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The effects of hen egg white lysozyme and the inorganic salt sodium thiocyanate
on the integrity of Streptococcus mutans BHT were studied by transmission
electron microscopy. Both control cells and cells exposed to NaSCN possessed
thick outer cell walls and densely staining inner cell walls juxtaposed to the
plasma membranes. In the presence of NaSCN, however, the S. mutans BHT
nucleoid was coagulated into thick electron-dense filaments. Exposure of S.
mutans BHT to 150 p.g of hen egg white lysozyme per ml resulted in the
progressive destruction of both the cell walls and the plasma membranes. The
enzyme appeared to affect the region of the cell wall septum, and exposure to 150
p.g of hen egg white lysozyme per ml for as short a time as 10 min resulted in
visible morphological cell wall alterations. At 30 min, ultrastructural observations
revealed that the majority of the cells were in the process of expelling a portion of
their cytoplasmic contents from the septal and other regions of the cells at the time
of fixation. After 3 h of incubation in the presence of this high lysozyme
concentration, gelled protoplasmic masses, which were free from the cells, were
evident. In addition, extensive damage to the outer and inner cell walls and to the
plasma membranes was apparent, although the cells maintained their shape. On
some areas of the cell surface, the outer cell wall and plasma membrane were
completely absent, whereas at other locations the outer cell wall was either split
away from the inner cell wall and plasma membrane or distended from an area free
of inner cell wall and plasma membrane. Upon addition of NaSCN to the hen egg
white lysozyme-treated cells, both the gelled protoplasmic masses and the
damaged cells exhibited an exploded appearance and existed as membrane ghosts,
cell wall fragments, or dense aggregates of cytoplasmic components. The effects
of a low lysozyme concentration (22.5 p.g/ml) on S. mutans morphology were less
pronounced at short incubation times (i.e., 10 and 30 min) than those that were
observed with a high enzyme concentration; however, breaks in the cell walls and
dissolution of the plasma membranes with resulting cell lysis were visible after a
prolonged (3-h) incubation and after subsequent addition of NaSCN.

Salton (23) and Grula and Hartsell (11), in
their early investigations of the mechanism of
lysozyme action, used electron microscopy to
demonstrate that the enzyme caused destruction
of bacterial cell walls. More recent studies have
stressed the need for electron microscopy in
investigations of lysozyme bacteriolysis because
of possible problems of interpretation some-
times associated with the results of biochemical
assays (2, 27). A variety of microorganisms have
been previously examined for their interaction
with hen egg white lysozyme (HEWL, EC
3.2.1.17) by this technique (3, 6, 13, 26, 28). In
this communication, the results of ultrastructur-

al studies of the oral microorganism Streptococ-
cus mutans BHT are presented.
We are currently using S. mutans BHT as a

model bacterium to explore the bacteriostatic,
bactericidal, and bacteriolytic properties of hen
and human lysozymes. S. mutans BHT is very
sensitive to the growth inhibitory and killing
effects of these enzymes (15). However, radio-
chemical and biochemical assays suggest that
the presence of lysozyme alone does not cause a
release of DNA from cells with resultant cell
lysis (10). Bacteriolysis does take place when
appropriate concentrations of inorganic salts are
added to lysozyme reaction mixtures (21). Bio-
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chemical analyses also indicate that the majority
of the cell wall peptidoglycan of S. mutans BHT
is hydrolyzed by lysozyme treatment alone and
that additional strategically important peptido-
glycan is lost from these cells when inorganic
salts are added to reaction mixtures (9). Electron
microscopic observations noted in this investi-
gation confirm that cell lysis occurs rapidly with
salt addition and surprisingly illustrate that a
significant percentage of the cells are in fact
lysed with lysozyme alone even though released
DNA is not detectable in cell lysates (10). More-
over, our ultrastructural studies provide visual
clues to a determination of how lysozyme exerts
its antibacterial effects.

