ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Mar. 1992, p. 566-572

0066-4804/92/030566-07$02.00/0
Copyright © 1992, American Society for Microbiology

Vol. 36, No. 3

Autolysis of Methicillin-Resistant and -Susceptible
Staphylococcus aureus

JOHN E. GUSTAFSON, -2 BRIGITTE BERGER-BACHI,2 ANNI STRASSLE,? AND BRIAN J. WILKINSON®*

Microbiology Group, Department of Biological Sciences, Illinois State University, Normal, Illinois 61761,"
and Institute of Medical Microbiology, University of Ziirich, CH-8028 Ziirich, Switzerland®

Received 16 July 1991/Accepted 24 December 1991

The autolytic activities, including unstimulated, Triton X-100-stimulated, and daptomycin-induced, of
various sets of methicillin-resistant and related methicillin-susceptible strains were compared. Faster rates of
autolysis were noted in two heterogeneous methicillin-resistant transductants than in their methicillin-
susceptible parental recipients, in a heterogeneous resistant strain than in a susceptible derivative created by
chemical mutagenesis, and in a homogeneous resistant strain than in a derivative that had decreased methicillin
resistance and was created by transposon Tn551 mutagenesis. These results suggest that the presence of the
methicillin resistance region, mec, either directly or indirectly through an interaction with other host genes,
confers a faster rate of autolysis on strains. Various auxilliary genes are known to affect methicillin resistance
expression, and one of these genes, femA, was necessary for the expression of this faster rate of autolysis. These
differences in autolytic activities were not observed in isolated crude cell walls retaining autolytic activities,
suggesting different modes of regulation of autolysins in intact cells and isolated walls. In contrast, one
homogeneous, highly resistant strain, DU4916, had a lower autolytic activity than did derived heterogeneous
resistant and susceptible strains created by chemical mutagenesis and a strain that had decreased resistance
and was created by transposon mutagenesis. Our observations suggest that methicillin resistance expression is

associated with an enhanced rate of autolysis, in heterogeneous resistant strains at least.

There are two major classes of methicillin-resistant Staph-
ylococcus aureus strains—heterogeneous and homoge-
neous. Only rare cells in the population of heterogeneous
strains grow in the presence of high concentrations of
methicillin (34), whereas most cells in the population of
homogeneous strains grow in the presence of high methicillin
concentrations (18). A very important aspect of methicillin
resistance is the production of an additional low-affinity
penicillin-binding protein (PBP), PBP 2a (12, 26). PBP 2a is
encoded by a gene, designated mecA (23, 33), in the mec
region of the chromosome, which also carries other antibi-
otic resistance determinants (15).

The methicillin resistance mechanism is more complex
than can be accounted for by PBP 2a alone. There is a poor
correlation between the cellular amounts of PBP 2a in and
the methicillin MICs for heterogeneous strains (13). Under
certain growth conditions, the sensitivities of growth and
peptidoglycan synthesis were not clearly related to the level
of PBP 2a (19). The synthesis of PBP 2a is subject to a
variety of regulatory influences. The production of PBP 2a is
altered by growth conditions and is inducible in some strains
by B-lactams, and the inducibility may be affected by the
presence of a penicillinase plasmid (5, 27, 39). Recently,
Tesch et al. (35) described a region in mec, called mecR, that
affects the expression of PBP 2a.

Genetic studies have revealed the existence of genes other
than mecA and located elsewhere on the chromosome that
influence methicillin resistance. Transposon Tn551 mutants
carried the intact mecA gene and often produced normal
amounts of PBP 2a, but the MICs for these mutants were
close to those for susceptible strains (3, 17). Transforma-
tional and transductional analyses of mec have demonstrated
the importance of auxiliary genes in determining the hetero-
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geneous or homogeneous characteristics of the transfor-
mants or transductants (18, 24). A factor essential for the
expression of methicillin resistance, femA, has recently been
cloned and characterized (2). femA resides on chromosomal
segment 18, which is very distant from mec. The product of
femA is a 48-kDa protein that has no influence on the
synthesis of PBP 2a but is needed for growth in the presence
of B-lactam antibiotics.

