INFECTION AND IMMUNITY, July 1977, p. 215-226
Copyright © 1977 American Society for Microbiology

Vol. 17, No. 1
Printed in U.S.A.

Survey of the Extrachromosomal Gene Pool of
Streptococcus mutans

FRANCIS L. MACRINA,* JEFFREY L. REIDER, SUSAN S. VIRGILI, anpo DENNIS J. KOPECKO

Department of Microbiology, Virginia Commonwealth University, Richmond, Virginia 23298,* and
Department of Bacterial Immunology, Walter Reed Army Institute of Research, Walter Reed Army Medical

Center, Washington, D.C. 20012
Received for publication 22 February 1977

Fifty strains of Streptococcus mutans independently isolated from human
dental plaque were examined for the presence of covalently closed circular
plasmid deoxyribonucleic acid (DNA). Cesium chloride-ethidium bromide cen-
trifugation of [*H]thymidine-labeled, Sarkosyl-lysed cells revealed that 2 of the
50 strains contained plasmid DNA. The plasmid DNA from these strains was
characterized by velocity and equilibrium centrifugation and by electron micro-
scopy. The plasmids in these strains were virtually identical in size, with
molecular weights of 3.6 x 10° and 3.7 x 10°. Both were present to the extent of
approximately 20 molecules per genome equivalent. Interlocked catenated di-
meric molecules of each plasmid were readily detected by velocity sedimentation
and electron microscopy. These plasmid-containing strains were compared with
representative plasmid-free S. mutans strains by using such criteria as bacterio-
cin production, antibiotic susceptibility, and hemolysis of mammalian erythro-
cytes. Although no correlation of phenotype to plasmid content could be made,
production of bacteriocin-like activity differed significantly between the two
plasmid-containing S. mutans isolates. Thus, although the plasmids in these
two isolates appeared identical by the criteria of molecular weight, presence of
dimers, and copy number, they appeared to be harbored by two distinct S.

mutans strains.

The occurrence of extrachromosomal deoxyri-
bonucleic acid (DNA) in bacteria has been
shown to have wide-reaching implications rela-
tive to a variety of important phenotypes. The
genetic information carried by bacterial extra-
chromosomal elements (plasmids) may confer
such properties as multiple antibiotic and
metal ion resistance; productions of toxins, an-
tigens, and bacteriocins (antibiotic proteins);
conjugal donor ability; and a diversity of meta-
bolic and catabolic capabilities. Plasmids in the
streptococci may confer nearly all of the above-
mentioned phenotypes. Plasmids conferring
drug resistance (R plasmids) have been demon-
strated in Lancefield group A (4), B (21), and D
(5, 7) streptococci. A plasmid that is able to
mediate the conjugal transfer of itself as well as
a separate tetracycline resistance plasmid has
been described for group D streptococci (22).
This same conjugative plasmid (designated
pAMy1 [12]) has been shown to encode the pro-
duction of beta-hemolysin and two bacteriocin-
like substances (12). In addition, at least one
streptococcal plasmid (pAMal, found in group
D Streptococcus faecalis) contains a tetracy-

cline resistance gene bordered by directly re-
peated DNA sequences, which enable selective
amplification of this gene (5, 36). Evidence sup-
porting the plasmid linkage of lactose fermen-
tation and proteolytic activity in group N strep-
tococci (S. lactis) has recently been forwarded
13).

The evolutionary and clinical significance of
plasmid DNA has stimulated an interest in the
occurrence and function of these genetic ele-
ments in the streptococci of the oral cavity. This
group of organisms appears to have a signifi-
cant role in human oral ecology. These strepto-
cocci are known to colonize both the hard and
soft tissues of the mouth, and this colonization
is a critical component of bacterial plaque for-
mation and growth (16, 17). S. mutans has been
shown to promote the formation of dental caries
in animals (16, 17), and this species is thought
to be cariogenic in humans as well. Dunny et
al. (11) first reported the presence of a small
plasmid (molecular weight, 3 x 10°) in S. mu-
tans LM-7. No phenotypic function has yet been
ascribed to this plasmid, however. Reports from
Clewell’s laboratory (6) and our laboratory (32)
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have since reported the absence of extrachro-
mosomal elements in a total of 22 well-charac-
terized laboratory strains of this species. In this
paper we report the results of a survey of 50
isolates of S. mutans obtained from human
dental plaque samples. Only 2 of the 50 strains
were found to contain plasmid DNA. The plas-
mid DNA was characterized by velocity centrif-
ugation and electron microscopy; however, we
were unable to identify any phenotypic traits
unique to the plasmid-containing strains.

MATERIALS AND METHODS

Media. Todd-Hewitt (TH) broth (Difco Laborato-
ries, Detroit, Mich.) and brain heart infusion (BHI;
Difco) were used as complex liquid media. Agar
(Difco) was added to give a final concentration of
1.5% when a solid medium was desired. Mitis sali-
varius agar (Difco) was used to evaluate colonial
morphology of the S. mutans strains. Carbohydrate
fermentation was carried out with phenol red broth
base or phenol red agar base (Difco). Carbohydrates
were filter sterilized and added to these media to
give a final concentration of 0.5%. All culturing was
performed routinely under an atmosphere of 90% N,
and 10% CO,, using the methodologies previously
described (20).

