion derivative desig-
nated pAM113 lost (deleted) EcoRI fragments F
and H, whereas fragments C and D were fused
(data not shown). This derivative did not ex-
press hemolysin, and Tn917 (or at least the Emr

determinant) is believed to be located on the C-
D fusion fragment.
Whereas Tn917 was previously reported to

insert into several different plasmids (30), we
had not shown whether it would insert at more
than one site on pAD1. The data of Fig. 5 show
that Tn917 can insert into at least four different
EcoRI restriction fragments. In each case, a new
fragment appeared with a size approximately
corresponding to that of the "missing" fragment
plus the size of Tn917. Of 10 independent iso-
lates examined, 7 harbored Tn917 in the EcoRI-
B fragment, whereas one insertion into each of
fragments D, G, and H was observed.

Em-induced enhancement of resistance trans-
fer. As reported previously (30), exposure of
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which establish as stable cointegrates in recipi-
ent cells.
The data of Fig. 7 show EcoRI digests of four

cointegrate structures obtained from four inde-
pendent induction experiments and show that in
three cases (lanes c, d, and e) cointegration
involved the B fragment of pAD2 and the G
fragment of pAD1. The sum of two new frag-
ments (marked with arrows) corresponds to the

a3 b C d e f

FIG. 4. Physical map of pAD1. EcoRI, BamHI,
and Sall sites were mapped on the basis of double and
partial digestion analyses with appropriate enzymes.
Hly-Bac, Hemolysin-bacteriocin determinant.

DS16 cells to an inducing concentration of Em
for 30 or 60 min before a mating with the
plasmid-free strain of JH2-2 resulted in a six- to
sevenfold increase in the frequency (per donor)
of linked transfer of the Emr, Smr, and Kmr
determinants; the transconjugants harbored
cointegrate structures. After a 4-h induction,
however, the frequency of Em-resistant trans-
conjugants (a significant proportion of which are
now sensitive to Sm and Km) was usually not
significantly higher than the case for donors
induced for only 30 min. We therefore examined
the kinetics of transfer enhancement during the
first 30 min of induction. An increase in the
potential to transfer Em resistance was found to
occur almost immediately after Em exposure
and appeared to reach the six- to sevenfold
maximum within about 20 min. Results of a
typical experiment are shown in Fig. 6.
On the structure of the cointegrate plasmid

DNA induced to transfer by Em. Previously, we
suspected that the cointegrate structures that
transferred after a 30- to 60-min exposure to Em
might relate to the formation of intermediates in
the transposition of Tn917 (30) which, for rea-
sons not clear, failed to resolve. The involve-
ment of cointegrate intermediates in transposi-
tion had been reported in other systems (1, 14,
18, 24, 25), and such intermediates were shown
to contain two copies of the transposon (with the
same orientation) located at the two plasmid-
plasmid junction sites. As shown below, this
proved not to be the case for the structures

A
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0
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0

FIG. 5. Agarose gel electrophoresis offragments of
pAD1::Tn917 DNA generated by EcoRI endonuclease
digestion. (A) Lambda DNA standard cut with EcoRI.
(b) pAD1 fragments A through H with corresponding
molecular masses of 12.5, 10.0, 7.8, 2.57, 2.15, 1.57,
0.7, and 0.5 Mdal. (c) pAM301; the B fragment is
missing and a new band was found superimposing the
A fragment. (d) pAM308; the D fragment is missing
and replaced by a 6.0-Mdal fragment. (e) pAM310; the
G fragment is missing and replaced by a 4.2-Mdal
fragment. (f) pAM307; the H fragment is missing and
replaced by a 4.0-Mdal fragment. The arrows point to
the "new" band; "o" indicates the absent fragment.
(pAM308 and pAM310 were isolated after transfer into
JH2SS and OGlSS hosts, respectively; pAM301 and
pAM307 were isolated from JH2-2 hosts.)
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TABLE 2. Effect of insertions on pAD1 hemolysin
expression