There are a number of good reasons to examine the
autolytic properties of methicillin-resistant S. aureus for
their possible involvement in methicillin resistance. The
classic response of penicillin-susceptible S. aureus to B-lac-
tams is the inhibition of growth followed by cell lysis and
killing (4, 28, 38). Smith and Wilkinson (32) and Wyke et al.
(45) noted that homogeneous resistant strains were not lysed
and killed by high methicillin concentrations, despite the
presence of the four high-affinity PBPs found in susceptible
strains. Growth in the presence of methicillin leads to poorly
cross-linked peptidoglycan (25, 45), but resistant strains are
able to control this potential for increased lysis (25). Selig-
man (30) reported that methicillin-resistant S. aureus had an
unusual increased autolytic activity compared with that of
methicillin-susceptible strains and that this increased au-
tolytic activity was manifested as a decrease in turbidity in
Trypticase soy broth cultures shaken at 33°C but not in
standing cultures or cultures shaken at 37°C. Tomasz (36)
proposed that a hypothetical autolysin regulator, termed
factor X, is particularly important in homogeneous strains.
Gustafson and Wilkinson (11) found that a homogeneous
resistant strain had a lower autolytic activity than did
derived heterogeneous and susceptible strains.

Our purpose in this work was to examine the autolytic
properties of methicillin-resistant S. aureus in a variety of
ways. We studied a range of strains, including homogeneous
and heterogeneous strains and genetically related suscepti-



VoL. 36, 1992

AUTOLYSIS AND METHICILLIN RESISTANCE 567

TABLE 1. Strains of S. aureus used and their rates of autolysis

Rate of autolysis® in cells that
were:

Strain Relevant genotype Relevant phenotype®  Reference
Unstimulated Triton X-100
stimulated
Set 1
BB255 8325 Mc® 1,2 0.06 + 0.01 0.45 = 0.001
BB270 8325 mec Mc" He 1,2 0.22 = 0.02 0.49 = 0.03
BB308 8325 mec Q(femA::Tn551)2003 Mc® Em" 1,2 0.08 = 0.01 0.23 = 0.02
BB314 8325 mec deletion at 14.7 kb Q(femA::Tn551)2003 Mc" Em® 3 0.12 = 0.02 0.42 = 0.01
BB330 8325 Q(femA::Tn551)2003 Mc® Em’ 3 0.04 = 0.01 0.40 = 0.01
BB586 8325 mec Q(femA::Tn551)2003 pBBB31 Mc" He Em" 3 0.07 = 0.01 0.22 = 0.01
Cm"
BB568 (COL) COL mec Mc' Ho 17 0.06 = 0.002 0.29 = 0.01
BB403 COL mec Q(femA::Tn551)2003 Mc® Em” 1,2 0.08 + 0.01 0.17 = 0.01
BB399 (DU4916) DU4916 mec Mc" Ho 1,2 0.15 = 0.004 0.25 + 0.002
BB401 DU4916 mec Q(femA::Tn551)2003 Mc® Em" 1,2 0.12 = 0.01 0.49 = 0.01
Set 2
ANS46 mec Mc" He 22 0.09 = 0.01 0.45 = 0.02
ANS62 Mc® 22 0.10 = 0.01 0.22 = 0.01
Set 3
SC4 8325-4(pl1524) Mc® 14 0.07 = 0.006 0.19 = 0.01
SCdmecC5 8325-4(p1524) mec Mc' He 14 0.13 = 0.01 0.44 = 0.02
Set 4
DU4916 mec Mc' Ho 9-11 0.03 = 0.01 0.05 = 0.01
DU4916-K7 mec Mc" He 9-11 0.06 + 0.004 0.42 = 0.12
DU4916S Mc? 9-11 0.04 = 0.01 0.48 = 0.03

@ He, heterogeneous; Mc®, methicillin resistance was reduced but not to the level of a completely susceptible strain, such as BB255; Ho, homogeneous.