Bacterial strains. Isolates of S. mutans from hu-
man dental plaque were kindly provided by the fol-
lowing individuals: I. L. Shklair, Naval Dental Re-
search Institute, Great Lakes, Ill.; J. Tanzer, Uni-
versity of Connecticut, Farmington; J. Bulkacz,
Medical College of Georgia, Augusta; W. Loesche,
University of Michigan, Ann Arbor. Upon receipt,
strains were checked for mannitol and sorbitol fer-
mentation and for typical-appearing raised,
“frosted-glass” colonial morphology on mitis salivar-
ius agar. All strains fermented these two carbohy-
drates and displayed this colonial morphology con-
sistent with S. mutans. Since in vitro culturing of S.
mutans sometimes results in colonial morphology
alteration and/or loss of virulence in animals, we
were interested in minimizing the number of serial
transfers these strains experienced. The following
procedure was thus developed for the storage and
routine use of S. mutans in our laboratory. After
confirmation of the above-mentioned phenotypes,
several BHI agar plates were inoculated (from the
originally received culture, if possible) so as to give
confluent growth. After incubation at 37°C for 24 h,
cells (which had not been subjected to more than
three serial passages) from these plates were
scraped into 30 ml of BHI broth containing 30%
glycerol. This suspension (usually ~10' cells per
ml) was stored at —35°C in a 100-ml screw-cap
bottle. Use of the strains stored in this fashion was
as follows. Approximately 0.25 ml was removed from
this bottle and allowed to grow in TH or BHI broth.
The cells in the broth culture then were checked by
Gram staining, mannitol and sorbitol fermentation
tests, and colonial morphology on mitis salivarius
agar. Three or four BHI or TH agar plates were then
inoculated with this culture and incubated at 37°C
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for 24 to 48 h. These plates (stored at 4°C) were used
as the inoculum source for experiments during a
time period that usually lasted about 4 weeks. This
entire process was repeated at that time if addi-
tional use of the strain was desired. By this method,
a freezer bottle will last several years (before re-
stocking is necessary) even in the case of extensively
used strains. We conclude that this procedure en-
sures an acceptable standard of control in our strain
maintenance and provides reasonable assurance of
genetic stability.

Biochemicals and drugs. Lysozyme (grade I, crys-
tallized three times), protease (grade I, from Strep-
tomyces griseus), sucrose (grade I, for sucrose gra-
dients), ethidium bromide (EB), sodium dodecyl sul-
fate, and bacitracin were purchased from the Sigma
Chemical Co. (St. Louis, Mo.). Technical-grade ce-
sium chloride was purchased from Kawecki Berylco
Industries, Inc., New York, N.Y. Sarkosyl NL97
(sodium dodecyl sarcosinate) was the gift of the
Ciba-Geigy Corp., Greensboro, N.C.

[Methyl-*H]lthymidine (20 Ci/mmol) was pur-
chased from Amersham/Searle, Arlington Heights,
I1l. [2-“Clthymidine was purchased from New Eng-
land Nuclear, Boston, Mass.

Antibiotic-containing paper disks for screening
antibiotic susceptibility patterns were obtained
from Difco. Streptomycin sulfate was purchased
from Sigma. Kanamycin sulfate was a gift from K.
Price, Bristol Laboratories, Syracuse, N.Y., and
gentamicin was a gift from J. T. Baldini, Schering
Corporation, Kenilworth, N.J.

Biotyping of S. mutans. Biotyping of the clinical
isolates of S. mutans was performed by the method
of Shklair and Keene (34). Carbohydrate fermenta-
tions were generally determined on solid medium by
stabbing the test strain into a plate containing
phenol red agar base plus 0.5% carbohydrate. Up to
six strains could be tested per plate. All carbohy-
drate fermentations were carried out anaerobically.

Serological testing. The presence of the Lance-
field group antigen (27) was assayed by the standard
protocol recommended by the Center for Disease
Control (Recommended Method for the Use of Strep-
tococcal Antisera, Center for Disease Control, At-
lanta, Ga., April 1970). HCI extracts prepared from
TH-grown cells were tested against Lancefield
group E antisera obtained from Wellcome Reagents
Division, Research Triangle Park, N.C. Positive
and negative control strains always were included.

Antibiotic susceptibility testing. Strains were
screened for susceptibility to 11 different antibiotics
as follows. A TH agar plate was inoculated by
streaking with a cotton swab that had been im-
mersed in a mid-log-phase TH broth culture of the
strain to be tested. Antibiotic-containing disks were
aseptically transferred to these plates (six disks per
plate), and the plates were incubated for 24 h under
N,-CO,. An antibiotic disk that did not produce a
zone of inhibition of 2 cm or more in diameter was
noted, and the minimal inhibitory concentration of
the antibiotic in question was determined by the
sensitive colony-forming-unit test as previously de-
scribed (29). -

Bacteriocin testing. Assessment of bacteriocin-
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like activity was performed by an agar overlay tech-
nique. Up to six tester strains were inoculated onto
a TH agar plate by stabbing with a sterile toothpick.
After 48 h of incubation under N,-CO, at 37°C, the
plates were overlaid with 3.5 ml of molten (tempered
to 45°C) TH-soft agar (0.75% agar in TH broth) con-
taining 0.3 ml of an overnight TH broth culture of
the indicator strain. Zones of inhibition surrounding
the tester colony were noted after 24 h of incubation
at 37°C under N,-CO.,.

Radioactive labeling and gentle lysis of S. mu-
tans. The procedure routinely used in the examina-
tion of strains for plasmid DNA was as follows. An
overnight TH broth culture of the strain to be exam-
ined was used to inoculate prewarmed TH broth
contained in a 50-ml side-arm Erlenmeyer flask.

