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Restriction mapping was employed to characterize the 104-kilobase (kb) cointegrate lactose plasmids
from 15 independent transconjugants derived from Streptococcus lactis ML3 as well as the 55-kb lactose
plasmid (pSK08) and a previously uncharacterized 48.4-kb plasmid (pRS01) from S. lactis ML3. The data
revealed that the 104-kb plasmids were cointegrates of pSK08 and pRS01 and were structurally distinct. The
replicon fusion event occurred within adjacent 13.8- or 7.3-kb Pvull fragments of pSK08 and interrupted
apparently random regions of pRS01. Correlation of the transconjugants’ clumping and conjugal transfer
capabilities with the interrupted region of pRS01 identified pRS01 regions coding for these properties. In the
104-kb plasmids, the pRS01 region was present in both orientations with respect to the pSK08 region. The
replicon fusion occurred in recombination-deficient (Rec™) strains and appeared to introduce a 0.8 to 1.0-kb
segment of DNA within the junction fragments. The degeneration of the cointegrate plasmids was
monitored by examining the lactose plasmids from rionclumping derivatives of clumping transconjugants.
These plasmids displayed either precise or imprecise excision of pRS01 sequences or had dramatically
reduced copy numbers. Both alterations occurred by rec-independent mechanisms. Alterations of a
transconjugant’s clumping phenotype also occurred by rec-independent inversion of a 4.3-kb Kpnl-Pvull

fragment within the pRS01 sequences of the cointegrate plasmid.

Lactose metabolism in group N streptococci is a plasmid-
linked characteristic (1, 10, 14, 20) and, depending upon the
strain, is associated with a single plasmid ranging from 30 to
52 megadaltons (1, 10, 17). The conjugal transfer of lactose-
fermenting ability (Lac*) has also been demonstrated in
these bacteria, and in many cases the Lac plasmid isolated
from transconjugants is different from the Lac plasmid
present in the donor strain (26, 29). For example, Walsh and
McKay (29) showed that Lac™ transconjugants resulting
from matings between Streptococcus lactis ML3 and S.
lactis LM2301 possessed a single plasmid of 104 kilobases
(kb), which was nearly twice the size of the 55-kb Lac
plasmid in the donor ML3. Unlike the parental strains, the
majority of these Lac* transconjugants aggregated in broth
and transferred lactose-fermenting ability at a frequency of
107! to 1072 per donor. S lactis ML3 transferred Lac at a
frequency of 1078 to 10~° per donor. Lac™ transconjugants
of S. lactis 712 also clumped, transferred lactose metabolism
at a high frequency, and possessed a plasmid larger than the
plasmids observed in the donor strain (10, 12).

Walsh and McKay (29, 30) speculated that the genes
responsible for clumping (clu) and high-frequency conjugal
transfer (tra) in ML3 resided on a chromosomal transfer
factor and that translocation of this factor to the Lac plasmid
resulted in the formation of the recombinant plasmids ob-
served in the transconjugants. This was based on the obser-
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vation that the 104-kb plasmid appeared to be a recombinant
between the 55-kb Lac plasmld and an unidentified segment
of DNA. In addition, Lac* Clu~ derivatives of Lac* Clu*
transconjugants were isolated that possessed either a 55-kb
plasmid or a 104-kb plasmid. Transconjugants that possessed
the 104-kb plasmid and displayed neither the Clu* pheno-
type nor high-frequency conjugation could also be isolated.
These resilts indicated the clumping capability was lost
either by deletion of the proposed transfer factor or by an
undefined alteration of the 104-kb plasmid. Restriction anal-
ysis of the 55-kb Lac plasmids from ML3 and Clu™ deriva-
tives from Clu* transconjugants indicated that they were
identical, suggesting that precise excision or deletion of the
proposed transfer factor had occurred (30). Plasmid curing
experiments also linked the clumping and hlgh-frequency
conjugal transfer capabilities to the 104-kb plasmid in Lac*
Clu* transconjugants.

To date, restriction mapping of the lactose plasmids in S.
lactis ML3 and its transconjugants has been limited by the
inability to isolate the required quantities of plasmid DNA.
We recently developed a methodology that overcomes this
limitation (2). As a result, this paper preserts detailed
restriction maps of the plasmids that reside in S. lactis ML3
and are involved with the formation of the plasmids isolated
from transconjugants of S. lactis ML3. Restriction maps of
clumping and nonclumping transconjugants of S. lactis ML3
and their respective derivatives are also presented. Addi-
tionally, the extent to which the host recombination system
is involved with the formation of the recombinant 104-kb
lactose plasmids is examined through matings with Rec™
mutants of S. lactis ML3. The results identified the origin of
the 104-kb plasmids in Lac* transconjugants of ML3 and, in
addition, identified an inversion element that affected the
clumping phenotype.
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TABLE 1. Bacterial strains and plasmids

Size of resident

Strain Derivation plasmids (kb) Plasmid designation Reference”
S. lactis
ML3 Lac* parent culture 104, 55, 48.4, 8.5, pSKO08 (55 kb), an
3.0,1.5 pRSO01 (48.4 kb) )
MMS36 Lac* recombination-deficient mutant of Same as ML3
S. lactis ML3
MMS361 Lac™ streptomycin-resistant derivative Same as ML3
of MMS36
MMS362 Spontaneous Lac™ derivative of 48.4, 8.5, 3.0, 1.5
: MMS361
MMS365 Rifampin-resistant derivative of Same as ML3
MMS36
MMS366 Spontaneous Lac™ derivative of Same as
MMS365 MMS362
LM2301 Lac™ streptomycin-resistant derivative None ®)
of LM0230
LM2345 Lac™ rifampin- and spectinomycin- None
resistant derivative of LM0230
S. faecalis
JH2-2 26.5 pAMB, (13)

4 Strains with no reference were developed in this study.

MATERIALS AND METHODS

Bacterial strains and plasmids. The resident plasmids in the
parental bacterial strains employed are presented in Table 1.
Strains being investigated were maintained by biweekly
transfer at 32°C in M17 broth containing 0.5% glucose or
lactose (28).

