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Tolerant strains of Streptococcus faecium had higher levels of muramidase 2 and lower levels of trypsin-
activable muramidase 1 than did susceptible strains. Susceptible strains lysed faster than did tolerant strains
in buffer and at some antibiotic concentrations. The addition of Triton X-100 produced equal lysis rates for
susceptible and tolerant cultures.

We recently reported that Streptococcus faecium ATCC
9790 was tolerant (T) of the lethal action of penicillin G as
well as of that of bacitracin, vancomycin, and D-cyclOserine
(8). Single-cell-colony isolates of ATCC 9790 exhibited an
approximate 5% loss of tolerance. A lineage analysis over
many transfers indicated that the change from tolerance to
susceptibility was reversible and that susceptible (S) deriv-
atives became tolerant at the same 5% frequency (8). The T
and S cultures studied differed from each other in the extent
of survival after exposure to penicillin G or to several other
inhibitors of cell wall synthesis and also in the rate of
penicillin-induced lysis (8). At concentrations that produced
detectable lysis of S cultures, penicillin induced lysis of T
cultures at a barely detectable rate. The availability of
strains with a high rate of change between tolerant and
susceptible states permitted an analysis of the physiological
basis for tolerance. S and T derivatives recloned three times
were used in this study.

Cultures were grown in Todd-Hewitt medium supple-
mented with 0.15% glucose, and antibiotics were added in
the exponential phase of growth when the cultures contained
about 108 cells per ml. All glassware was acid washed. For
autolysis assay cells were harvested as described previously
(14) by filtration on 0.65-p.m-pore membrane filters (Milli-
pore Corp., Bedford, Mass.), washed twice with about 5 ml
(each time) of ice-cold distilled water, and suspended in 0.3
M potassium phosphate buffer (pH 6.8) (12). Autolysis rates
(h-') were determined from the pseudo first-order reaction
rate as described previously (14).
Table 1 shows the rates of lysis of exponential cultures

exposed to various antibiotics. In the case of penicillin G or
D-cycloserine, S cultures lysed faster than did T cultures at
antibiotic concentrations below the MIC but not at or above
the MIC. For bacitracin, S cultures lysed faster than did T
cultures above the MIC. Finally, for vancomycin, rates of
lysis were not very different for S and T cultures examined
both above and below the MIC. The data shown in Table 1
indicate that in terms of cell lysis, T strains were only
relatively tolerant, since high enough concentrations of each
antibiotic resulted in lysis. For any one antibiotic, lysis was
not necessarily initiated near the MIC, which was deter-
mined at a much lower inoculum and after 24 h of incubation.
We have shown previously that the MICs of each of the
above-mentioned antibiotics for S and T derivatives are
essentially indistinguishable but that the MBCs are 16- to
100-fold higher for T derivatives than for S derivatives (8).
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The rates of lysis of S and T derivatives were determined
in 0.3 M potassium phosphate buffer. The T derivatives
autolyzed more than two times more slowly than did the S
derivatives (Table 2). The addition of trypsin to cells autolys-
ing in 0.3 M potassium phosphate buffer substantially in-
creased the rate of cell autolysis (Table 2), but the rates
remained faster for the S derivatives than for the T deriva-
tives. This result is in contrast to the marked stimulating
effect of trypsin on the rates of lysis of several previously
characterized autolysis-deficient derivatives of S. faecium
ATCC 9790 (7, 16). Both the S and T derivatives had
essentially the same rates of lysis after detergent treatment
(Table 2).
Crude muramidase 1 (El) and muramidase 2 (E2) were

extracted from S and T cells by the methods described by
Kawamura and Shockman (11, 15) and were assayed on S.
faecium and Micrococcus luteus walls, respectively. In each
instance the same dry weight of cells was suspended in the
same volume for alkaline extraction. The results of seven

TABLE 1. Rates of lysis of S and T strains with
various antibioticSa

Antibiotic and No. of Rate of lysis (h-') of: S/T lysis
concn (,ug/ml) determinations S strain T strain rate ratio

Penicillin G
5.0 14 0.64 ± 0.16 0.13 + 0.07 4.9

10.0 8 0.89 ± 0.18 0.51 ± 0.19 1.8
20.0 10 0.83 ± 0.30 1.00 ± 0.63 0.8

D-Cycloserine
1.0 4 0 0
2.5 4 0.32 ± 0.03 0 0

5.0 10 0.90 ± 0.37 1.02 ± 0.62 0.9
50.0 3 1.78 ± 1.25 3.03 ± 3.36 0.6

Bacitracin
5.0 4 0 0

10.0 4 0.26 ± 0.02 0.20 ± 0.04 1.3
20.0 4 0.73 ± 0.26 0.31 ± 0.06 2.4
25.0 4 1.19 ± 0.14 0.36 ± 0.09 3.3