The inoculum was added to give a final optical den-

sity at 660 nm (ODgg) of ~0.1 as measured on a
Bausch & Lomb Spectronic 20 spectrophotometer.
The volume of the culture was adjusted to 20 ml.
Growth at 37°C under N,-CO, was monitored spec-
trophotometrically, and, at an ODg, of ~0.2,
[*H]thymidine was added to give a final concentra-
tion of 20 xCi/ml. The culture was allowed to grow
in the presence of isotope until the ODgg, reached
0.38. Then 1 g of solid glycine was added to the
culture, and incubation continued for 45 min. Dur-
ing this 45-min time period there was little increase
in ODgg, but 3H incorporation into trichloroacetic
acid-insoluble, alkali-resistant material continued
at a constant rate. This incubation in glycine has
been shown to render S. mutans very susceptible to
detergent lysis after treatment with lysozyme and
protease. A complete description of this system may
be found in a separate publication (32).

After glycine treatment of the culture, cells were
harvested by centrifugation (12,000 x g at 4°C) and
washed twice with sterile ice-cold water. Sedi-
mented cells (from the 20-ml culture) were sus-
pended in 1 ml of 25% (wt/vol) glucose prepared in
0.005 M ethylenediaminetetraacetate-0.01 M tris-
(hydroxymethyl)aminomethane (ET buffer; final
pH, 8.5). Lysozyme (0.25 ml of a 6-mg/ml stock solu-
tion in ET buffer) was added to this suspension, and
the cells were incubated for 2 h at 37°C. Protease
(0.25 ml of a 6-mg/ml stock solution in ET buffer)
that had been self-digested for 1 h at 37°C was then
added. Incubation was continued for 30 min. A 1.5-
ml volume of a 2% solution of Sarkosyl NL97 (in ET
buffer) was added to this suspension, and the mix-
ture was gently swirled. Cells and detergent then
were allowed to stand for 20 min at 23°C. Lysis that
occurred during this time was accompanied by a
marked clearing in the cell suspension and a dra-
matic increase in viscosity. Lysis as measured by
release of trichloroacetic acid-insoluble material
from centrifuged cell lysates (see reference 32) was
always greater than 90%.

Dye-buoyant density centrifugation. Cell lysates
prepared in the above fashion were cleared by cen-
trifugation in a Sorvall SS34 rotor at 4°C for 30 min
at 20,000 rpm (~48,000 x g), using a Sorvall RC-5
Superspeed refrigerated centrifuge. Approximately
2 to 2.5 ml of supernatant fluid could be decanted
after this clearing step, which usually resulted in
the sedimenting of about 60 to 70% of the 3H radioac-
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tivity. A 2-ml volume of this cleared lysate was
mixed with 1.9 ml of sterile water, 1.6 ml of a 2-mg/
ml EB solution (in phosphate buffer, pH 7), and 5.1g
of CsCl. This mixture then was placed in a polyal-
lomer centrifuge tube, overlaid with light mineral
oil, and centrifuged in a Beckman 50 Ti rotor, using
a Beckman L5-50 preparative ultracentrifuge. Cen-
trifugation was for 60 h at 40,000 rpm and 20°C.
Fractionation of gradients and assay of radioactivity
were as previously described (35), except that Amer-
sham/Searle organic counting scintillant liquid
scintillation cocktail was employed in lieu of 2,5-
bis[2-(5-tert-butylbenzoxazolyl)]-thiophene (BBOT)-
toluene.

The analysis of crude lysates was essentially the
same as that described above, except that, after lysis
by Sarkosyl, the lysate was subjected to shearing by
being drawn in and out of a 1-ml pipette 20 times.
Usually 0.8 ml of the sheared lysate (plus 3.1 ml of
water; EB and CsCl, same as above) was analyzed
by dye-buoyant density equilibrium centrifugation.
Fractions representing covalently closed circular
(CCC) plasmid DNA obtained from the analysis of
either cleared or crude lysates were pooled and ex-
tracted two times with isoamyl alcohol to remove
EB. This material then was dialyzed against TES
buffer [0.05 M NaCl, 0.05 M tris(hydroxymethyl)-
aminomethane, and 0.005 M ethylenediaminetetra-
acetate, pH 8.5]. Such preparations of purified
plasmid DNA were stored at —35°C.

Sedimentation velocity centrifugation. The con-
ditions and methods for both neutral and alkaline
sucrose gradient centrifugation and fractionation
have been described previously in detail (35). Sam-
ples to be analyzed by using alkaline sucrose gra-
dients were first adjusted to 0.25 N NaOH and al-
lowed to stand for 10 min at room temperature be-
fore being layered onto the gradient. Recovery of
input radioactivity from sucrose gradients was al-
ways greater than 85%. Preparation of !*C-labeled
R6K plasmid DNA for use as a sedimentation refer-
ence was accomplished as previously described (35).