» Expressed as the first-order rate constant (h~?).

ble and resistant strains produced by chemical and transpo-
son mutageneses and transduction.

MATERIALS AND METHODS

Organisms and growth conditions. Four sets of genetically
related organisms were studied. These included strains pro-
duced by chemical mutagenesis and isogenic strains created
by transposon Tn55] mutagenesis and transduction (Table
1). The first set was used to focus on the involvement of
femA in autolytic activity. The second set included ANS46
(heterogeneous), which contains a genetically well-defined
mec determinant, and ANS62 (susceptible), which was de-
rived from ANS46 by acriflavine treatment (22). The third
set included SC4mecCS5 (heterogeneous), which was derived
by transduction with methicillin-resistant strain C5 (hetero-
geneous) as a donor and SC4 [8325-4(p1524)] (6, 14) as a
recipient. The fourth set included DU4916 (homogeneous
Mc"), DU4916-K7 (heterogeneous Mc*), and DU4916S (sus-
ceptible) (9-11), the latter two being derived from DU4916
by 5-aminoacridine-HCIl treatment. Sets two and three were
graciously provided by P. R. Stewart of the Australian
National University, Canberra, New South Wales, Austra-
lia.

All autolysis and crude cell wall (CCW) isolation experi-
ments were done with cells grown in a liquid medium (PYK
medium) consisting of 5.0 g of Bacto Peptone (Difco, De-
troit, Mich.), 5.0 g of yeast extract (Difco), and 3.0 of
K,HPO, per liter at pH 7.2. Cultures were grown at 30°C
with shaking (200 rpm) in a rotary shaking incubator. Dap-
tomycin-induced lysis experiments were carried out with
cation-supplemented (50 mg of Ca®>* and 25 mg of Mg?* per
liter) Mueller-Hinton broth (Difco) at pH 7.2 and 30°C.

Southern hybridization studies were done with cells grown
at 37°C in L broth (1) medium. A 2% (vol/vol) inoculum was
used to initiate growth in all experiments.

DNA manipulations. Southern hybridization was per-
formed essentially as described by Maniatis et al. (21).
Chromosomal DNA digested with EcoRV was probed with a
10.5-kb PstI chromosomal fragment known to include fernA4
and the adjacent regions.

CCW isolation. CCW isolation procedures have been
described in detail elsewhere (42). Organisms from a 1-liter
PYK culture grown to an Asg, of 1.0 were harvested by
centrifugation (13,800 x g, 4°C, 10 min), washed by resus-
pension in 200 ml of cold distilled water, and reharvested.
The cells were resuspended in 50 ml of cold distilled water,
and the suspension was placed in a 100-ml Bead Beater
(Biospec, Bartlesville, Okla.) blending unit with 50 ml of
cold 0.1-mm glass beads. The cells were broken in five
consecutive 2-min intervals with the apparatus packed in
bags of ice; the machine was allowed to rest for 2 min
between intervals. The glass beads were removed with a
sintered glass filter under vacuum, and the filtrate was
retained. The CCWs were harvested from the filtrate by
centrifugation as described above, washed twice in 100 ml of
cold distilled water by resuspension, and centrifuged before
being lyophilized.

Triton X-100-stimulated autolysis. Triton X-100-stimulated
autolysis was measured essentially as described by Gustaf-
son and Wilkinson (11). Washed exponential-phase cells
were resuspended in 0.05 M Tris-HCI (pH 7.5) buffer (un-
stimulated) or 0.05 M Tris-HCI (pH 7.5) buffer containing
0.05% (wt/vol) Triton X-100 (stimulated) in spectrophotom-
eter cuvettes and incubated stationary at 30°C. The rates of
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FIG. 1. Hybridization of the cloned PstI fragment known to
include femA with EcoRYV restriction nuclease digests of homoge-
neous methicillin-resistant S. aureus BB568 and BB399 and their
femA derivatives BB403 and BB401, respectively.

autolysis were calculated as first-order rate constants (log
Asgo at time zero/logAsg, at time ¢ = kt/2.303) by simple
least-squares regression of logAsg, at time zero/logAdsg, at
time ¢ versus 7.