Isolation of mutants. Mutants resistant to streptomycin
(600 pg/ml), rifampin (150 pg/ml), or spectinomycin (300 pg/
ml) were isolated by mutagenesis with ethyl methanesulfo-
nate as previously described (3). Spontaneous Clu~ deriva-
tives of Clu* Lac™ transconjugants were isolated by repeti-
tive transfer at 32°C in M17 broth containing 0.5% lactose
(29).

Solid surface analysis. Solid surface matings were per-
formed by a modification of the method of McKay et al. (21).
With a 2% inoculum, the Lac* donor strains were propagat-
ed in M17 lactose broth, and the Lac™ recipients were
propagated in M17 glucose broth. Strains were incubated at
32°C for 4 h before mating. Matings were performed by
spreading 80 pl of the recipient strain and 20 pl of the
appropriately diluted donor strain on the surface of a plate
containing 5% nonfat dry milk, 1% glucose, and 1.5% agar.
Donor strains were also diluted and plated on bromocresol
purple medium (22) containing 0.5% lactose to determine
total CFU. After 16 h at 32°C, the mating plates were replica
plated onto bromocresol purple-lactose medium containing
an antibiotic to select against the donor strain. Independent
Lac* antibiotic-resistant transconjugants appeared in 36 h.
The conjugal transfer frequency was expressed as the num-
ber of Lac™ transconjugants per input donor cell.

Plasmid purification. Plasmid DNA was prepared (2) and
was purified by cesium chloride-ethidium bromide density
gradient centrifugation (15). After the removal of ethidium
bromide, the purified plasmid DNA was dialyzed against 10
mM Tris-1 mM EDTA (pH 7.8) and stored frozen at —20°C.
Purification of a specific plasmid from a preparation contain-
ing several plasmid species was accomplished by sucrose
gradient centrifugation. Preparations containing the 55- or
104-kb plasmids were centrifuged in a Beckman SW40 Rotor
at 36,000 rpm for 3 h at 20°C through a 10 to 40% sucrose
gradient prepared in 1.0 M NaCl-20 mM Tris—=5 mM EDTA

(pH 8.0). Gradients were fractionated, and plasmid DNA
was detected by agarose gel electrophoresis as described
below. Fractions containing the desired plasmid were dia-
lyzed against 10 mM Tris-1 mM EDTA (pH 7.8) and
precipitated with ethanol. The plasmid DNA was dissolved
in 10 mM Tris-1 mM EDTA (pH 7.8) and stored at —20°C.

Copy number determinations. Plasmid DNA was purified
from cells present in 1.5 or 3.0 ml of a 4-h lysis broth culture
as described above. The number of CFU present in the broth
culture was determined by dilution and plating on bromocre-
sol purple-lactose medium. Diluted plasmid preparations
were loaded onto a horizontal agarose gel containing 0.6%
agarose (SeaKem; ME grade) in 40 mM Tris—20 mM sodium
acetate-2 mM EDTA (pH 8.1). Electrophoresis was per-
formed for 6 h at 80 V (2.9 V/cm). Lambda DN A was utilized
as the DNA concentration standard. The gels were stained
with a solution of ethidium bromide (0.5 wg/ml) and photo-
graphed under UV illumination. Negatives of the photo-
graphs were scanned on a Joyce-Loebl densitometer, and
the concentration of DNA present was determined by calcu-
lating the area under the peaks. Knowing the molecular
weight of a plasmid, the dilution factor utilized to determine
the concentration of the plasmid, and the number of cells
lysed in preparation of the plasmid DNA, the number of
plasmid molecules per cell was calculated. Calculated copy
numbers represent estimates of the average number of a
given plasmid species within the population of cells subject-
ed to the plasmid purification protocol employed.

Restriction analysis. Restriction enzymes were obtained
from Bethesda Research Laboratories, Inc. Restriction di-
gests were performed as described by Davis et al. (6).
Restriction fragments were separated by agarose gel electro-
phoresis as described above. Restriction fragments generat-
ed by a HindIII digestion of lambda DNA provided DNA
size standards. Restriction mapping was performed by se-
quential single, double, and triple digestions.