Repre-
Trans- sentative EcoRI fragment Phenotype
poson deriva- inserted into:

tive

Tn9O7 pAM301 B Hemolytic
pAM308 D Hemolytic
pAM310 G Hemolytic
pAM307 H Nonhemolytic
pAM113 C-D fusion Nonhemolytic

fragment (F
and H miss-
ing)

Tn9l6a pAM250 B Hemolytic
pAM210 D Hyperhemolytic
pAM211 F Nonhemolytic

a The information relating to Tn9O6 was taken from
reference 13.

sum of the two missing fragments. The fourth
structure (lane f) also involves the B fragment of
pAD2 but the C fragment of pAD1. These data
do not support the view that these cointegrate
structures are intermediates in Tn917 transposi-
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FIG. 6. Enha
resistance during
40-ml mid-log cu

30- and 10-ml po0
the 30-ml portic
control. Samples
ice at 0, 5, 10, 20,
to Em was put c
washed and mati
which the cultur
containing rifamp

tion. Tn9O7 is located in the EcoRI-A fragment;
if the cointegrate structures represented trans-
position intermediates, this fragment should
have been absent from these structures. This
was clearly not the case. Furthermore, since
Tn917 contains a single Sall site, an additional
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A
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C

D
E

F

G
H

D

_ -Em FIG. 7. Agarose gel electrophoresis of EcoRI-gen-
erated fragments of cointegrate structures transferred

__0.0* to JH2-2 from DS16 cells exposed to Em (0.5 F±g/ml)
for 30 min. (a) pAD1; (b) pAD2 (fragments A through
D correspond to 9.0, 5.7, 1.7, and 0.7 Mdal); (c, d, e, f)
stable cointegrates pAM330, pAM332, pAM333, and
pAM334, respectively. The arrows left of lane c point

I I I l - to the position of the new bands (at 4.4 and 1.7 Mdal)
10 20 30 40 appearing in the cointegrates of lanes c, d, and e. One

of these bands is part of a "triplet" also containing
MINUTES fragment C of pAD2 and fragment F of pAD1. The two

ncement of potential to transfer new bands replaced fragment G of pAD1 and fragment
the first 30 min of exposure to Em. A B of pAD2. (Note that the D fragment of pAD2
lture of DS16 cells was divided into migrates in the same place as the G fragment of
rtions. Em (0.5 p.g/ml) was added to pAD1.) The arrows to the right of lane f point to the
n; the 10-mI portion served as a two new bands (about 10.0 and 3.8 Mdal) of pAM334
(5 ml) were removed and placed on which replace fragment C of pAD1 and fragment B of
and 30 min. (The sample not exposed pAD2. (Note that the higher-molecular-weight new
)n ice after 30 min.) The cells were band superimposes pAD1 fragment B. Fragments G
:ed with strain JH2-2 for 4 h, after and H are difficult to see here because of the low
re was plated on selective medium concentrations of DNA; their existence is seen in Fig.
)in, fusidic acid, and Em. 5.)
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Sall site would be predicted in the cointegrate
structures if indeed two copies of Tn9l7 were
present. This was not the case (data not shown).
On the stimulation of cointegrate transfer by

Em. In an effort to explain the basis of Em-
enhanced transfer of stable cointegrate struc-
tures, we considered the possibility that inhibit-
ing effects of the drug could in some way be
related. We note, in this regard, that whereas 0.5
,ug of Em per ml quickly induces a resistance to
>2 mg of the drug per ml, the initial exposure to
this low concentration results in some decrease
in growth rate; growth reaches its original rate
within 45 min.
Two strains, FA330S and FA334S, harboring