Daptomycin-induced autolysis. Daptomycin-induced auto-
lysis was measured as described by Gustafson and Wilkin-
son (11).

CCW autolysis. CCWs were resuspended in 0.01 M so-
dium acetate buffer (pH 5.0) or 0.05 M potassium phosphate
buffer (pH 7.2) in spectrophotometer cuvettes to an Asg, of
0.6 to 0.7, with a brief sonic treatment. Attempts were made
to stimulate CCW autolysis by adding RNase (0.5 mg/ml) or
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lysozyme (0.5 mg/ml) (41) to CCWs in sodium acetate buffer
or by adding trypsin (5 pg/ml) (31) to CCWs in potassium
phosphate buffer. CCWs were incubated at 30°C.

RESULTS

Transposon Tn551 insertional inactivation of femA in BB568
(COL) and BB399 (DU4916). Southern hybridizations with a
femA probe were performed on EcoRV digests of chromo-
somal DNAs from strains BB568, BB403, BB399, and BB401
(Fig. 1). In BB568 and BB399, femA is located on a 2.2-kb
fragment. This fragment disappears upon insertion of the
5.2-kb transposon Tn551 and is replaced by a 7.4-kb frag-
ment in strains BB403 and BB401. These results suggest that
the insertion has occurred in the same region of the chromo-
some in these two strains.

Triton X-100-stimulated whele-cell autolysis. The first-or-
der rate constants for unstimulated and Triton X-100-stimu-
lated whole-cell autolysis were measured in all the strains
used in this study (Table 1). The results obtained with set 1
are also shown in graphic form in Fig. 2.

The heterogeneous methicillin-resistant transductant SC4
mecCS5 showed a faster rate of Triton X-100-stimulated
autolysis than did its methicillin-susceptible parental strain,
SC4. Strain BB270, a heterogeneous methicillin-resistant
transductant, showed a faster rate of unstimulated autolysis
and daptomycin-induced autolysis (Fig. 3) than did the
transduction recipient BB255 and a slightly faster rate of
Triton X-100-stimulated autolysis than did BB255. Hetero-
geneous resistant strain ANS46 showed a faster rate of
autolysis than did a susceptible derivative created by acri-
flavine treatment.

Strain BB308, which is BB270 with a Tn551 insertion in
femA, showed a slower rate of Triton X-100-stimulated
autolysis than did BB270. A femA™* revertant of BB308,
strain BB314, regained higher autolytic activity. A Tn551
insertion in the femA gene of methicillin-susceptible parental

Y 68403 BB399 BB401
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FIG. 2. Unstimulated and Triton X-100-stimulated autolysis of methicillin-resistant and -susceptible S. aureus (set 1). Open symbols
represent cells in 0.05 M Tris-HCI buffer (pH 7.5), and closed symbols represent cells in 0.05 M Tris-HCI buffer (pH 7.5), and closed symbols
represent cells in 0.05 M Tris-HCI buffer (pH 7.5) containing 0.05% (vol/vol) Triton X-100. Each point represents the mean of three
experiments, and the standard deviations of the points are represented by error bars.
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FIG. 3. Daptomycin-induced autolysis of methicillin-resistant
and -susceptible S. aureus (set 1). Daptomycin (20 pg/ml) was added
to growing cultures at an Asg, of 0.2 to 0.3. Symbols: O, control; [J,
daptomycin. Each point represents the mean of three experiments,
and the standard deviations of the points are represented by error
bars.

