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In vitro studies with penicillin and [3lHlstreptomycin in four strains of streptococci (S. faecalis, S. sanguis,
and S. mitis) were performed by simultaneously measuring the rates of bacterial killing and uptake of
streptomycin. In S. faecalis, penicillin stimulated streptomycin uptake, as has been shown by Moellering and
Weinberg (R. C. Moellering, Jr., and A. N. Weinberg, J. Clin. Invest. 50:2580-2584, 1971). Moreover, the
antibiotic combination was associated with an enhanced bactericidal rate which temporally correlated with
,-lactam-induced aminoglycoside uptake. In contrast, in viridans group streptococci (S. sanguis and S. mitis)
penicillin had no effect on streptomycin uptake and a minimal effect on bactericidal rate when compared with
either drug alone. These data suggested that the stimulation of streptomycin uptake in streptococci by penicillin
is strain or species specific and that important differences exist between enterococci and viridans group
streptococci regarding the mechanisms of ,-lactam-aminoglycoside potentiation.

Antibiotic synergy is perhaps best exemplified by the use
of a P-lactam combined with an aminoglycoside in the
therapy of enterococcal endocarditis. The enhanced antibac-
terial activity of the combination has been well established
both in clinical trials (26) and in an experimental model of
endocarditis (14). In studies on the mechanism of synergy in
enterococci, Moellering and colleagues (35, 36) demon-
strated that penicillin enhanced intracellular entry of other-
wise sublethal concentrations of streptomycin, suggesting
that the mechanism of sytergy in Streptococcusfaecalis was
similar to that shown earlier in Escherichia coli by Plotz and
Davis (36). However, from a mechanistic standpoint it is not
clear how penicillin would enhance uptake of aminoglyco-
sides in most gram-positive bacteria since no barrier to
aminoglycoside penetration comparable to that of gram-
negative bacilli has been described. Time kill studies (35, 36)
also demonstrated that enhancement of streptomycin entry
was associated with an increase in the rate of killing during
24 h as determined by the inability of cells to form colonies
on agar after overnight incubation. Twenty-four-hour time
kill studies have since become a generally accepted in vitro
method for examining bactericidal synergism in both gram-
positive and gram-negative bacteria.
Numerous 24-h in vitro time kill studies have shown

apparent synergy (i.e., a >2 logl0 enhanced bactericidal
effect) between P-lactams and aminoglycosides in gram-
positive organisms (5, 12, 20, 21, 41, 44). In vitro (22, 24, 33)
and in vivo (23, 25, 33) studies with Staphylococcus aureus
and Staphylococcus epidermidis in our laboratory, however,
indicated that a second mechanism by which cell wall-active
antibiotics (,-lactams, vancomycin) enhance the bactericidal
effect of aminoglycosides (or rifampin) is by preventing
regrowth of relatively resistant subpopulations. Twenty-
four-hour time kill studies often do not distinguish between
the aforementioned mechanisms of drug potentiation, and
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extended periods of incubation may be associated with
alteration of the growth media (17, 18) or antibiotic degra-
dation (10), further confounding the interpretation of such
experiments.
The purpose of the present study was to investigate

penicillin effects on streptomycin uptake and killing in
several previously characterized strains of viridans group
streptococci (3, 15, 16, 23) when compared with S. faecalis.
The viridans group streptococcus studies included S.
sanguis and S. mitis, not only because these species are a
common cause of viridans group streptococcal endocarditis,
but also because they demonstrate important differences in
penicillin-induced lethal effects (i.e., penicillin tolerance) in
vitro (15, 16, 23) and in vivo (3, 13).