the stable cointegrate structures pAM330 and
pAM334, respectively, strain FA3714 harboring
pAM714 (pAD1::Tn9J7), and strain DS16 were
exposed to 0.5 ,ug of Em per ml for 60 min. The
cells were then washed and used as donors in
matings with strain FA2-2 (plasmid-free). Expo-
sure to Em gave rise to a >10-fold increase in
the transfer of plasmid DNA (Table 3). It is,
therefore, likely that the observed enhancement
of cointegrate transfer afforded by Em exposure
in the case of strain DS16 represented a transfer
enhancement of rare pAD1::pAD2 cointegrate
structures already present before exposure to
the drug. That the transfer frequencies in the
case of DS16 donors are about three orders of
magnitude lower than for the donors harboring
only cointegrates (Table 3) suggests that the

TABLE 3. Em-induced conjugal transfer of
cointegrate structures and pAD1::Tn9l7'

No. of Em-
Em resistant

concn transconju-
Strain Plasmid content (jig/ml) gants per

(exposed donor after
for 1 h) mating with

FA2-2

FA330S pAM330 0 2.5 x 10-4
(pAD1::pAD2) 0.5 5.0 x lo-3

FA334S pAM334 0 3.5 x 10-4
(pAD1::pAD2) 0.5 3.8 x 10-3

FA3714 pAM714 0 4.1 x 10-4
(pAD1::Tn917) 0.5 5.4 x 1o-3

DS16 pAD1, pAD2 0 1.8 x 10-7
0.5 2.4 x 10-6.

a Cultures of mid-log cells were divided into two
equal portions. One portion was exposed to Em,
whereas the other served as a parallel control. After 1
h the cells were washed by centrifugation, mated with
recipients for 2 h, and plated on media containing Em,
rifampin, and fusidic acid.

cointegrates are present in about 0.1% of the
DS16 population.
On the nature of Tn917 transposition. Al-

though the above-noted stable cointegrates do
not appear to be intermediates in the transposi-
tion process, it is possible that short-lived inter-
mediates with two copies of Tn917 are indeed
involved in the generation of pAD1::Tn9J7 de-
rivatives and could transfer, as such, before
resolution in the recipient. In a search for strains
that may have resolved such cointegrates into
two plasmids, 40 transconjugants from two inde-
pendent 30-min induction experiments were
used as donors in cross-streak matings with the
plasmid-free JH2SS (resistant to Sm and to
spectinomycin). Selection was carried out with
plates containing spectinomycin and either Km
or Em. (The Smr determinant of JH2SS is a
mutational marker which masks the Smr deter-
minant of pAD2.) The purpose here was to
detect donors which readily transfer the Emr
determinant, but transfer the Kmr determinant
poorly or not at all. Although this approach is
not quantitative, it worked well in distinguishing
cases where transferable Em resistance was no
longer linked to Km resistance. Three strains
(FA7, FA13, and FA16) were found to transfer
Em resistance without transferring Km resist-
ance. Analysis by alkaline sucrose density gradi-
ent centrifugation demonstrated the presence of
two plasmids in each of these three strains. One
of the plasmids sedimented slightly faster than
pAD1, whereas the other sedimented exactly the
same as pAD2 (Fig. 8A). This was the case for
all three strains. (Note difference from Fig. 8B
showing a cointegrate structure.) Examination
of an Em-resistant (but Km-sensitive) transcon-
jugant which had acquired DNA from FA7 re-
vealed a single plasmid, and restriction analysis
indicated that Tn9J7 had inserted into the
EcoRI-B fragment of pAD1 (data not shown).
By exposing strains FA7, FA13, and FA16 to
novobiocin and screening for hemolytic negative
derivatives, it was possible in all cases to obtain
strains cured of pAD1::Tn9J7; the latter were
still resistant to Em and maintained the smaller
of the two plasmids. Analysis of this plasmid
with EcoRI revealed the expected fragment pro-
file of pAD2. Thus, Tn917 was still located on
pAD2.