RESULTS

Plasmid content of S. lactis ML3. Previous reports indicat-
ed that S. lactis ML3 contains four plasmids of 55, 8.5, 3.0,
and 1.5 kb (17). The ability to metabolize lactose was linked
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to the 55-kb plasmid, designated pSK08 (17). We estimated
that approximately 10.7 *+ 1.2 copies of pSK08 are present
per cell. The restriction map of pSKO08 presented in Fig. 1A
indicates the locations of single sites for Sall and SstII, two
sites each for BamHI, SstI, and Xhol, and five Kpnl sites.
Two additional plasmids having sizes of approximately
104 and 48 kb were identified in S. lactis ML3 (Fig. 2). The
104-kb plasmid appeared to be present at approximately 0.06
copies per cell and was only observed in the presence of
pSKO08. These observations suggested that the 104-kb plas-
mid is a recombinant derivative of pSK08 which is either
formed at low efficiency or resolved at high efficiency. Due
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FIG. 1. Restriction maps of pSK08, pRS01, and pPW2. (A)
Restriction map of pSK08. Below the restriction map, the locations
of the Kpnl sites are designated as kb from the single Ss¢II site on
this plasmid. The fragments generated by these Kpnl sites are also
presented. The asterisk identifies a 3.6-kb Kpnl fragment that was
interrupted by the SsII site. (B) Restriction map of the Pvull sites in
the vicinity of the 23.0-kb Kpnl fragment of pSKO08. The digestion of
the 23.0-kb Kpnl fragment with Pvull generated a 7.0-kb Kpnl-
Pvull fragment, whereas a Pvull digestion of pSK08 generated a
7.3-kb Pvull fragment (Fig. 4). These observations identified a Pvull
site 0.3 kb outside the 23.0-kb Kpnl fragment. (C) Restriction map of
pRS01. Below the restriction map, the sizes of restriction fragments
defined by BamHI (B), Kpnl (K), Sall (S), and Pvull (P), which are
mentioned in the text, are identified. (D) Restriction map of pPW2.
Regions of pPW?2 identical to pSKO08 are represented by a wide
hatched bar, and regions of pPW2 identical to pRS01 are represent-
ed by a solid bar. Junction fragments generated by the replicon
fusion event are represented by open bars. The replicon fusion
interrupted the 23.0-kb Kpnl fragment of pSKO08 and the 7.3-kb
Kpnl-BamHI fragment of pRS01. The uninterrupted pSK08 Kpnl
fragments and the uninterrupted pRS01 fragments are shown below
the map of pPW2.
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FIG. 2. (A) Plasmid DNA from S. lactis ML3 (lane 1) and Lac*
transconjugant PW2 (lane 2). (B) Plasmid DNA from Lac™ MMS362
(lane 1) and Lac™ S. lactis ML3 (lanes 2 through 6). Lanes 1 and 2
represent the quantity of plasmid DNA purified from 3.0 ml of cells.
Lanes 3, 4, S, and 6 represent the quantity of plasmid DNA purified
from 1.5, 0.5, 0.17, and 0.057 ml of cells, respectively.

to its low copy number, this plasmid was not characterized
by restriction mapping.

The 48-kb plasmid was present at approximately 0.25
molecules per cell and was initially observed only in Lac™
derivatives of S. lactis ML3. It is likely that this plasmid is
the 27-megadalton plasmid intermittently observed by Snook
and McKay (26). The restriction map of the 48.4-kb plasmid,
designated pRS01, is presented in Fig. 1C. Plasmid pRS01
possessed two Kpnl sites, single sites for BamHI and Sall,
four Pvull sites, and no sites for SstI, SstIl, and Xhol. It
appeared that pRS01 was not detected in the Lac* strain
because its copy number was low and it tended to comigrate
with pSK08 on agarose gels (Fig. 2B).

Plasmid content of Lac* transconjugants. The majority
(>96%) of the Lac* transconjugants of S. lactis ML3
contained a single plasmid of 104 kb. A restriction map of
one of these plasmids, designated pPW2, is presented in Fig.
1D. It possessed restriction fragments identified in both
pSKO08 and pRSO01, indicating that pPW2 was formed by the
fusion of pSK08 and pRS01. Also, two additional fragments
that were not present in pSK08 or pRS01 were observed.
These restriction fragments were probably formed at the
junctions of pSK08 and pRS01. Also, the 23.0-kb Kpnl
fragment of pSK08 (Fig. 1A) was interrupted in the forma-
tion of pPW2. This fragment was interrupted in 14 of 15 of
the 104-kb plasmids characterized. This observation suggest-
ed that a site(s) within this fragment was involved in the
fusion of pSKO08 and pRS01.

Figure 3 presents three distinct classes of restriction maps
of 15 independent 104-kb plasmids. The major class was
similar to pPW2 (Fig. 1D). All were cointegrates of pSK08
and pRS01, and the fusions occurred within the 23.0-kb Kpnl
fragment of pSK08. However, these cointegrate plasmids
were diverse with respect to the order of the restriction sites,
indicating that the fusions occurred at many sites within
pRSO01. The pRSO01 sites also mapped in both orientations
with respect to the Kpnl sites at the ends of the 23.0-kb Kpnl
fragment, i.e., pPW2 and pDA11. These observations sug-
gested that no specific site(s) within pRS01 mediated the
fusion of pSK08 and pRSO01.

The restriction maps of pDA08 and pDA42 (Fig. 3B)
indicated that the replicon fusions also occurred within the
23.0-kb Kpnl fragment of pSK08. However, some of the
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FIG. 3. Restriction maps of recombinant plasmids isolated from
15 independent Lac™* transconjugants. To simplify the presentation,
pSKO08 sites common to the transconjugants are not presented.
Consequently, the maps represent the pRS01 restriction sites pres-
ent within the appropriate Kpnl fragment of pSK08. The pSKO08,
pRS01, and junction regions are represented as described in Fig. 1D.
The pRSO01 restriction sites are identified as follows: Kpnl (K),
BamHI (B), and Sall (S). Small lines above the pRS0l region
identify Pvull sites. (A) Class of plasmids in which the replicon
fusion event interrupted the 23.0-kb Kpnl fragment of pSK08 and
different fragments of pRS01. Uninterrupted pRS01 fragments were
identical to those in panel C. (B) Class of plasmids similar to those in
panel A, except the uninterrupted pRS01 fragments are not identical
to those in panel C. The Pvull site marked with an arrow defined a
4.3-kb Kpnl-Pvull fragment that was adjacent to the 6.4-kb Kpnl-
BamHI fragment in pRS01, but was within the 10.5-kb Kpnl-BamHI
fragment in pDAO8 and pDA42. (C) Plasmid in which the replicon
fusion event interrupted the 13.0-kb Kpnl fragment of pSK08 and
the 6.4-kb BamHI-Kpnl fragment of pRS01.