MATERIALS AND METHODS
Bacterial strains and antimicrobial susceptibility assays. S.

faecalis El is a previously characterized strain (35, 36), and
S. faecalis L is a blood culture isolate from a patient with
infective endocarditis. S. sanguis Wicky is tolerant to the
lethal effects of penicillin, and S. mitis Sticky is nontolerant
(23). S. faecalis L was identified as to species by standard
biochemical testing (9). MICs were determined for both
penicillin and streptomycin in tryptic soy broth (TSB; Difco
Laboratories, Detroit, Mich.) by standard techniques (33).
Each determination was done in triplicate with a 5 x 105
CFU/ml inoculum with a final volume of 1 ml.
Time kill and streptomycin uptake studies. For time kill and

uptake studies, a 1:15 dilution of an overnight culture was
added to prewarmed TSB and incubated at 37°C for an
additional 60 min to ensure log-phase growth. Cells were
then placed into three flasks in a 37°C water bath for
determination of cell viability, streptomycin uptake, and
optical density (OD) as described previously (27-29, 32). To
determine cell viability, samples were removed at specified
times, serially diluted in normal saline, added to TSB agar
(1%) at 50°C, incubated at 37°C, and counted at 24 to 48 h
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FIG. 1. [3H]streptomycin uptake by S. faecalis L at 50 (circles)
and 100 ,ug (squares) of streptomycin per ml in the absence (0, O)
or presence (0, *) of 10 U of penicillin per ml is shown in A. The
corresponding bactericidal effects (same symbols) and the effects of
penicillin alone (+) and no antibiotic (x) are shown in B.

(32). To prevent the effects of antibiotic carryover, ,3-
lactamase (Difco) was added or cells were immediately
diluted 100-fold in iced saline or both. To determine strep-
tomycin uptake, cells were grown as described above. Cell
density was monitored turbidimeterically (OD) with a Klett-
Summerson photoelectric colorimeter. Samples (0.75 ml)
were removed at the times indicated, and samples were
washed with 3 ml of 3% NaCl (20°C). Membrane filtration
was performed, as previously described (8), with glass
microfiber filters (GF/C; Whatman Inc., Clifton, N.J.) pre-
soaked with 100 ,ug of unlabeled streptomycin per ml. We
used [3H]streptomycin at a final specific activity of 20 to 200
,uCi/mg after combining unlabeled streptomycin and radio-
labeled [3H]streptomycin sesquisulfate (Anmersham Corp.,
Arlington Heights, Ill.; specific activity, 1.2 mCi/mg). Mem-
brane filters were dried at 37°C overnight, and samples were
counted in a liquid scintillation counter as described previ-
ously (33). Streptomycin uptake was expressed as micro-
grams of streptomycin per unit of cell mass (40 Klett units)
after correction for nonspecific binding with 100 p.M
carbonyl cyanide-m-chlorophenylhydrazone (Calbiochem-
Behring, La Jolla, Calif.) (28).
Dose response time kill, aminoglycoside uptake, and OD

determinations at aminoglycoside concentrations of 5 to 100
p.g/ml for S. sanguis and 20 to 100 ,ug/ml for S. mitis were
simultaneously performed. The studies with S. mitis and S.
sanguis with streptomycin concentrations of 1 and 2.5
,ug/ml, however, were not performed simultaneously with
dose-response data at the three higher streptomycin concen-
trations. All determinations in viridans group streptococcal
strains were repeated at least in triplicate. Comparable
studies with S. faecalis L and El were performed as de-
scribed above except that these studies were done in dupli-
cate. Medium pH was determined with a Corning pH meter
(model 109; Corning Glass Works, Corning, N.Y.).

RESULTS

Dose-response, streptomycin uptake, and time kill studies in
S. faecalis. A representative dose-response, [3H]streptomy-
cin uptake, and time kill study for S. faecalis L is shown in

Fig. 1. The penicillin and streptomycin MICs for this strain
were 3.12 U and 62.5 ,ug/ml, respectively. In the absence of
penicillin, after a delay of 30 to 60 min, uptake proportional
to the external streptomycin concentration occurred (Fig.
1A). The addition of penicillin (10 U/ml) was associated with
marked stimulation in the rate and amount of streptomycin
taken up at streptomycin concentrations of 50 and 100 ,ug/ml.