MATERIALS AND METHODS

Bacterial cultures and growth. S. mutans BHT, a
serotype b strain (18), was kindly provided by H.
Jordan, Forsyth Dental Center, Boston, Mass. Pri-
mary cultures were grown in brain heart infusion broth
(Difco Laboratories, Detroit, Mich.) to the late log
phase (optical density of 0.80 at 675 nm, 1-cm light
path) and then inoculated as a 1:400 dilution into FMC
synthetic medium (25). Incubations were carried out at
37°C, and cultures were harvested at the late log phase
of growth (optical density of 0.90 at 675 nm). Cell
pellets were washed three times in ice-cold distilled
water and suspended in 0.025 M ammonium acetate,
pH 6.8, to an optical density at 700 nm of 0.40 (109
cells per ml, Petroff-Hausser bacterial chamber) imme-
diately before lytic assays were performed.

Assays. Cell suspensions were preincubated with
stirring at 37°C. After 1 h, HEWL was added to a final
concentration of either 22.5 (low concentration) or 150
(high concentration) ,g/ml, and incubation was contin-
ued for an additional 3 h. Subsequently, either NaSCN
or NaF was added at a 0.1 M final concentration for an
additional 1-h incubation. Control suspensions con-
tained neither HEWL nor inorganic salts. Reaction
mixtures in which inorganic salts were added to the
cells in the absence of HEWL were also examined. In
preparation for electron microscopy, samples (9 ml
each) were removed during the time course of the
reaction and mixed with glutaraldehyde (1 ml, 50%
[vol/vol]; Polysciences Inc., Warrington, Pa.) in thick-
walled glass centrifuge tubes (12 ml; Ivan Sorvall,
Inc., Norwalk, Conn.).

Electron microscopy. .After prefixation in 5% glutar-
aldehyde (vol/vol) for 2 h at 4°C, the cells were
centrifuged at 27,500 x g for 1 h. The pellets were
sliced into approximately 2-mm2 sections, and the
sections were washed for 15 min (three times, 5 min
each) in 0.1 M sodium cacodylate buffer (pH 7.4) and
postfixed in 1% osmium tetroxide in cacodylate buffer
(pH 7.4), for 1 h at room temperature. The sections
were then washed (three times, 5 min each) with 0.1 M
maleate buffer, pH 5.15, and stained en bloc for 1 h at
room temperature with 1% (wt/vol) uranyl acetate in
0.1 M maleate buffer, pH 6.0. The stained sections
were washed in maleate buffer, pH 5.15, and dehydrat-
ed in a graduated cold ethanol series (50 to 100%).
Propylene oxide acted as a transitional solvent for
embedding in Epon (17).

Ultrathin sections were cut on a Porter-Blum MT2
ultramicrotome and placed on 200-mesh grids coated
with 0.3% Formvar film for low-magnification obser-
vations and on 300-mesh uncoated grids for high-
magnification observations. The thin sections were
sequentially stained for 25 min with freshly saturated
uranyl acetate in 50% ethanol and for 7 min with lead
citrate (22). All thin sections were examined and
photographed in a JEOL 100B or JEOL 100S transmis-
sion electron microscope operating at 60 and 80 kV,
respectively.

Biochemicals. Sodium thiocyanate and ammonium
acetate were purchased from Fisher Scientific Co.,
Pittsburgh, Pa., and sodium fluoride was purchased
from J. T. Baker Chemical Co., Phillipsburg, N.J.
HEWL (3x crystallized) was obtained from Sigma
Chemical Co., St. Louis, Mo., and the enzyme con-
centration was determined from the extinction coeffi-
cient of E1%m = 26.9 at 280 nm (16).