nonjunction fragments were of a different size than those in
pRS01. The 6.4-kb Kpnl-BamHI fragment in pRS01 was
absent, and a 10.5-kb Kpnl-BamHI fragment was observed.
Since the 7.3-kb BamHI-Kpnl fragment and the 10.5-kb
Kpnl-Sall fragment of pRS01 were still present in pDA08
and pDA42, it appeared that the location of the Kpnl site
determining the size of the 6.4-kb Kpnl-BamHI fragment had
been altered. Examination of Pvull sites in the vicinity of the
altered Kpnl site revealed that a Pvull site that defined a 4.3-
kb Pvull-Kpnl fragment adjacent to the 6.4-kb Kpnl-BamHI
fragment in pRS01 (Fig. 1C) mapped within the 10.5-kb
Kpnl-BamHI fragment in pDAO8 and pDA42. These data
suggested that the 4.3-kb Kpnl-Pvull fragment in pDA08 and
pDA42 was present in an inverted orientation with resepct to
its orientation in pRSO1.

In pDA21 (Fig. 3C), the fusion of pSK08 and pRS01
occurred within the 13.0-kb Kpnl fragment of pSKO08. This
was the only plasmid characterized in which the replicon
fusion event did not occur within the 23.0-kb Kpnl fragment
of pSKO08.

Since all but one of the replicon fusions occurred within
the 23.0-kb Kpnl fragment, it was characterized to determine
the site(s) at which the plasmids were joined. The 23.0-kb
Kpnl fragment was purified by electroelution (18) and digest-
ed with Pvull. The locations of three Pvull sites are present-
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ed in Fig. 1B. The Kpnl site at 31.6 kb interrupted a 7.3-kb
Pvull fragment, and a 13.8-kb Pvull fragment mapped within
the 23.0-kb fragment. Pvull digestions of the 104-kb plas-
mids from Lac* transconjugants revealed that either the 7.3-
kb Pvull fragment (pPW2, pDA1l, pDA10, and pDA42) or
the 13.8-kb Pvull fragment (i.e., pDA24, etc.) of pSK08 was
interrupted in the formation of cointegrate plasmids (Fig. 3A
and B). This identified at least two separate regions of the 23-
kb Kpnl fragment that can be involved in formation of
pSKO08-pRS01 cointegrates.

Mapping the Pvull sites in the 23.0-kb Kpnl fragment of
pSKO08 (Fig. 1B) and in pRS01 (Fig. 1C) permitted the
identification of both the parental Pvull fragments which
were interrupted during formation of cointegrate plasmids
and the resultant junction fragments in the cointegrate
plasmids. A comparison of parental and junction Pvull
fragments for seven 104-kb plasmids is presented in Table 2.
The sum of the junction Pvull fragment sizes appeared to be
0.8 to 1.0 kb longer than the sum of the parental Pvull
fragment sizes. When the fusion of two plasmids are mediat-
ed by a transposition event, the transposable element is
replicated, and one copy of the transposable element resides
at each junction (24). Therefore, the sum of the junction
fragment sizes appear to exceed the sum of the interrupted
parental fragment sizes by the size of one copy of the
transposable element. Although the data presented in Table
2 are consistent with this mechanism of cointegrate plasmid
formation, the data do not specifically imply the additional
0.8 to 1.0 kb of DNA in the cointegrate plasmids resulted
from the duplication of a 0.8- to 1.0-kb transposable element.
The size difference, however, is within the range reported
for insertion sequences (16). The observations that two
distinct regions of the 23-kb fragment are involved in cointe-
grate formation and no analogous regions are identified in
pRS01 suggested that one or more insertion sequences
resided on pSKO08. The hypothesis that pSK08-pRS01 coin-
tegrate plasmids are formed by the transposition of an
insertion sequence(s) resident on pSK08 to pRS01 was
supported by the restriction data demonstrating insertion of
pSKO08 into many sites in pRS01 in both possible orienta-
tions.

Transconjugant formation in a recombination-deficient S.
lactis ML3 mutant. Transposition of an insertion sequence
occurs by a mechanism which is independent of host-mediat-
ed homologous recombination (16). To determine whether

TABLE 2. A comparison of the sizes of interrupted parental
Pvull fragments with the resultant cointegrate junction Pvull
fragments

Pvull fragment size (kb)

Interrupted parental

Plasmid fragments C?&ﬁ?ﬁﬂ;:te Difference®
pSKO08 pRS01 fragments
pDA10 7.3 49 7.0, 6.1 +0.9
pDAll 7.3 9.9 11.4,6.8 +1.0
pPW2 7.3 9.9 9.6, 8.5 +0.9
pDAO7 13.8 8.4 13.5,9.6 +0.9
pDA39 13.8 9.9 15.9, 8.6 +0.8
pDA24 13.8 9.9 11.8, 12.7 +0.8
pDAS0 13.8 4.9 7.2,12.5 +1.0

2 The difference was calculated as the sum of the sizes of the
cointegrate junction Pvull fragments minus the sum of the interrupt-
ed parental Pvull fragments. Sizes were estimated by agarose gel
electrophoresis.
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pSKO08-pRS01 cointegrate plasmids were formed in the ab-
sence of the host recombination system, a recombination-
deficient mutant of S. lactis ML3, designated MMS36, was
isolated (3). Lac™ transconjugants containing a 104-kb plas-
mid were isolated, and the restriction maps of two indepen-
dent 104-kb plasmids, designated pDA3602 and pDA3603,
are presented in Fig. 3A. Both pDA3602 and pDA3603 were
cointegrate plasmids resembling those isolated from trans-
conjugants of matings performed in Rec* strains. This
suggested that the fusion of pSK08 and pRS01 occurred by
the same mechanism in both Rec* and Rec ™ strains, and that
the mechanism was rec independent.