Figure 1B shows the corresponding bactericidal effects of
the antibiotics. Neither streptomycin concentration was
associated with a bactericidal effect, although growth inhi-
bition was demonstrated as it was with penicillin alone. The
penicillin-induced stimulation of streptomycin uptake was
associated with enhanced bacterial killing (>2 log1o) at both
streptomycin concentrations. Additional studies with a pre-
viously characterized S. faecalis (El) for which the MICs of
penicillin and streptomycin were 3.12 U and 125 ,ug/ml,
respectively, were performed. Streptomycin uptake with
and without penicillin in El was qualitatively similar to that
in L. Corresponding time kill studies in El showed a greater
than 2.5 log1o decrease in CFU/ml at 2 h with 10 U of
penicillin per ml and both 100 and 200 jxg of streptomycin per
ml when compared with either drug alone (data not shown).

Dose-response, streptomycin uptake, and time kill studies in
S. sanguis and S. mitis. Figure 2 shows a representative
dose-response, streptomycin uptake, and time kill study for
the penicillin-nontolerant S. mitis strain with streptomycin at
concentrations ranging from 2.5 to 100 ,ug/ml. The MICs of
penicillin and streptomycin were 0.05 U and 32.25 ,ug/ml. As
with enterococci, the rate of aminoglycoside uptake was
proportional to external drug concentrations. In marked
contrast to enterococcal strains, however, the addition of 10
U of penicillin per ml was not associated with any measur-
able effect on streptomycin uptake. The effects of lower
concentrations of penicillin (1 U/ml) were also examined
with and without 2.5 p.g of streptomycin per ml. These
concentrations were used to more closely approximate the
corresponding fraction of the MIC used for the studies with
enterococcal strains. As with higher penicillin concentra-
tions (10 U/ml), there was no facilitated aminoglycoside
uptake or enhanced killing with the combination (data not
shown). Furthermore, neither preincubation with penicillin
for 1 h before the addition of streptonycin nor longer
incubation with the combination (up to 4 h) was associated
with stimulation of streptomycin uptake.

Figure 2B shows the bactericidal effects of these antibiot-
ics used alone or in combination. Whereas the addition of 10
U of penicillin per ml was associated with a slightly en-
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FIG. 2. [3H]streptomycin uptake by S. mitis Sticky at 2.5 (in-
verted triangles), 20 (triangles), 50 (squares), and 100 ,ug (circles) of
[3H]streptomycin per ml in the absence (V, A, O, 0) or presence
(V, A, *, 0) or 10 U of penicillin per ml are shown in A. The
corresponding bactericidal effects and the effects of penicillin alone
(+) and no antibiotic (x) are shown in B.
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hanced bactericidal effect at the higher streptomycin con-
centrations (20 to 100 ,ug/ml), this enhanced killing was no
more than would be expected as the sum of the individual
lethal effects of each antibiotic alone and was considerably
less than that seen with enterococci.

Figure 3 shows a representative dose-response, [3H]strep-
tomycin uptake, and time kill study in tolerant S. sanguis
Wicky. The MICs of penicillin and streptomycin were 0.05 U
and 2 ,ug/ml. Dose-response data with streptomycin concen-
trations from 1 to 100 ,ug/ml are shown; both streptomycin
uptake and killing with and without 10 U of penicillin per ml
were indistinguishable from those seen with the nontolerant
viridans group streptococcus. Penicillin at 1 U/ml also
showed no stimulation of streptomycin uptake or enhanced
killing. Comparable studies with tolerant S. sanguis Durack
(3) were identical to those with S. sanguis Wicky and S.
mitis Sticky (data not shown).

Twenty-four-hour time kill studies in viridans group strep-
tococci. To emphasize methodological problems with stan-
dard bactericidal assays and to compare the rate of killing in
our strains with those using a similar experimental design (5,
12, 20, 21, 41, 44), 24-h time kill studies were done for S.
mitis Sticky and S. sanguis Wicky with a large bacterial
inoculum, and samples were obtained at 0, 4, and 24 h.
Figure 4 shows a representative study with S. mitis Sticky.
Streptomycin alone at 20 ,ug/ml was associated with a
decrease in CFU/ml at 4 h followed by regrowth at 24 h. The
addition of penicillin to streptomycin caused little enhance-
ment in the bactericidal effect at 4 h. In contrast, at 24 h
there was a >2 log1o increased killing effect when compared
with that of either drug alone. The kinetics of killing were
typical for viridans group streptococci, which characteristi-
cally show streptomycin-associated killing or inhibition at 4
h at subinhibitory aminoglycoside concentrations followed
by regrowth by 24 h (5, 12, 20, 21, 41, 44) in the absence of
penicillin. Similarly, the same concentrations of antibiotics
in S. sanguis Wicky showed increased killing (3.2 log1o) at 24
but not at 4 h (<0.5 log1o). There was, however, relatively
less killing due to penicillin alone in this tolerant strain (23).
Whereas ,-lactam-associated growth suppression of a