Isolation of bulk cellular DNA. Strains used in
studies on the kinetics of DNA reassociation were as
follows: E. coli B (x8 from the collection of R. Curtiss
III); S. mutans GS-5 and SL1 (from A. Coykendall).
DNA was extracted from 2-liter cultures grown to
late log phase in BHI broth. The procedure (appro-
priately scaled-up) was exactly as described by
Bovre and Szybalski (1). The following modifica-
tions were employed in treating the S. mutans
strains. Lysozyme was added to a final concentra-
tion of 1.2 mg/ml and incubated for 2 h at 37°C
followed by protease treatment (final concentration,
1.2 mg/ml) for 30 min at 37°C prior to freezing. The
addition of sodium dodecyl sulfate to effect lysis was
followed by a 30-min incubation at 60°C. Two or
three freeze-thaw steps (ethanol-dry ice, 60°C water
bath) were usually implemented to complete lysis.
All other steps in the DNA purification were identi-
cal to those described by Bevre and Szybalski (1).
The DNA finally was dialyzed against 1x SSC
buffer (0.15 M NaCl, 0.015 M sodium citrate) and
stored at —35°C. DNA prepared by this method had
an absorbance ratio (A,g/A,g) equal to or greater
than 2.0
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Free-solution kinetics of DNA reassociation.
Measurement of DNA renaturation was performed
by the method of Bradley (2). The DNA preparation
was adjusted so as to effect a concentration of 8x
SSC and then suitably diluted to give an A, of 0.8.
The DNA was sheared by sonic oscillation in a Bio-
sonik III (Bronwill Scientific, Rochester, N.Y.) at a
rheostat setting of 90. A total of 3 min of sonic
oscillation was used (10 s of oscillation followed by
20 s of rest). The vessel containing the DNA was
immersed in an alcohol-ice bath during sonic treat-
ment. The sheared DNA sample was subjected to
low-speed centrifugation (10,000 x g, 4°C) to remove
metal originating from the titanium sonic probe.
Formamide was added to the sheared DNA sample
to a final concentration of 25% (vol/vol). Addition of
formamide was such that the SSC concentration was
reduced to 6x. The DNA (concentration, ca. 40 ug/
ml) was heat-denatured in a recording spectropho-
tometer with an attached temperature programmer
(Gilford Instruments Lab, Oberlin, Ohio). The dena-
turing temperature was maintained for 20 min after
attainment of maximal hyperchromicity at 270 nm
(270 nm was used to minimize formamide absorb-
ance). The temperature was then adjusted to 20 to
25°C below the T, (midpoint of hyperchromic shift
in 6x SSC). Reassociation at this temperature was
monitored until the DNA was approximately 75%
reassociated. The slopes of the reassociation plots
were determined from points obtained in the 2- to 3-
h range. Genome sizes were computed by compari-
sons of slopes between a biological standard and the
unknown. No correction was made to compensate for
purported reassociation rate differences due to dif-
ferences in base composition of DNA. E. coli B,
having a genome size of 2.88 x 10° (18), was used as
the biological standard in determining the molecu-
lar weight of the S. mutans SL1 genome. The reas-
sociation temperature for these determinations (E.
coli B [T,, = 84°C in 6x SSC] and S. mutans SL1
[T, = 80°C in 6x SSC]) was 65°C. SL1 DNA then
was used as the biological standard in determining
the S. mutans GS-5 genome size. The reassociation
temperature for these determinations (S. mutans
SL1 ([T, = 80°C in 6x SSC] and S. mutans GS-5 [T,,
= 76°C in 6x SSC)) was 55°C.

Electron microscopy of DNA. Purified plasmid
DNA was converted to the open circular (OC) form
by exposure to either 95°C for 12 to 15 min or timed
gamma irradiation in a %Co irradiator (Gammacell
220). For contour length determinations, OC DNA,
spread onto a 0.25 M ammonium acetate hypophase,
was picked up on Parlodion-coated copper grids and
rotary-shadowed with platinum-palladium (23, 25).
Grids were examined and photographed in a Joel
100C electron microscope (Joel, Inc., Tokyo, Japan).
Molecular measurements were obtained from elec-
tron-image plate projections (Besseler 45 MCRX en-
larger) by use of a Numonics Corp. electronic graph-
ics calculator. Either the pSC101 (6.02 x 10¢ [9.1
kilobase pairs]) or pSC185 (9.2 x 10¢ [13.9 kilobase
pairs]) plasmid molecule served as an internal
length standard (25).
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RESULTS

Examination of clinical S. mutans isolates
for plasmid DNA. Prior to examination for
plasmid DNA, strains were verified as S. mu-
tans by the criteria of colonial morphology on
mitis salivarius agar and ability to ferment
mannitol and sorbitol. Strains were radioac-
tively labeled and lysed as described above.
Lysis by the glycine treatment regimen was
always greater than 90%. Cleared Sarkosyl ly-
sates of 48 of the strains examined by CsCl-EB
centrifugation displayed only a single compo-
nent at a position in the gradient consistent
with contaminating chromosomal DNA. In
some instances, a “shoulder” approximating
the position occupied by CCC plasmid DNA was
observed. Although such “shoulders” could be
repeatedly seen in independent experiments,
we were never able to demonstrate CCC DNA
in these strains.

Two (V310 and V318) of the 50 strains dis-
played two bands after analysis by CsCl-EB
centrifugation; the lower band was consistent
with CCC plasmid DNA. Figure 1 depicts rep-
resentative radioactivity profiles of CsCIl-EB
gradients for strains V310 and V318. In both
instances, lower (plasmid DNA) band compo-
nents are seen at fraction 15, while contaminat-
ing chromosomal DNA is seen as a peak occur-
ring at about fraction 22.