Vancomycin
0.25 3 0.23 ± 0.05 0.25 ± 0.02 0.9
2.5 10 0.29 ± 0.31 0.23 ± 0.23 1.3

25.0 4 0.39 ± 0.37 0.50 ± 0.11 0.8
a All determinations were done for pairs consisting of an S strain and a

corresponding T strain. Rates of lysis were obtained from the exponential
portion of the lytic response curve (14). The MICs determined in Todd-Hewitt
medium containing glucose were as follows: penicillin G, 11 pg/ml; D-cyclO-
serine, 39 ,ug/ml; bacitracin, 12 ,ug/ml; and vancomycin, 1.5 ,ug/ml (8). The
MICs are ± 1 twofold dilution.
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TABLE 2. Rates of lysis in potassium phosphate buffer

Rate of lysis
Buffer (h'-) of: S/T lysisrate ratio

S strain T strain

Potassium phosphate buffer 0.80 0.33 2.42
(0.3 M) alone

Buffer + trypsin (3 p.g/ml) 3.19 0.96 3.32
Buffer + Triton X-100 (0.5%) 1.30 1.22 1.07
Buffer + Triton X-100 (0.8%) 2.77 2.60 1.07

independent extractions are given in Table 3. S and T
cultures contained approximately equal levels of active El;
however, S cultures contained nearly twice as much trypsin-
activable El as did T cultures. In contrast, T cultures
contained twofold-higher levels of E2 than did S cultures.

In some instances, genetic defects in specific autolytic
enzymes yield bacteria that are susceptible to growth inhi-
bition but relatively resistant to the lytic and, to some extent,
the bactericidal effects of some antibiotics (13, 18). In other
instances, defects in specific autolytic enzymes result in
slower rates of lysis and killing but not necessarily in
tolerance (7, 16). The T derivatives reported here differed
from the S derivatives in their muramidase content, but the
differences were quantitative rather than qualitative. More-
over, although the T strains were deficient in trypsin-
activable El, they actually contained higher levels of E2
(Table 3). Thus, the reduced rates of autolysis are not readily
explained.

Recently, Williamson and Tomasz reported that pneumo-
coccal isolates that were apparently not deficient in autolytic
activity but were tolerant of benzylpenicillin or of D-
cycloserine plus r3-chloroalanine were supersusceptible in
terms of the initiation of lysis to either bacitracin or vanco-
mycin (19). Two of their isolates, which had wild-type
susceptibility to deoxycholate-induced lysis, were classified
as Tol+ Lyt+. Susceptibility to deoxycholate-induced lysis
was thought to distinguish the two isolates from Lyt-
organisms, which have defective autolytic activity (19). In
autolysis-defective strains of S. faecium, susceptibility to
deoxycholate or to Triton X-100 is essentially identical (16).
Both the T derivatives reported here and the Tol+ mutants

reported by Williamson and Tomasz (19) lysed after deter-
gent treatment (Table 2). Unfortunately, the biochemical
basis of this phenomenon is unclear. It is possible that the
detergent treatment removes a lipidlike specific autolysin
regulatory component from the cell membrane. The exist-
ence of such potentially regulatory components has been
documented in both the pneumococcal and S. faecium
autolytic systems (1-6, 9, 17). However, other explanations

TABLE 3. El and E2 levels in S and T cultures

Ua of:

Strain El E2

Total" Active Activable'

S 18.5 ± 5.2 5.8 + 4.5 11.8 ± 6.7 6.8 + 4.9
T 11.3 + 4.6 5.7 ± 3.8 5.2 ± 4.1 13.3 + 7.8

a A unit is defined as the amount which reduces the turbidity of the cell
walls by 0.001 optical density units per min at 37°C. A total of 7 determina-
tions were done for E2 and active El, and 10 were done for total El.

Determined after the addition of trypsin (0.3 ,ug/ml).
Determined as the difference between total and active El for each

determination.

are possible, including destruction by the detergent of the
integrity of the membrane proper. An intact membrane
potential has been proposed to be necessary for the regula-
tion of cell autolysis in Bacillus subtilis (10). The lysis of
cultures of S. faeciirm deprived of glucose or exposed to
fluoride is consistent with this second view (E. Ternove-
Hinks, Ph.D. dissertation, Temple University, Philadelphia,
Pa., 1977). A third possibility which cannot be discounted is
that the detergent destroys the protoplast membrane and
permits an uninhibited interaction between autolytic en-
zymes and their cell wall substrates. Whatever the mecha-
nism, our data indicate that the detergent treatment removes
the differences in the rates of lysis observed between our S
and T strains.

This work was supported by BRSG grant S07 RR05417 and by
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