subpopulation of aminoglycoside-resistant mutants (33)
might explain the lack of potentiation at 4 h and its presence
at 24 h, consideration of the initial bacterial mass, population
dynamics (i.e., a mutation rate of approximately 10-7), and
growth rates (doubling time of 1 h) indicated that early
regrowth seen at 1 to 4 h in cells exposed to streptomycin
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FIG. 3. [3H]streptomycin uptake by S. sanguis Wicky at 1 (in-
verted triangles), 5 (triangles), 50 (squares), and 100 ,ug (circles) or
streptomycin per ml in the absence (V, A, O, 0) or presence (V, A,
*, 0) or 10 U of penicillin per ml is shown in A. The corresponding
bactericidal effects (same symbols) and the effects of penicillin alone
(+) and no antibiotic (x) are shown in B.
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FIG. 4. In vitro bactericidal effects of penicillin at 10 U/ml (0),
streptomycin at 20 ,ug/ml (A), both penicillin and streptomycin (A),
and neither antibiotic (0) on S. mitis Sticky are shown in the left
panel. The effects (same symbols) on OD at 600 nm with penicillin at
10 U/ml, streptomycin at 20 ,uglml, both penicillin and streptomycin,
and neither antibiotic over 24 h are shown in the upper right panel.
Corresponding effects on external pH are shown in the lower right
panel.

alone was not likely due to mutational resistance. All strep-
tococci are aerotolerant anaerobes which produce acid as a
byproduct of metabolism, and growth-associated acidifica-
tion of media is observed (17). Since acidification of media is
associated with both decreased uptake of and increased
resistance to aminoglycosides (28), we examined the effect
of growth on medium pH in the absence of antibiotics. These
studies examined the effects of cell replication in log-phase
cells as determined spectrophotometrically (at 600 nm) on
external pH in unbuffered TSB. Both S. sanguis Wicky and
S. mitis Sticky lowered pH at a rate which was proportional
(r = 0.99 by least-squares analysis) to cell growth as deter-
mined by OD (y = 3.2921x + 7.24, where x is OD and y is
medium pH). In other words, there was a close relationship
between cell mass (OD), which increased over several
hours, and the rate of medium acidification in the absence of
antibiotics. Studies which examined the rate of acidification
over 24 h at a 1/10 dilution of overnight cultures in TSB,
Todd-Hewitt broth, and brain heart infusion broth (BBL
Microbiology Systems, Cockeysville, Md.) were also per-
formed. Acidification was seen in all three media, and there
were no apparent differences in the buffering capacities of
individual media. Combining data for the different media,
mean external pH values for a single representative experi-
ment (n = 3) in S. mitis Sticky, S. sanguis Wicky, and S.
faecalis El, respectively, were 7.50 + 0.29 at the inception
for all strains, 6.16 + 0.26, 6.30 + 0.29, and 6.86 + 0.21 at 3
h, and 6.0 ± 0.35, 5.70 ± 0.26, and 5.6 ± 0.22 at 24 h.
Buffering of TSB with 80 mM morpholinepropanesulfonic
acid (MOPS) (change in pH, <0.25 pH units per 24 h) did not
prevent regrowth in the presence of 20 ,ug of streptomycin
per ml at 24 h in either viridans group streptococcal strain
(data not shown). Potentiation at 24 h with antibiotic com-
binations therefore cannot be attributed to the effect of
penicillin on medium pH alone.