strain BB255, yielding strain BB330, resulted in a small
decrease in the rate of autolysis. Taken together, these
results suggest that functional mec and femA determinants
are necessary for a faster rate of autolysis. However, when
strain BB308 was transformed with plasmid pBBB31 carry-
ing the cloned femA determinant, the resulting strain,
BB586, had an autolytic activity similar to that of strain
BB308. Strain BB586 was chloramphenicol and methicillin
resistant, suggesting that fem4 was being expressed. Plas-
mid pBBB31 contains femA and a truncated version of femB
(open reading frame 419) (2). Complementation of BB308 by
pBBB31 resulted in methicillin resistance expression that
was slightly lower than that in the parent, BB270, suggesting
that the expression of open reading frame 419 was needed to
attain the full level of methicillin resistance expression (2).
Likewise, femB may be necessary for restoring the full,
parental level of autolysis. Maidhof et al. (20) found that
pBBB31 (strain BB586) was unable to restore completely
parental (strain BB270) levels of cell wall turnover and
whole-cell autolysis to strain BB308.

The influence of femA on the autolysis of homogeneous
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Mc' strains was also studied. The femA4 mutant (BB403) of
BB568 (COL) showed lower autolytic activity than did its
parent, in accordance with the findings described above.
However, femA inactivation in BB399 (DU4916) resulted in
an increase in autolytic activity. Apparently, the genetic
background of the strain affects the influences of mec and
femA on autolytic activities.

When the DU4916 (fourth) set of strains was examined,
we confirmed our previously reported finding with these
organisms (11). DU4916 showed very low autolytic activity,
whereas DU4916-K7 and DU4916S showed high Triton
X-100-stimulated autolytic activities (Table 1).

It should be noted that BB399 (DU4916 maintained in the
laboratory of B. Berger-Bachi for about a decade) showed a
faster rate of Triton X-100-stimulated autolysis than did
DU4916 (DU4916 maintained in the laboratory of B. J.
Wilkinson). The reason for this is not known. However, the
daptomycin-induced and CCW autolysis rates were very
similar.

Overall, unstimulated rates of autolysis were slow and
either were not much different between strains, e.g., ANS46
and ANS62, or tended to parallel Triton X-100-stimulated
autolysis rates, e.g., SC4 and SC4mecCS5.

Daptomycin-induced autolysis. Daptomycin-induced auto-
lysis was used to determine whether the findings noted
above would also be observed with another method of
stimulating autolysis. The results with the heterogeneous
femA series (set 1) are shown in Fig. 3. The fastest rate of
lysis was seen with BB270, which contains femA and mec.
BB308 (mec) showed a slow rate of autolysis, whereas the
femA™ revertant of BB308 (BB314) showed a faster rate of
autolysis.

In the other sets of strains studied, daptomycin-induced
autolysis tended to parallel Triton X-100-stimulated autoly-
sis, although the results were not as dramatic (data not
shown). As was noted previously for strain DU4916 (11)
(data not shown) and strain BB399 (Fig. 3), daptomycin
inhibited growth, but lysis did not follow.

CCW autolysis. CCW autolysis in the presence and ab-
sence of lysozyme, RNase, and trypsin was measured for
strains DU4916, DU4916-K7, and DU4916S; ANS46 and
ANS62; BB255, BB270, and BB308; BB568 and BB403; and
BB399 and BB401. CCW autolysis was faster in 0.05 M
sodium acetate buffer (pH 5) than in 0.05 M potassium
phosphate buffer (pH 7.2). RNase and lysozyme stimulated
autolysis, whereas trypsin had little effect. There were no
striking differences in CCW autolysis for strains DU4916,
DU4916-K7, and DU4916S; BB255, BB270, and BB308; and
BB568 and BB403. These observations suggest that in these
strains, differences in autolysis seen in intact cells were not
reflected in CCWs. However, strain BB401 CCWs autolysed
much more rapidly than did those of strain BB399, mirroring
the differences seen in the autolysis of whole cells (Fig. 4).