Since the observations described above indicated that a
putative insertion sequence(s) resided on pSKO08, the forma-
tion of cointegrate plasmids containing pSKO08 and another
resident plasmid might be expected. This was tested by
mating pAMB, into MMS36. Plasmid pAMpB, displays conju-
gal transfer capability and expresses resistance to erythro-
mycin (Em") (11). Cointegrates of pSK08-pAMB,; were de-
tected by the cotransfer of lactose metabolism and
erythromycin resistance to a Lac™ Em® Str" derivative of
MMS36. The isolation of plasmid DNA from three indepen-
dent transconjugants revealed that they carried cointegrate
plasmids and the fusions occurred within the 13.8-kb Pvull
fragment of pSKO08 (Fig. 1B). These cointegrate plasmids
also displayed different junction fragments, indicating the
fusion events occurred at different sites within pAMB;. The
isolation of pSK08-pAMB,; cointegrates from transconju-
gants formed in a Rec™ strain provided strong evidence that
the region within the 13.8-kb Pvull fragment of pSKO08 is
mediating replicon fusion events by a rec-independent mech-
anism (Fig. 4). The observation that the five rec-independent
replicon fusions have all involved recombination within the
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FIG. 4. Pvull digestions of pSK08 (lane 5) and the following
three independent pSK08-pAMpB,; cointegrate plasmids; pDA3605
(lane 2), pDA3620 (lane 3), and pDA3626 (lane 4). The 13.8-kb Pvull
fragment of pSK08 was interrupted in the formation of the pSK08-
pAMB,; cointegrate plasmids. HindlIl digestion of lambda DNA
(lanes 1 and 6) were employed as size standards.
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FIG. 5. Restriction fragments of pRS01 that were interrupted in
the formation of pSK08-pRS01 cointegrate plasmids. Correlation of
the interrupted pRS01 fragment with the strains clumping and
conjugal transfer capabilities identified restriction fragments coding
for these phenotypes.

13.8-kb Pvull fragment suggests that the 7.3-kb Pvull frag-
ment of pSKO08 either cannot mediate rec-independent repli-
con fusions or does so at a significantly lower frequency.

Functional characteristics of pRS01. In the formation of
pSKO08-pRS01 cointegrate plasmids, sequences of pRS01
were interrupted. Since both clumping and conjugal transfer
capabilities are linked with the pRS01 segment of DNA (29),
sequences coding for these phenotypes may be interrupted
by the formation of pSK08-pRS01 cointegrates. This provid-
ed a method for mapping the locations of genes involved
with the clumping and conjugal transfer phenotypes on
pRSO01. The resolution of this method was low because the
precise insertion sites of pSKO08 into pRS01 are unknown.
The restriction fragments of pRS01 that were interrupted in
the pSK08-pRS01 cointegrates are shown in Fig. 5. Table 3
documents the clumping phenotype and the conjugal transfer
capability of the strains carrying the respective cointegrate
plasmids.

Strains carrying cointegrate plasmids with interrupted 4.9-
kb Pvull or 4.3-kb Kpnl-Pvull fragments were Clu™. How-
ever, interruptions of the 15.0-kb Sall-Pvull fragment gener-
ated cointegrate plasmids whose strains displayed either a
clumping or a nonclumping phenotype. Strains carrying
cointegrate plasmids with interrupted 7.3-kb BamHI-Kpnl or
10.2-kb Pvull-Sall fragments displayed a clumping pheno-
type. It therefore appeared that an interruption in any of
three contiguous restriction fragments can result in the
inactivation of genes responsible for the clumping pheno-
type.

Strains possessing cointegrate plasmids with interruptions
in the 15.0-kb Sall-Pvull fragment displayed either the
ability or inability to transfer plasmid-linked lactose metabo-
lism by conjugation. Interruptions in other restriction frag-
ments did not adversely affect conjugal transfer. It appeared
that genes required for conjugal transfer are located within
the 15.0-kb Sall-Pvull fragment.

Instability of the clumping phenotype. To examine the
event(s) that occurs when a Clu* strain spontaneously loses
the ability to clump, independent Clu~ Lac* strains were
isolated from Clu* Lac® strains by repetitive transfer. This
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TABLE 3. Clumping phenotype and Lac transfer frequency of Lac™ transconjhgants carrying cointegrate plasmids

pRSO1 restriction fragment

Transfer frequency

. 5 - . Clu (Lac*
Plasmid mterrupt;:fa sl:] ic;(:megrate phenotype transconjugants/
donor)
Lac* ML3 x LM2301 transconjugants
pDAO7 4.3-kb Kpnl-Pvull - 3.92 x 107°
pDA10 4.9-kb Pvull - 4.60 x 10~
pDASO 4.9-kb Pvull - 1.37 x 1074
pDA65 15.0-kb Pvull-Sall + <7.69 x 1078
pDA77 15.0-kb Pvull-Sall + <2.50 x 10774
pDAS81 15.0-kb Pvull-Sall + <1.47 x 1077
pDAO08 15.0-kb Pvull-Sall - 5.81 x 1077
pDA42 15.0-kb Pvull-Sall - <3.39 x 1078
pPW2 7.3-kb Kpnl-BamHI + 1.85 x 1072
pDAll 7.3-kb Kpnl-BamHI + 1.19 x 107!
pDA24 7.3-kb Kpnl-BamHI + 6.15 x 1072
pDA39 7.3-kb Kpnl-BamHI + 5.04 x 1072
Lac* MMS36 x MMS362 transconjugants
pDA3602 15.0-kb Pvull-Sall + 4.28 x 1072
pDa3603 10.2-kb Sall-Kpnl + 6.50 x 1072