Velocity sedimentation analysis of CCC
DNA from S. mutans V310 and V318. Plasmid
DNA recovered from CsCl-EB gradients was
purified by dialysis and subjected to velocity
sedimentation centrifugation. Figure 2 pre-
sents data obtained for both plasmid prepara-
tions after centrifugation through 5 to 20% neu-
tral and alkaline sucrose gradients. Despite the
independent origin of V310 and V318 and their
differing physiological properties (see below),
their plasmid contents appear very similar, if
not identical. Neutral sucrose gradient centrif-
ugation reveals a major component sediment-
ing at fraction 8 in these gradients. Based on co-
sedimentation studies with “C-labeled R6K
plasmid DNA (sedimentation coefficient, 51S),
this component corresponds to an s value of
228. Of interest in both these neutral sucrose
gradient profiles is the minor component seen
at about fraction 13. This peak generally falls
in the 30S to 36S range and usually comprises
about 20% of the total radioactivity of the gra-
dient. The leading region of this component
(fractions 14 through 19 in both panels A and C)
always appears as a gradual slope in contrast to
the well-defined nature of the 22S component.
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Fic. 1. Dye-buoyant density gradient analysis of
S. mutans V310 and V318. Strains V310 and V318
were radiolabeled, lysed, and processed as described
in the text. Samples of cleared lysates were centri-
fuged to equilibrium in CsCIl-EB gradients. Gra-
dients were fractionated into tubes, and 10-ul sam-
ples of each fraction were spotted onto Whatman
3MM filter paper disks. The disks were processed as
described and counted by liquid scintillation spec-
trometry to yield the *H-radioactivity profiles. In-
creasing density is from right to left. (A) S. mutans
V310; (B) S. mutans V318.

This characteristic shape suggested that this
minor component consisted of high-molecular-
weight forms of the 22S plasmid, e.g., inter-
locked and/or oligomeric catenated dimers. In-
direct evidence supporting the presence of in-
terlocked dimer plasmid molecules is presented
in Fig. 3. CCC DNA obtained from CsCl-EB
gradients of cleared lystes was centrifuged to
equilibrium in a second CsCl-EB gradient. In
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such gradients the lower band corresponding to
CCC DNA is seen at about fraction 20, and the
component representing open circular and/or
linear DNA is seen at fraction 28. In both cases,
however, the lower band is skewed toward the
less-dense side. This intermediate region (be-
tween the CCC and OC components) represents
the position where interlocked plasmid dimers
consisting of one open and one closed circular
monomer would occur (23, 25). Definitive evi-
dence in support of the presence of interlocked
dimeric molecules is given below.

Alkaline sucrose gradient analyses of plas-
mid DNA preparations from strains V310 and

’gn—

ACII)° INSOLUBLE
E'S

0.2

Hraction no. '°

Fi1c. 2. Velocity sedimentation analysis of CCC
DNA from strains V310 and V318. Neutral and al-
kaline sucrose gradient analyses were performed on
purified plasmid preparations obtained from CsCl-
EB gradients. Conditions for neutral gradients were:
Beckman SW41 Ti rotor; 40,000 rpm; 15°C for 170
min. Conditions for alkaline sucrose gradients were:
Beckman SW50.1 rotor; 45,000 rpm; 23°C for 100
min. Sedimentation is from left to right. (A) Neutral
gradient *H-radioactivity profile of CCC DNA from
strain V310. (B) Alkaline gradient *H-radioactivity
profile of CCC DNA from strain V310. (C) Neutral
gradient *H-radioactivity profile of CCC DNA from
strain V318. (D) Alkaline gradient *H-radioactivity
profile of CCC DNA from strain V318. Sedimenta-
tion coefficient of the major component in both neu-
tral sucrose gradients was previously determined by
co-sedimentation with differentially **C-labeled R6K
plasmid DNA (35).
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Fic. 3. Dye-buoyant density centrifugation of
purified plasmid DNA. Plasmid DNA, purified from
CsCIl-EB gradients prepared from cleared Sarkosyl
lysates, was recentrifuged in CsCIl-EB. Increasing
density is from right to left. Conditions of centrifuga-
tion were: Beckman SW41 Ti rotor; 35,000 rpm; 20°C
for 60 h. (A) pVA310. (B) pVA318.

V318 are presented in Fig. 2. The major, fast-
moving DNA species is seen in both gradients
at about fraction 15. This corresponds to the 22S
component seen on neutral sucrose gradients.
This rapid sedimentation in alkali verifies the
CCC nature of this DNA. Components sedi-
menting at about fractions 19 and 20 are also
seen, consistent with the 30S- to 36S-sediment-
ing species seen in neutral sucrose gradients.
The trailing component seen in both gradients
at about fraction 10 is thought to represent the
alkali denaturation product of a CCC-OC inter-
locked dimer. This species would move more
slowly than the CCC monomer in alkali (26).
Electron microscopy of plasmid DNA. Puri-
fied plasmid DNA obtained from CsCl-EB gra-
dients of Sarkosyl-cleared lysates (Fig. 1) was
examined in an electron microscope. Fractions
representing lower bands from such gradients
were pooled and dialyzed before examination.
No attempt was made to separate the major
(22S) DNA species from the minor fast-moving
DNA species. Streptococcal plasmid molecules
always were mixed with plasmids of known
molecular weight before spreading onto grids.
Contour lengths of the streptococcal and refer-
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ence plasmids were measured by using photo-
graphs taken from the same grid square. These
studies revealed the predominating plasmid
species in strains V310 and V318 to be a single
molecular species in the 3.6 x 10°-molecular-
weight range. The molecular weight data are
given in Table 1. We have assigned these plas-
mids the designations pVA310 (from strain
V310) and pVA318 (from strain V318) in accord-
ance with the plasmid nomenclature suggested
by Novick et al. (30). From the data in Table 1
we conclude that pVA310 and pVA318 are sta-
tistically indistinguishable from one another
with gespect to molecular weight. Further ex-
amination of plasmid preparations obtained
from strains V310 and V318 did yield high-
molecular-weight forms consisting of inter-
locked circular catenates. The occurrence of
these molecules was consistent with the veloc-
ity and equilibrium sedimentation data previ-
ously discussed (Fig. 2 and 3 and related discus-
sion). A composite of representative electron
micrographs of pVA310 and pVA318 plasmid
preparations is presented in Fig. 4. Based on
contour length measurements, we conclude
that the interlocked molecules are dimers of
pVA310 and pVA318. When large numbers of
molecules (>500) were scanned in the electron
microscope, the catenated forms represented
about 3% of the total molecules seen.
Estimation of number of plasmid copies per
chromosome. Quantitation of plasmid DNA
may be readily accomplished by comparison
with the amount of chromosomal DNA ob-
served after CsCl-EB centrifugation of crude
Sarkosyl lysates. Using such information, de-
termination of the number of plasmid copies
per genome equivalent can be determined if the
molecular weights of both the plasmid and host
genome are known. Since no data on the ge-
nome size of S. mutans were available, we
obtained molecular-weight estimates from two
well-characterized S. mutans strains, SL1 and
GS-5. Free-solution reassociation kinetics of de-
natured DNA were measured and compared