It appears, therefore, that in the case of
strains FA7, FA13, and FA16 transfer may have
occurred as a cointegrate intermediate which
subsequently resolved into two plasmids, each
with a copy of Tn917. Alternatively, resolution
may have occurred before transfer, with pAD2
being mobilized through a re-cointegration with
pAD1: :Tn9J7 (afforded by the Tn917 homology).
This seems less likely, however, since without
selection for the Kmr or Smr determinant detec-
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FIG. 8. Sucrose density gradient sedimentation of
plasmid DNA isolated from strains FA16 and FA332.
Sedimentation (from right to left) was through a 5 to
20% alkaline sucrose density gradient in an SW50.1
(Beckman) rotor at 45,000 rpm for 30 min at 15°C. 3H-
labeled plasmid DNAs were from strains FA16 (A) and
FA332 (B); the 14C-labeled DNA was isolated from
DS16. The large peak near the top of the gradient
represents nicked (denatured) forms of pAD1 and
pAD2.

tion of transconjugants containing pAD2 and
pADI::Tn917 should be less frequent than trans-
conjugants receiving pAD1::Tn917 alone. In the
above experiment which randomly selected 40
Em-resistant transconjugants from the DS16 x
JH2-2 matings, all were resistant to Sm and Km.
Whereas 3 of the 40 transconjugants harbored

pAD1::Tn917 and pAD2, the other 37 strains
maintained stable cointegrates; examination by
cross-streak analysis of 50 subisolates from each
of two stable strains (FA330 and FA332) after
several passages failed to reveal any cases in
which Em resistance could be transferred with-
out Km resistance. Transfer of the cointegrate

structures of FA332 and FA333 into DS16C3
(i.e., a DS16 background) did not lead to resolu-
tion. Examination of 20 such transconjugants in
subsequent matings with JH2-2 showed that Em
resistance remained linked to Sm and Km resist-
ance.

Variants with altered transposition behavior.
In carrying out numerous experiments involved
with the induction of Tn917 transposition by
Em, we picked up an occasional isolate of DS16
which exhibited aberrant behavior. In one case,
a variant designated FA3001, a high level of
transposition was observed without exposure to
Em, whereas another derivative, designated
FA3002, exhibited no detectable transposition
even after exposure to Em. These properties are
seen in Table 4, where they are contrasted with
the more typical behavior of DS16. The proper-
ties of FA3001 and FA3002 were still exhibited
in isolates derived from subcultures and are,
thus, relatively stable. Interestingly, both strains
remained inducible (30) with regard to Em resist-
ance (data not shown).
The frequency at which the above variants

appear is difficult to estimate. The nontranspo-
sable type appeared in 1 of 20 colonies of DS16
selected for transposition induction experi-
ments. Variants exhibiting the high level of
transposition in the absence of Em were seen
more frequently. Colonies selected after several
weeks of storage on agar medium at 4°C gave
rise to this behavior more often than not, where-
as colonies picked within 48 h of plating rarely
exhibited this trait. When it became evident that
"aging" of cells at 4°C might be selecting for the
mutant genotype, we routinely used cells freshly
derived from our frozen stock. The latter exhib-
ited a consistent behavior with respect to induc-
ibility of transposition.

TABLE 4. Isolates of DS16 with aberrant
transposition behavior

% of Em-resistant JH2-2
transconjugants sensitive to

Sm and Kmi
Strain Expt

Em (0.5
No Em jig/ml

for 4 h)
DS16 1 4.6 63

2 <2 36

FA3001 1 64 71
2 80 93

FA3002 1 <2 <2
2 <2 <2

a In each case, at least 50 Em-resistant transconju-
gants were tested for sensitivity to Km and Sm after
mating with DS16 cells (see text).
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DISCUSSION