DISCUSSION

Three distinct heterogeneous methicillin-resistant strains
showed faster rates of autolysis than did their methicillin-
susceptible parental transduction recipients or derived me-
thicillin-susceptible strains. This result implies that methicil-
lin resistance is associated with a faster rate of autolysis in
these heterogeneous strains. This finding is also compatible
with the report by Seligman (30) of an unusual increased
autolytic activity in methicillin-resistant strains. Also, Wale
et al. (40) observed that a methicillin-resistant strain of .
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FIG. 4. Autolysis of CCWs of homogeneous methicillin-resistant S. aureus BB399 and femA mutaat strain BB401. (a) Isolated CCWs
suspended in 0.1 M sodium acetate buffer (pH 5.0) with no additions (O) or with RNase (0.5 mg/ml) (O) or lysozyme (0.5 mg/ml) (A). (b)
Isolated CCWs suspended in 0.05 M potassium phosphate buffer (pH 7.2) with no additions (O) or with trypsin (5 wg/ml). Each point
represents the mean of three experiments, and the standard deviations of the points is represented by error bars.

aureus showed a faster rate of daptomycin-induced autolysis
than did an unrelated methicillin-susceptible strain.

The expression of methicillin resistance is affected by
auxiliary genes other than the mec determinant and located
elsewhere on the chromosome (2, 24). One such gene is
femA (2). From our studies, it appears that femA interacts
with mec to influence the rate of autolysis of a strain. femA
mutants of heterogeneous resistant transductant BB270 and
homogeneous resistant strain COL had slower rates of
autolysis than did the femA™ parental strains. de Jonge et al.
(7) studied the autolysis characteristics of Tn551 insertion
mutants with insertions outside the mec determinant of
homogeneous strain COL, including one, RUSA III-3, in
which the insertion may have been in femA. The mutants,
which had greatly decreased methicillin resistance and
showed heterogeneous resistance expression, also showed
reduced autolysis and cell wall turnover rates. femA codes
for a 48-kDa protein, and no significant homologies were
found with other known proteins, except for that coded for
by a related gene, femB (2). The precise role of the FemA
protein in the cell is unknown. However, Maidhof et al. (20)
showed that femA mutants of methicillin-resistant and -sus-
ceptible strains had a reduced peptidoglycan glycine con-
tent. Compared with femA™ strains, these mutants showed
slower rates of lysostaphin digestion of peptidoglycan,
whole-cell autolysis, and cell wall turnover and increased
susceptibility to B-lactam antibiotics.

It appears that the mec determinant in some way increases
the autolytic activity of heterogeneous resistant strains. This
increased autolytic activity cannot be expressed in the
absence of a functional femA gene. The results of Maidhof et
al. (20) suggest that cells with a reduced peptidoglycan

glycine content cannot express methicillin resistance well. It
is possible that peptidoglycan with a lower glycine content is
a poor participant in peptidoglycan biosynthesis in methicil-
lin-resistant strains in the presence of B-lactam antibiotics.

How might the mec region of the chromosome influence
the autolytic activity of a strain? The mec region, in addition
to encoding the gene for PBP 2a, may also encode resistance
to tetracycline, mercurial agents, and cadmium ions (15).
The expression of some of these determinants may well
involve the production of membrane proteins which may
affect the autolytic activity of a cell. Alternatively, it is not
inconceivable that PBP 2a could also have some autolytic
activity. Dollinger et al. (8) reported that the second pepti-
doglycan hydrolase of Enterococcus hirae (Streptococcus
faecium) covalently binds penicillin. However, de Jonge et
al. (7) found that a mutant of a methicillin-resistant strain
with a Tn551 insertion in mec retained a relatively fast rate of
autolysis, apparently arguing against PBP 2a having au-
tolytic activity.