TaBLE 1. Contour length measurements and
molecular size of S. mutans plasmid DNA

Kilobase equiva-

Plasmid Ne lent Megadaltons®
pVA310 27 5.55 = 0.09¢ 3.68 + 0.06
pVA318 21 5.47 = 0.12¢ 3.62 + 0.08

% Number of molecules measured.

® Molecular size + standard error.

¢ Measurements made by using pSC185 (13.9 kilo-
bases) as a reference molecule (25).

4 Measurements made by using pSC101 (9.1 kilo-
bases) as a reference molecule (25).
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F1G. 4. Electron micrographs of purified plasmid
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A

DNA. (A) OC of pVA310. (B) Catenated dimer of

PVA310, consisting of interlocked OC molecules. (C) Catenated dimer of pVA310, consisting of a CCC
monomer interlocked with an OC monomer. (D) Catenated dimer of pVA318, consisting of two interlocked OC
monomers; an OC monomeric molecule of pVA318 is also seen in this panel. The scale in each photograph

represents 0.25 um.

with the rate of reassociation of DNA from a
genome of known molecular size. The molecu-
lar-weight values from these two S. mutans
strains may be seen in Table 2. First the molec-
ular weight of strain SL1 was calculated with
E. coli B DNA as a reference. Then the molecu-
lar weight of the GS-5 genome was determined
from its reassociation kinetics, using strain SL1
as the biological standard. Strain GS-5 be-
longs to the same biotype (I; see references 8
and 34 and Table 4) as strains V310 and V318.
We will assume a molecular-weight value of
1.79 x 10° for all strains belonging to this bio-
type.

Crude lysates of strains V310 and V318 were
analyzed on CsCl-EB gradients, and the

amounts of plasmid DNA were compared with
that of chromosomal DNA by summation of
radioactivity under the respective peaks. The
data (Table 3) were quite similar for both
strains. The plasmid represented approxi-
mately 4% of the chromosomal DNA in each
strain, reflecting some 20 plasmid molecules
per genome equivalent. This estimate includes
the monomeric molecular components of the
catenated dimers known to be present in the
lower band of such gradients.

Physiological studies of selected strains. In
attempting to identify plasmid-specified pheno-
types, we comparatively studied the plasmid-
containing S. mutans strains V310, V318, and
V303 (3 x 10° multicopy plasmid-containing
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TABLE 2. Genome size estimates for S. mutans

Anti- G (i‘ruanine G
. s enetic  plus cyto- enome size
Strain gemca group® sine (daltons, x10°)
group (mol%)*
SL1 d III 45.1 1.60 = 0.08¢
GS-5 c I 37.7 1.79 + 0.15¢

¢ Unique antigens as determined by Bratthall (3).

® Based on DNA sequence homology by Coyken-
dall, using molecular hybridization studies (8).

¢ See reference 8.

4 Molecular-size estimate + standard deviation,
using E. coli B DNA as a standard. Molecular
size of the E. coli B genome equal to 2.88 x 10°
daltons (18). S. mutans genome size estimate based
on an average of three determinations.

¢ Molecular-size estimate + standard deviation,
using S. mutans SL1 DNA as a standard. Based
on an average of three determinations.

TaBLE 3. Plasmid copy numbers

Plasmid molec- Plasmid DNA Flasmid copies

Plasmid ular size (dal- as % of chromo- g:ft;n’igch):o:x?:-

tons, x 10°) some* somal equivalent
pVA310 3.7 4.1 ~20
pVA318 3.6 4.0 ~20

“ Based on an average of at least two independent
determinations.
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strain from Clewell’s laboratory [11]). Five non-
plasmid-containing strains (two well-charac-
terized laboratory strains [V153 and V286, see
reference 8] and three recent plaque isolates
[V316, V327, and V333]) were included in these
studies as well. Table 4 lists these strains and
relevant phenotypic data. All of these strains
were subjected to biotyping by the scheme of
Shklair and Keene (34). This scheme is based
on fermentation of key carbohydrates, the pro-
duction of acid from mannitol in the presence of
bacitracin, and the production of ammonia
from arginine. The scheme correlated consist-
ently with both serological typing (based on the
Bratthall [3] S. mutans-specific antigens and
the Lancefield E antigen) and the genetic
groupings (based on DNA-DNA homology) of
Coykendall (8). The strains tested all belonged
to biotype I or V. The previously reported plas-
mid-containing strain (11), V303, belonged to
biotype V in contrast to V310 and V318, which
represented biotype I. Specifically, V303 pos-
sessed the Lancefield E antigen and failed to
ferment melibiose, whereas V310 and V318
failed to react with Lancefield E antiserum but
did ferment melibiose.