“ No Lac™ transconjugants were observed in any mating experiments.

event occurred at a frequency of approximately 2.5% per
generation (29; D. G. Anderson and L. L. McKay, unpub-
lished data). The plasmid content of Clu~ Lac™ derivatives
was determined by agarose gel electrophoresis and found to
be diverse (Table 4).

The predominant class of Clu~ derivatives possessed
fewer copies of the 104-kb plasmid than did their respective
Clu* parent strains. In some strains the presence of the 104-
kb plasmid was not detected unless the plasmid preparations
were first concentratéd by cesium chloride-ethidium bro-
mide density gradient centrifugation. In strains possessing a
detectable 104-kb plasmid, the observed copy numbers for
the 104-kb plasmid in Clu* DA3602 and its nonclumping
derivative DA0201 were 1.9 and 0.04 copies per cell, respec-
tively. In spite of its low copy number, strain DA0201 stably
mairitained the Lac™ phenotype associated with the 104-kb
plasmid.

The second class of Clu™ derivatives possessed plasmids
smaller than the 104-kb plasmids, and. restriction analysis
was employed to characterize them. When digested with
Pvull, the fragments generated from the majority of these
plasmids were identical to those generated by a Pvull
digestion of pSKO08. This indicated that pRS01 was precisely
excised from the pSK08-pRS01 cointegrate plasmid. Exami-
nation of overloaded Pvull digests of these plasmids also
revealed the presence of pRS01 Pvull fragments. Compared
with pSK08 fragments, the substantially lower intensity of
the pRS01 fragments suggested that both plasmids were

present at their normal copy numbers. Similar Pvull diges-
tions documented the presence of both pSK08 and pRS01 in
Lac* S. lactis ML3 and in 3 to 4% of the independently
isolated Lac* transconjugants that did not possess cointe-
grate plasmids (D. G. Anderson and L. L. McKay, unpub-
lished data).

A 56.7-kb plasmid was isolated from strain DA1104, a
Clu~ derivative of Clu* DA11 (derived from an ML3 X
LM2301 mating) in which the excision of pRS01 was not
precise. Although this plasmid was slightly larger than
pSKO08, digestion with Pvull revealed that a Pvull site
present in pSK08 was missing in pDA1104. The nature of the
recombination event resulting in the formation of this plas-
mid is unknown.

Another strain, desighated DA0307, was isolated as a
Clu~ derivative of Clu™ DA3603 (derived from an MMS36 x
MMS362 mating). This strain was unique in two respects;
first, it possessed a 48.2-kb plasmid, designated pDA0307,
which appeared to be present in very high copy number;
second, the 8.5-kb plasmid normally residing in DA3603 was
missing. It appeared that pDA0307 was a récombinant
between the pSK08-pRS01 cointegrate and the 8.5-kb plas-
mid; restriction mapping of pDA0307 confirmed this hypoth-
esis (4). All of the restriction sites associated with the 8.5-kb
plasmid were present, and all Pvull restriction fragments
associated with pRS01 were absent in pDA0307. In addition,
three Pvull sites present in pSK08 were absent. The forma-
tion of this recombinant plasmid in an Rec™ strain suggested

TABLE 4. Plasmid content of spontaneous Clu~ derivatives of Clu* transconjugants

Size/copy no. of Lac plasmid

Clu* trans- Clu~ O(l;fs i&?gbal,;f;:,t,:?dn Mechanism (n = 28) F(r't:q: ezng:)y

conjugant derivative

104 kb/1.9 104 kb/=0.04 Reduced copy no. Chromosomal integration® 0.464

104 kb/1.9 55 kb/4.6 Reduced size Precise excision 0.178
56.7 kb/ND¢ Imprecise excision 0.036
48.2 kb/ND* Recombination and excision 0.036

104 kb/1.0 104 kb/1.9 None Inversion of pRS01 sequences 0.286

2 Observed alteration of 104-kb plasmid determined by examining covalently closed circular plasmid DNA by gel electrophoresis.

b Proposed miechanism.
¢ ND, not determined.
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that the recombination event was mediated by a transposi-
tion event.

Plasmids isolated from the third class of spontaneous Clu™
derivatives possessed the 104-kb plasmid in the same copy
number as the plasmids within their parental strains. Restric-
tion maps of these plasmids revealed that the locations of a
Kpnl and a Pvull site were different and in an inverted
orientation with respect to their locations on their parental
plasmids. A comparison of pDA1l, pDA24, and pDA3602
and their respective plasmids from Clu~ derivatives is
presented in Fig. 6A. The observations that all other restric-
tion sites were identical and that no detectable size change of
the plasmid occurred implied that the fragment of DNA
containing these Kpnl and Pvull sites had undergone an
inversion event. This event adversely affected the clumping
phenotype of the strain. The restriction maps of pDA0202
and pDA0203 were structurally similar to those of pDA08
and pDA42 (Fig. 3B and 6B). Both DA08 and DA42 did not
clump. These observations were consistent with the hypoth-
esis that the orientation of the 4.3-kb KpnlI-Pvull fragment
can affect expression of genes involved with the clumping
phenotype.