Figure 4 (right panel) shows a representative study exam-
ining growth as determined spectrophotometrically and ex-
ternal pH with and without antibiotics in log-phase S. mitis.
In the absence of antibiotics, there was acidification of the
media. The addition of 20 ,ug of streptomycin per ml was
associated with decreased growth (OD) when compared with
the control. OD, however, increased and pH fell for up to 6
h despite killing (1.2 log1o CFU/ml) of the cells as measured
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by the ability to form colonies in agar after overnight
incubation. In contrast, penicillin had a greater effect on
both the rate of growth (OD) and medium acidification (with
or without streptomycin) despite killing, which was compa-
rable to that seen with streptomycin alone at 4 h.

DISCUSSION

It is generally assumed that the mechanism of apparent
synergism in viridans group streptococci as demonstrated by
in vitro time kill studies (5, 12, 20, 21, 41, 44) or studies in an
experimental model of endocarditis (14) is similar to that
described for enterococci. Our data suggest that there are
important differences in the mechanism(s) of 1-
lactam-aminoglycoside potentiation between enterococci
and viridans group streptococci (S. mitis and S. sanguis). In
S. faecalis, as previously shown by Moellering and col-
leagues, penicillin facilitates the entry of otherwise sublethal
streptomycin concentrations. The 1-lactam-induced facili-
tated uptake of streptomycin was associated with a signifi-
cantly enhanced bactericidal effect when compared with
either antibiotic alone. Whereas commonly accepted criteria
for in vitro bactericidal synergism are based on 24-h time kill
data in enterococci (36), others have also recently shown
that synergism may be apparent by 4 h (the earliest time
tested) in S. faecalis (40). In contrast to S. faecalis, penicil-
lin, when used at concentrations above the MIC, demon-
strated no effect on streptomycin uptake at 0 to 4 h in S. mitis
Sticky and S. sanguis Wicky and a minimal effect on
lethality which was independent of the tolerance phenotype.
Comparable studies in an additional tolerant S. sanguis
strain (S. sanguis Durack), which has been used to demon-
strate both the potential significance of penicillin tolerance in
vivo and the benefit of ,B-lactam-aminoglycoside potentia-
tion in an experimental endocarditis model (3), also failed to
demonstrate 1-lactam induction of facilitated aminoglyco-
side uptake or an enhanced bactericidal effect. It is impor-
tant to point out, however, that studies in three South
African strains of viridans group streptococcus demon-
strated enhanced levels of cell-associated radiolabeled strep-
tomycin and tobramycin when cells were exposed to peni-
cillin. By Blount's criteria (1), these strains were relatively
resistant or moderately susceptible to penicillin. Whereas
there was no enhanced killing with 1-lactam-aminoglycoside
combinations, these data nevertheless suggest that 1-lactam
induction of aminoglycoside uptake may be strain specific
(Y. Yee, B. Farber, and S. Mates, Program Abstr. Annu.
Meet. Am. Soc. Microbiol. 1984, A85, p. 15; S. Mates,
personal communication).

Since marked potentiation with the ,B-lactam-aminoglyco-
side combination was observed at 24 h in these and other
strains of viridans group streptococci (5, 12, 41, 44), penicil-
lin-induced stimulation of streptomycin uptake might have
occurred between 4 and 24 h. Whereas this possibility
cannot be easily excluded experimentally, it is highly un-
likely. Early in vitro synergy (i.e., 2 to 4 h), as indicated by
a >2 log10 killing effect, is associated with ,B-lactam-induced
stimulation of aminoglycoside uptake not only in S. faecalis
but also in other bacterial species including S. aureus, E.
coli, and Pseudomonas aeruginosa (J. M. Zenilman, M. H.
Miller, and L. J. Mandel, Program Abstr. 25th Intersci.
Conf. Antimicrob. Agents Chemother., abstr. no. 346, 1985;
M. H. Miller, unpublished data). Moreover, 30-min
preexposure of cells to ,B-lactams and use of concentrations
in excess of the MIC (as was performed for viridans group
streptococci) is associated with stimulation of aminoglyco-