The production of bacteriocins (antibiotic
proteins) is known to be plasmid specified in
both gram-negative and gram-positive bacte-

TaABLE 4. Selected characteristics of principal S. mutans strains used in this study

Carbohydrate fermentation®

Strain . . .
. Acid from Ammonia . Shklair
r;o. (this ) . mannitol in from L-ar- Serotype (if and Keene Source aqd/or gltemate
abora- Manni- . Raffi- Melibi- Y known) N . designation
Sorbitol presence of 2  ginine biotype
tory) tol nose 08¢ 17 o bacitra.
cin/ml
V153 + + + + + - Bratthall ¢ I GS-5; from A. Coyken-
dall (8)
V286 + + + + + - Bratthall ¢ 1 NCTC 10449; from A.
Coykendall (8)
V303 + + + - + - Lancefield V  LM-7; from D. Clewell
E“ (11)
V310 + + + + + — No E anti- 1 Human plaque isolate;
gen‘ pres- from I. Shklair
ent
V316 + + + + + - ND¢ I Human plaque isolate;
from 1. Shklair
V318 + + + + + - No E anti- 1 Human plaque isolate;
gen’ pres- from I. Shklair
ent
V327 + + +/ - + - ND Human plaque isolate;
from I. Shklair
V333 + + +/ - + - ND Human plaque isolate;

from I. Shklair

“ +, Acid produced; —, no acid produced.
* +, NH; produced; —, NH; not produced.

¢ See reference 34; based on characteristics presented in columns 1 through 6 of this table.
4 Confirmed by protocol described in Materials and Methods.

“ Not done.
/ Acid production weak at 48 h.
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ria. Since bacteriocin production is prevalent in
the S. mutans group (10, 19, 33), we tested the
three plasmid-containing strains for their abil-
ity to produce bacteriocins (Table 5). All three
strains were active against a clinically isolated
group A Streptococcus; however, the range of
activity against the S. mutans strains varied
markedly. V310 showed the widest activity;
V318 showed an intermediate activity, and
V303 was not active against any of the S. mu-
tans strains used in these studies. Strain V310
killed both of the other plasmid-containing
strains (V303 and V318) but itself was not sus-
ceptible to any bacteriocin activity. These data
do not establish any correlation between plas-
mid presence and bacteriocin production.

The plasmid-containing and plasmidless S.
mutans strains were also examined for resist-
ance to antibiotics while we were testing the
hypothesis that one or more of these extrachro-

TABLE 5. Bacteriocin-like activity patterns of
plasmid-containing S. mutans strains

Activity of strain®:
Indicator strain®

V303 V310 V318

V153
V286 -
V303
V310 -
V316
V318 -
V327 -
V333
Streptococcus® group A (V373) +

A+

@ See Table 4 for strain description.

® +, Bacteriocin production as defined by a 1-cm
(diameter) or greater zone of inhibition surrounding
the producing colony; —, no production.

¢ Kindly provided by Esther Figuly, Bureau of
Microbiological Sciences, Consolidated Laboratory
Services, Commonwealth of Virginia, Richmond.
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mosomal elements were R plasmids. Strains
were first screened by a disk diffusion assay.

The strains listed in Table 4 proved to be
susceptible to penicillin, ampicillin, chloram-
phenicol, erythromycin, novobiocin, tetracy-
cline, clindamycin, and cephalothin. Resist-
ance of a varying degree was noted for the
aminoglycoside antibiotics, and relative resist-
ance levels thus were determined for each of
the strains (Table 6). Clinically significant re-
sistance to streptomycin and kanamycin was
noted in all strains except V333; however, no
correlation can be made as regards this resist-
ance and the presence of any of the plasmids
known to exist in strain V303, V310, or V318.
Gentamicin resistance levels were not clini-
cally significant in any of the strains tested.

Finally, all of the strains listed in Table 4
were tested for their hemolytic properties on
blood agar (5% blood in BBL blood agar base).
Human, sheep, horse, and rabbit blood agar
plates were used in these studies. With two
exceptions, no hemolysis was observed with
any of these strains. However, strains V310
(plasmid containing) and V333 (plasmidless)
displayed a beta-type hemolysis on rabbit blood
agar plates. Thus, there appeared to be no cor-
relation between plasmid content and rabbit
blood hemolysis.

DISCUSSION

Based on the examination of 50 fresh human
plaque isolates of S. mutans in this study, the
frequency of occurrence of extrachromosomal
DNA is 4%. This value is somewhat low when
compared with the occurrence of plasmids in
other gram-positive and gram-negative bacte-
ria (15) but is consistent with earlier screening
studies using well-characterized laboratory ref-
erence strains of this species (6, 32). Namely, 1
strain (LM-7) of the 20 screened contained a

TABLE 6. Susceptibility of selected S. mutans strains to antibiotics

Susceptibility® to antibiotic:

Strain Gentamicin Kanamycin Streptomycin

1® 5 10 1 10 20 30 50 1 10 20 30
V153¢ + + - + + + + - + + + -
V286 + - - + + + + - + + + -
V303 + + - + + + + - + + + -
V310 + + - + + + - - + + + -
V316 + + - + + + - - + + + -
V318 + + - + + + + - + + + -
V327 + + - + + + + - + + + -
V333 + + - + + - - - - - - -

2 +, Growth; —, no growth.