The results obtained from transconjugants of DA08 were
also consistent with this hypothesis. Normally, Lac™ trans-
conjugants of Clu* strains clump, and Lac™ transconjugants
of Clu™ strains do not clump. However, the Clu~ DAO0S8
transferred lactose metabolism to LM2345 at a frequency of
5.8 x 1077 per donor, and the resulting transconjugants
clumped. Two Clu* transconjugants were isolated, DA0816
and DA0810. The restriction maps of pDA0816 and pDA0810
were identical and are presented in Fig. 6B. As above, only
the locations of the Kpnl and Pvull sites defining a 4.3-kb
fragment were altered, and their orientation was opposite
from that observed in pDAO08. Spontaneous Clu™ derivatives
of DA0816 and DAO0810 were isolated, and the restriction
maps of their respective plasmids are presented in Fig. 6B.
The locations of the Kpnl and Pvull sites are identical to
those of pDAO08. These data clearly demonstrated that the
inversion of the DNA segment containing the 4.3-kb Kpnl-
Pvull fragment was a conservative, reversible event, and
that the clumping capability of DAO8 derivatives correlated
precisely with the orientation of this 4.3-kb Kpnl-Pvull
fragment. It therefore appeared that pRS01 contained an
inversion element whose orientation affected the expression
of the clumping phenotype in strains carryirig pSK08-pRS01
cointegrate plasmids. This observation permitted the exami-
nation of the effect of clumpinhg on the frequency of conjugal
transfer of lactose metabolism. In Fig. 6, Clu* strains
carrying the designated plasmids transferred lactose-fer-
menting ability at frequencies of 1.1 X 107210 9.9 x 102 per
donor, whereas the Clu~ derivatives transferred Lac at
frequencies of 5.5 X 1075 to 7.0 x 1077 per donor. These
results indicate that the loss of clumping ability reduced the
conjugal transfer frequency by a factor of approximately 10*,
and that the acquisition of clumping ability increased the
conjugal transfer frequency by a factor of approximately 10*.
It appeared that the clumping phenotype of a strain signifi-
cantly affects the frequency of conjugal transfer of lactose
metabolism. Similar relationships between a clumping phe-
notype and conjugal transfer frequency have been observed
by Dunny et al. (7) in Streptococcus faecalis and by Gasson
and Davies (11) in S. lactis 712.

DISCUSSION

The characteristics of the recombination event between
pSK08 and pRS01 have been described and can be summa-
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FIG. 6. Retriction maps of plasmids isolated from Ciu* and Clu~
transconjugants. (A) Plasmids from Clu* transconjugants DA11,
DA24, and DA3602 and their spontaneous Clu~ derivatives. These
plasmids differed in the orientation of the Kpnl-Pvull fragment
marked with an arrow. (B) Plasmids from Clu~ transconjugants of
DAO08, two Clu™ transconjugants of DA08, and their Clu~ deriva-
tives.

rized as follows: the recombination event was rec indepen-
dent, occurred at apparently random regions of pRS01, and
altered the phenotypic expression of characteristics associ-
ated with pRS01. These three characteristics describe re-
combination events known to occur when a transposable
element interacts with a target site to generate a cointegrate
molecule (25), suggesting that the formation of the pSKO08-
pRS01 cointegrate plasmid was mediated by a transposable
element. The apparent introduction of an additional 0.8- to
1.0-kb fragment is consistent with transposition and suggests
that the transposable element is 0.8 to 1.0 kb in size and thus
is similar to known insertion sequences (16). That cointegra-
tion always occurred within a limited region of pSKO08
suggests tKat the insertion sequence was located on pSK08.
Based on our results and these interpretations, we propose
that the transposition of an insertion sequence on pSK08 to
pRSO01 generates a pSK08-pRS01 cointegrate plasmid as an
intermediate of the transposition event.

The concept that these cointegrate plasmids are transposi-
tion intermediates is consistent with the observed instability
of these plasmids and provides a framework for discussing
the diverse plasmids that were characterized in Clu~ deriva-
tives of Clu™ strains. One class of Clu™ strains displayed a
stable Lac* phenotype while maintaining the 104-kb plasmid
at an apparent copy number of 0.04 or less. The stable Lac*
phenotype could be accounted for by the transposition-
mediated integration of the plasmid into the chromosome,
and the low copy number of the plasmid may reflect the
frequency at which the integrated plasmid is excised from
the chromosome. A second class of Clu~ strains possessed
plasmids appearing identical to pSK08 and pRS01 at the
copy number observed in S. lactis ML3. These plasmids
could result from the resolution of a cointegrate plasmid. A
third class of Clu™ strains carried plasmids in which pSK08
and pRS01 sequences were deleted. The formation of
pDA1104 may have occurred by an intramolecular transposi-
tion event, whereas the formation of pDA0307 may have
occurred by sequential intermolecular and intramolecular
transposition events. It appears that alterations in either
plasmid size or copy number that affect the clumping pheno-
type can be accounted for by events involving the putative
insertion sequences located in the cointegrate plasmids.
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Another mechanism of altering the expression of the
clumping phenotype involving an invertible 4.3-kb Kpnl-
Pvull fragment was identified whose orientation was directly
correlated with the clumping phenotype. This invertible
region was mapped within the pRS01 sequences of the
cointegrate plasmids. The inversion was rec independent,
which is consistent with observations of other inversion
elements (23; E. M. Lederberg and B. A. D. Stocker,
Bacteriol. Proc., p. 35, 1970). Additional experimentation
will be required to characterize the structure of this inver-
sion element and to determine the mechanism by which it
modulates the expression of the clumping phenotype.