side uptake and killing within minutes. Consistently, chem-
icals which stimulate aminoglycoside uptake by alteration in
the cytoplasmic membrane energy state (27) also show in
vitro synergism by 2 h by standard time kill criteria (36). The
combination of a ,B-lactam and an aminoglycoside may be
synergistic by mechanisms unrelated to facilitated aminogly-
coside uptake. On the other hand, potentiation at 24 h, which
is seen with viridans group streptococci (5, 12, 20, 21, 41)
when a large inoculum is used to mimic bacterial densities
within infected valvular vegetations, may not be synergistic.
Streptococci exposed to subinhibitory concentrations of
streptomycin characteristically demonstrate killing (5, 12,
20, 21, 41) or inhibition followed by regrowth at 24 h.
Whereas the reasons for this early killing or inhibition and
regrowth are both unclear and likely multifactorial and each
study can be criticized from a methodological standpoint, it
is nevertheless important to point out that these in vitro data
have been generally accepted as indicating synergistic inter-
action of these antibiotics. Moreover, extended periods of
incubation favor not only regrowth of resistant subpopula-
tions (mutants or phenotypic variants) with varied resistance
to aminoglycosides (11, 21, 31, 32) but also antibiotic degra-
dation (10) and alteration in medium pH (17, 18) which might
decrease killing due to aminoglycosides (or ,B-lactams [17]).

Differences exist between enterococci and viridans group
streptococci as related to ,B-lactam-aminoglycoside potenti-
ation. The reason for the increased resistance to aminogly-
cosides in streptococci in general and enterococci in partic-
ular, however, is not understood. Relative aminoglycoside
resistance in all streptococci (2), as also suggested by Bryan
(4), is likely a result of the decreased electrical potential, A+,
present in streptococci which are aerotolerant anaerobes.
Since Aqi is the proximate driving force for aminoglycoside
uptake in gram-positive cocci, it in part regulates suscepti-
bility to this class of antibiotics (8, 28, 32). We have shown
that anaerobic incubation of S. aureus is associated with a
diminished level of A1 (29) comparable to that found in
streptococci incubated aerobically (19), as well as decreased
uptake and increased resistance to otherwise lethal concen-
trations of aminoglycosides.

Since enterococci may be more resistant to aminoglyco-
sides than viridans group streptococci (30), other mecha-
nisms must be considered. Unlike S. mitis and S. sanguis,
enterococci and other group D streptococci are resistant to
cytoplasmic membrane-active organic detergents (i.e., bile
salts), suggesting the possibility of a barrier to some com-
pounds which might include aminoglycosides. Both entero-
cocci and S. aureus, unlike other gram-positive cocci, are
able to grow on modified MacConkey agar (7), a selective
medium for gram-negative bacilli which contains bile salts
and sodium chloride. E. coli acrA mutants defective in
outer-membrane barrier function are hypersensitive to ami-
noglycosides and bile salts (6) and do not grow on Mac-
Conkey agar (M. H. Miller and T. J. Dougherty, Program
Abstr. Natl. Meet. AFCR, Washington, D.C., 3 to 6 May
1985). The presence of a barrier to aminoglycoside entry
might, in part, explain 3-lactam-induced aminoglycoside
uptake in enterococci and S. aureus (Zenilman et al., 25th
ICAAC). The relative resistance of S. faecalis to penicillin,
on the other hand, is not related to the inability of these
compounds to reach lethal target proteins but shows a better
correlation with binding affinity to penicillin-binding proteins
(42).
The lack of synergy in vitro does not suggest that addition

of streptomycin to penicillin would not benefit selected
patients or that ,B-lactam-aminoglycoside potentiation as
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seen in standard 24-h time kill studies does not predict
enhanced clinical efficacy. In vivo studies (38) and therapeu-
tic trials (39, 43) in patients with viridans group infective
endocarditis suggest the benefit of such a regimen in patients
receiving abbreviated parenteral therapy. Aside from short-
ening the duration of therapy, however, the addition of
streptomycin to penicillin has not been clearly shown to
benefit patients with viridans group endocarditis, and the
increased toxicity of this regimen is of concern particularly
in elderly individuals. The distinction between additive and
synergistic effects as suggested by our studies with viridans
group streptococci and enterococci, respectively, has impor-
tant therapeutic implications, however, and careful exami-
nation of the mechanism(s) of potentiation may suggest
novel approaches aimed at increasing the efficacy of and
decreasing untoward reactions to combination therapy.
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