® Concentration of antibiotic in micrograms per milliliter.

¢ See Table 4 for strain description.
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small plasmid (molecular weight, 3 x 10°) pres- °

ent in multiple copies per chromosomal equiva-
lent. Our rationale in implementing the cur-
rent studies with fresh plaque isolates was to
exclude the possibility that the laboratory
strains had lost any plasmid DNA due to exces-
sive subculture in vitro. The results presented
in this paper, taken together with those of ear-
lier work (6, 32), clearly establish the infre-
quent occurrence (<10%) of extrachromosomal
elements in S. mutans. In this vein, it should
be pointed out that CCC plasmid DNA easily
converted to the OC form might go undetected
by the CsCl-EB centrifugation technique. At
present, however, we have no evidence to indi-
cate this to be a problem in our screening stud-
ies.

Physical characterization of the plasmids re-
ported in this work indicated that they are
identical in molecular weight (3.6 x 10% and
are both present to the extent of about 20 copies
per chromosomal equivalent (Tables 1 and 3).
This latter parameter was estimated after the
determination of the genome molecular weight
of a plasmid-free S. mutans strain (GS-5) be-
longing to the same biotype (Table 4) as the two
plasmid-containing strains (V310 and V318).
Genome weight determination of a second S.
mutans (SL1) strain was necessitated so that
this strain could serve as a biological standard
for comparison with the GS-5 strain (the moles
percent guanine-plus-cytosine content of SL1
is intermediate [8] relative to that of E. coli B
[18] and GS-5 [8]). The genome size estimations
(Table 2) of both of the S. mutans strains exam-
ined here are not dissimilar to those obtained
for other streptococcal species by DNA reasso-
ciation kinetics (e.g., 1.47 x 10° daltons for S.
faecalis and 1.27 x 10° daltons for S. pyogenes
[28]).

Further evidence supporting the similarity
between pVA310 and pVA318 lies in the pres-
ence of the high-molecular-weight forms (inter-

locked catenated dimers) in both of the strains |

containing these plasmids. Work in other plas-
mid systems (E. coli [26] and Staphylococcus
aureus [31]) has established that such inter-
locked molecules are replicative intermediates
in the plasmid life cycle and that these dimers
are ultimately processed to yield two mono-
meric CCC molecules. It seems reasonable to
speculate that the dimeric catenanes of pVA310
and pVA318 are replicative intermediates.
When examined by velocity sedimentation
(Fig. 2), the amount of catenated molecules of
pVA310 and pVA318 usually represented be-
tween 15 and 25% of the total plasmid DNA
recovered from the lower band of preparative
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CsCIl-EB gradients. Interlocked circular dimers
of the R6K plasmid of E. coli (26 x 10°-dalton
plasmid conferring streptomycin and ampicillin
resistance) may be readily isolated by CsCl-EB
centrifugation (24, 26, 29). Such dimers may be
present to the extent of 20 to 30% of the total
plasmid DNA (24; unpublished data). This
value is similar to the amount of catenated
molecules seen in preparations of pVA310 and
pVA318. The low percentage (3 to 5%) of dimers
seen in the electron microscope is a minimum
estimate and is undoubtedly due to the inabil-
ity to view large enough populations of mole-
cules by this technique.

The 3 x 10%-dalton plasmid of S. mutans LM-
7 (designated pAM7 by Clewell; personal com-
munication) shares a striking size resemblance
to pVA310 and pVA318. In fact, we have been
unable to show a statistically significant differ-
ence in the contour lengths of pVA310, pVA318,
and pAM7 (unpublished data). However, the
amount of pAM7 plasmid DNA relative to
chromsomal seen on CsCl-EB gradients of
crude lysates averages about 1.7% (11, 32). This
represents a plasmid copy number of 10 mole-
cules per 1.79 x 10° genomic equivalents. This
is in sharp contrast to the copy number of 20 for
pVA310 and pVA318.

Our physiological comparison of the plasmid-
containing and non-plasmid-containing S. mu-
tans strains (Tables 4 through 6) fails to provide
any clues as to possible plasmid function in this
species. The bacteriocin data (Table 5), how-
ever, are useful in establishing that the three
plasmid-containing strains represent unique
bacteriocin-producing types. Thus, although
pVA310 and pVA318 seem to be identical extra-
chromosomal DNA systems, they appear to be
present in strains that are physiologically
unique, based on the criterion of bacteriocin
production.

Our current studies are aimed at further at-
tempting to elucidate the function of these plas-
mid elements. Irrespective of whether or not
such phenotypic function(s) is(are) immedi-
ately established, these plasmids can be ex-
ploited in experiments designed to genetically
transpose chromosomal gene sequences onto
these extrachromosomal gene pools; accom-
plishment of this goal could result in the ampli-
fication of genes (and gene products), which
would greatly facilitate the biochemical and
genetic study of metabolic properties that con-
tribute to this organism’s ability to form dental
plaque and to promote caries.

Recently, we began examining strains of S.
mutans from ecological niches other than hu-
man dental plaque. A limited number of strains
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of S. mutans isolated from infected human
blood (14) and from the teeth of wild rats (9)
have been investigated in this regard and plas-
mid-containing strains have been identified in
both groups (S. S. Virgili and F. L. Macrina,
manuscript in preparation). These plasmids
should greatly facilitate comparative molecular
and physiological studies. In addition, discov-
ery of these plasmids (all of which are of molec-
ular size <5 x 10° daltons) serves to establish
the presence of an extrachromosomal gene pool
in these unique S. mutans isolates.
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