The identification of the inversion element described
above suggests that genes involved in the clumping pheno-
type may be located on a specific fragment of pRS01.
Analysis of the pRS01 fragments that were interrupted in the
formation of cointegrate plasmids confirmed the involvement
of the 4.3-kb Kpnl-Pvull fragment as well as two other
contiguous fragments in the expression of the clumping
phenotype. These restriction fragments define a 23.1-kb
region of pRS01 (Fig. 1C). The identification of the genes
involved with the expression of the clumping phenotype
should facilitate the analysis of the regulation of this trait. It
is puzzling that S. lactis ML3 carried pRS01 with the
inversion element primarily in the Clu* orientation and
displayed a Clu~ phenotype, whereas Lac* transconjugants
that carried uninterrupted clu genes with the inversion
element in the Clu* orientation displayed a Clu* phenotype.
The clu genes within these strains differed with respect to clu
gene dosage and the replicon upon which the clu genes
resided. In S. lactis ML3, the clu genes resided on pRS01 at
approximately 0.2 copies per cell. The low copy number of
pRS01 may be accounted for by a chromosome-plasmid
transition of this plasmid similar to that described for bacte-
riophage P1 (27). In the Lac™ transconjugants, the clu genes
resided on a pSK08-pRS01 replicon at approximately two
copies per cell. Additionally, the expression of the clu genes
in the pSK08-pRS01 replicon may be affected by promoters
at or near the pSKO08-pRS01 junctions.

The analysis of the pRS01 fragments that were interrupted
in the formation of the cointegrate plasmid also identified a
restriction fragment associated with conjugal transfer ability.
The restriction fragment defining the zra region is shown in
Fig. 5. However, the presence of transfer-deficient plasmids
in transconjugants presumably reflects the fact that they
could be mobilized by a competent transfer system in the
donor cell.

The mapping of tra genes to pRS01 and the observation
that greater than 96% (69 of 72) of the Lac™ transconjugants
carried pRS01 sequences as pSK08-pRS01 cointegrate plas-
mids suggested that the transfer of the lac genes was
mediated by the conjugal transfer capability of pRS01. The
results discussed above suggested that the fusion of pRS01
to pSK08 was mediated by the transposition of an insertion
sequence located on pSK08 to pRS01. The resultant cointe-
grate plasmid would represent a transposition intermediate
whose structural instability was characterized in Lac* trans-
conjugants and their derivatives. It is reasonable to assume
that the same degree of structural instability also occurred
within the cells in which these cointegrates are formed.
Therefore, the 104-kb plasmid identified in S. lactis ML3
probably was not a structurally unique plasmid, but a
population of independent, structurally diverse cointegrate
plasmids. The low copy number of the 104-kb plasmid would
reflect the combined frequencies of cointegrate plasmid
formation and disintegration within the cell population.
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The characteristics of the Lac™ transconjugants isolated
from matings with S. lactis 712 are remarkably similar to
those of the Lac* transconjugants of S. lactis ML3. The
plasmid DNA isolated from Lac* transconjugants of S. lactis
712 was sometimes larger than the parental Lac plasmid and
appeared to contain a novel insertion (10). The Lac® transcon-
jugants could also display a clumping phenotype, which was
denoted as Lax™ (12). A comparison of restriction digests of
the Lac plasmid from S. lactis 712, pLP712 (9, 10), with
pSKO08 indicate that these two plasmids are very similar, if
not identical. This suggests that the mechanism for the
conjugal transfer of lactose metabolism in §. lactis 712 may
be the same as that in S. lactis ML3.

Although pSKO08 and pLP712 display significant physical
similarities, these plasmids generate deletions at different
frequencies. No deletions of pSK08 have been directly
isolated (D. G. Anderson and L. L. McKay, unpublished
data), whereas deleted derivatives of pLP712 are frequently
isolated (9). It is significant that most of the deletions of
pLP712 that have been mapped originated within a region
that is analogous to the regions of pSKO08 that contain
putative insertion sequences. This suggests that the deletion
behavior observed in pLP712 may be caused by the intramo-
lecular transposition of an insertion element. The difference
in the deletion frequencies of pSK08 and pLP712 might be
accounted for by the different stabilities of each Lac plasmid
in their respective host cell or the presence of mutations in
the host background which affect transposition frequencies
5).

In conclusion, evidence for the presence of an insertion
sequence(s) on the lactose plasmid of S. lactis ML3 has been
presented. The ability of this element to mediate replicon
fusion events accounts for the formation of a cointegrate
plasmid that can transfer the plasmid-linked lac genes by
conjugation. The prevalence of lactose plasmids of 50 to 60
kb within the lactic streptococci suggest that conjugation
may be responsible for the dissemination of this characteris-
tic within these strains. If conjugal transfer occurred by the
mechanism described in S. lactis ML3, the lactose plasmid
in many strains of lactic streptococci may possess an inser-
tion sequence. Transposition of this element to a chromo-
somal site may stabilize the Lac phenotype (19), whereas
intramolecular transposition-deletion events may shorten
the Lac plasmid to a size that can be transduced (10, 20). The
identification of rec-independent recombination events in a
strain of S. lactis is significant, and further characterization
will elucidate the scope and impact of these events in the
lactic streptococci.
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