The studies presented above have included
the derivation of physical maps of both pAD1
and pAD2. Analyses of transposon insertions
into pAD1 have pointed to the approximate
location of the hemolysin-bacteriocin determi-
nant, whereas electron microscope and hybrid-
ization analyses have localized Tn917 and the
Smr and Kmr determinants on pAD2.
Exposure of DS16 cells to 0.5 ag ofEm per ml

resulted in an increase in the potential to donate
all three of the resistance determinants associat-
ed with the nonconjugative pAD2. Within 20 min
this increase reached a maximum at about sev-
enfold higher than for cells not exposed to drug.
(Significant accumulation of pAD1: :Tn9J7 struc-
tures does not occur until after 2 to 4 h of drug
exposure [30].) Transconjugants arising from
such matings were found to harbor stable cointe-
grate structures with a single copy of Tn917.
These structures do not appear to be involved in
the induced transposition of Tn917, and their
acquisition probably reflected a response to a
perturbation of protein synthesis imparted by
Em before the time resistance became fully
induced. Evidently, the pAD1 conjugation sys-
tem becomes enhanced under stress, and trans-
fer of rare cointegrate structures in the popula-
tion is also affected. The basis of stable
cointegrate formation is not known; the involve-
ment of EcoRI fragment B of pAD2 raises the
question of whether the large inverted repeat
could be involved.
Whereas the above-noted cointegrate struc-

tures were not related to the transposition of
Tn917 from pAD2 to pAD1, the involvement of
transient cointegrate intermediates in the trans-
position process remains a likely possibility.
Reports dealing with certain other transposons
have involved a rigorous characterization of
cointegrate intermediates containing two copies
of the insertion element (1, 14, 18, 25), and a
number of reports have implicated transient
cointegrate structures as the basis of mobiliza-
tion of nonconjugative plasmids (3, 7, 8, 15, 16,
21). Upon examination of 40 transconjugants
receiving plasmid DNA from DS16 donors ex-
posed to Em for 30 min, 3 were found to
simultaneously harbor pAD1::Tn9/7 and pAD2.
It is quite possible that transfer occurred in these
cases as a cointegrate intermediate which re-
solved after transfer; the intermediate would
probably have had two copies of Tn917, unlike
the case for the stable cointegrates.
The mechanism by which Em induces trans-

position of Tn917 remains unclear. A regulatory
gene that affects the expression ofEm resistance
as well as a transposase is not difficult to imag-
ine. (A trans-acting regulatory gene [encoding a

repressor] for transposition has been implicated
on Tn3 [14, 17].) It is interesting, however, that
two transposition variants of DS16 (one with a
high level of spontaneous transposition; the oth-
er failing to exhibit transposition at all) seemed
to be normal with regard to inducibility of resist-
ance. This suggests that the two functions (i.e.,
transposition and Em resistance) are controlled
separately or at least can be readily unlinked.
Horinouchi and Weisblum (19) have recently
sequenced an Em resistance determinant on the
staphylococcal plasmid pE194. The sequence
strongly suggests an induction mechanism for
Em resistance based on post-transcriptional
changes in message conformation. Whether or
not expression of Tn917-related Em resistance
and perhaps a transposition function(s) are of a
similar nature remains to be determined.
To our knowledge, Tn917 is still the only

antibiotic resistance transposon reported to un-
dergo drug-induced transposition. However,
transposition of a mercury resistance transposon
(Tn501) in Escherichia coli has been shown to be
enhanced by exposure to mercury ions (27).
The characterization of plasmid and transposi-

tional elements in S. faecalis DS16 provides a
framework from which additional studies on
these elements can ensue. The pAD1 plasmid is
currently being investigated with regard to its
sex pheromone-related conjugation functions (4,
9, 11), and the two transposons are proving to be
useful as insertional mutagens in these studies
(Y. Ike, personal communication). In the future,
Tn917 along with Tn916 (13) may be of general
value in genetic studies in streptococci and
perhaps other gram-positive genera. Tn9O7 has
recently been shown to undergo transposition in
Bacillus subtilis (P. Youngman, personal com-
munication).
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