The increased autolytic activities of cells bearing intact
mec and femA genes were not reflected in faster rates of
CCW autolysis. It appears that autolysins are regulated
differently in intact cells than in isolated CCWs. CCWs from
strain DU4916 and with poorly cross-linked peptidoglycan
show a fast rate of autolysis that is not expressed by intact
cells (25). Similar findings were obtained with strains BB270
and BB568 grown in the presence of methicillin (data not
shown). In an intact cell, the wall is subjected to hydrostatic
pressure that is not present in isolated CCW suspensions.
According to Koch’s surface stress theory of wall growth,
the stress from the hydrostatic pressure on bonds in pepti-
doglycan makes the bonds less stable, lowers the free
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energies of hydrolysis and activation, and accelerates split-
ting by autolytic enzymes (16).

Phenotypic expression of methicillin is increased or de-
creased by a variety of chemical and physical factors (29). In
view of the possible correlation of methicillin resistance and
autolysis, it is interesting to examine the effects of resis-
tance-altering factors on autolysis. Growth with NaCl and in
the presence of B-lactams increases resistance expression
(29) and increases the potential for autolysis (19, 25). Growth
at high temperatures, at pH 5.2, and in the presence of
chelating agents decreases resistance expression. The effects
of these factors on autolysis do not appear to have been
studied systematically.

de Jonge et al. (7) suggested that the fast rate of wall
turnover seen in methicillin-resistant strains serves to excise
anomalous segments of wall inserted during the different
degrees of acylation of PBPs that occur upon exposure to
B-lactams (44). However, methicillin-resistant strains can
apparently tolerate large amounts of peptidoglycan that is
abnormal in being poorly cross-linked (25, 45). Rather than
excising anomalous segments of wall, the function of the
increased rate of autolysis might be to aid in cell division.
Although methicillin-resistant strains grow in the presence of
B-lactam antibiotics, the wall that is synthesized is chemi-
cally abnormal (25, 45) and septa are grossly enlarged (43);
these abnormalities may interfere with cell division and
separation.

The results obtained with DU4916 and its heterogeneous
and susceptible derivatives in our previous study (11) and
the current study are exactly opposite those obtained with
the other strains studied. Strain DU4916 shows a variety of
low lytic activities, including unstimulated lysis and lysis
stimulated by Triton X-100, growth with NaCl, daptomycin,
vancomycin, and D-cycloserine (this study; 11, 25). The
reasons for the low lytic activity phenotype of this strain are
not known. Indications are that the ‘“defect’ involves the
autolysin substrate or autolysin regulation, rather than an
absence of autolysins. Autolytic activity is expressed by
CCWs and is extractable by freezing-thawing or LiCl treat-
ments, and strains derived from DU4916 have higher au-
tolytic activities (11, 25). It is possible that there is some-
thing about the chemistry and structure of the DU4916 cell
wall that confers a low susceptibility to autolysins to this
strain relative to strains DU4916-K7, DU4916S, and BB401.
The femA mutant of the other homogeneous strain studied,
COL (BB568), showed a lower autolytic activity. However,
we do not know whether the rate of autolysis of COL is fast
or slow compared with those of heterogeneous and suscep-
tible derivatives created by means other than Tn551 muta-
genesis. Recently, Chambers et al. (4a) reported that a
spontaneous heterogeneous mutant of COL (COL-het) was
more lytic than the homogeneous parent, COL.

It is also not clear, given our findings with the other sets of
strains studied, how DU4916 can express homogeneous and
high-level methicillin resistance in this low autolytic activity
background. It is interesting that an early paper by Lacey
(18) on this organism was entitled ‘“Staphylococcus aureus
DU4916—an atypical methicillin-resistant isolate?””> All me-
thicillin-resistant strains carry mec, but its expression is
modulated by various auxiliary genes (37). Presumably, the
genetic background of DU4916 is different from those of the
other strains examined.

In summary, there is an association between the hetero-
geneous expression of methicillin resistance and increased
autolysis involving at least the mec and femA determinants.
Further work is necessary to establish whether autolysis
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plays a direct role in methicillin resistance and to describe
the mechanistic details of increased autolytic activity.
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