RESULTS
Control cells (Fig. 1) of S. mutans BHT incu-

bated for a period of 4 h in 0.025 M ammonium
acetate, pH 6.8, were morphologically similar to
Lactobacillus casei and Lactobacillus plan-
tarum cells (26). The cells possessed a cell wall
approximately 28 to 33 nm in diameter, consist-
ing of an outer cell wall (17 to 22 nm thick) and
an inner cell wall (approximately 11 nm thick).
The inner cell wall was juxtaposed to the lightly
staining plasma membrane. S. mutans BHT ex-
posed to NaSCN (Fig. 2) was identical in mor-
phology to untreated control cells (Fig. 1), with
the exception of a markedly coagulated nu-
cleoid. The coagulated nature of the nucleoid in
the presence of the inorganic salt (i.e., NaSCN)
is in agreement with the observations of Gilpin
and co-workers (7) in their studies of salt activa-
tion of autolytic enzymes in a mutant of Staphy-
lococcus aureus.
Exposure of S. mutans BHT to high concen-

trations (150 ,ug/ml) ofHEWL resulted in signifi-
cant alterations in gross morphology. As early as
10 min of incubation and characteristic of cells
incubated for 30 min was the ejection of swollen
cytoplasmic material (Fig. 3 and 4), with little
apparent morphological alteration of the cell
wall and plasma membrane. In a majority of
instances, the electron-opaque cytoplasmic ma-
terial appeared gelled or coagulated at the septal
regions of dividing cells. However, gelled mass-
es were also noted attached along the periphery
of many cells. After a 3-h incubation in the
presence of 150 jig of HEWL per ml, there was
extensive damage to the cell wall and plasma
membrane of S. mutans BHT (Fig. 5). Not only
had the cell wall detached from the plasma
membrane, but it was also broken and markedly
degraded (Fig. 5). Figure 5 (inset) illustrates
where portions of the cell wall had been stripped
away, leaving thin and amorphous fragments. In
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FIG. 1. Electron micrographs of S. mutans BHT control cells. Cells were incubated for a period of 4 h. Low
magnification (x 27,000) demonstrates a homogeneous population of normal cells. (Inset) High-magnification
electron micrograph showing well-defined outer cell wall (OW), dense inner cell wall (1W), and plasma cell
membrane (P) (x207,000).

FIG. 2. Electron micrographs of S. mutans BHT cells treated with NaSCN. Cells were preincubated for 1 h
and then treated with NaSCN for an additional 3 h (see text for details). Low magnification (x27,00O) illustrates
that the nuleid(NU material of the- e-lls becomes- prononced,,- in the- prese,nce, of inorgrannircsats. (Inset) H4igh-
magnification electron micrograph, showing that the outer cell wall (OW), inner cell wall (IW), and plasma
membrane (P) are apparently intact (x175,500).
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FIG. 3. Electron micrograph of S. mutans BHT cells treated for 10 min with a high concentration of HEWL.

Cells were preincubated for 1 h and then treated with HEWL for 10 min (see text for details). Low magnification
(x27,000) shows cells in the early stages of lysis. Gelled or coagulated cytoplasmic masses (0) are in the process

of expulsion from the cells, a process which occurs mainly at septal regions. Granules can also be clearly seen

within the cytoplasm of the cells and within the coagulated masses (arrowhead).

addition, numerous holes or breaks in the plas-
ma membrane occurred after a 3-h incubation in
the presence of 150 ,ug of the enzyme per ml.
Interestingly, the cells maintained an oblong-
spherical shape even in the absence of signifi-
cant portions of their cell wall. Note also that,
except for the released coagulated protoplasmic
masses, essentially all of the cytoplasmic ribo-
nucleoprotein was still confined within the plas-
ma membrane of the distorted cells.

Incubation of S. mutans BHT in 22.5 ,ug of
HEWL per ml for 30 min to 3 h resulted in
changes in cell morphology similar to those
observed in cells incubated in 150 jig of HEWL
per ml; however, in the presence of the lower
enzyme concentration, the morphological
changes were less pronounced during the early
incubation times. Figure 6a is representative of
S. mutans BHT incubated for 30 min in the
presence of 22.5 jig of HEWL per ml. The cells
were, for the most part, typical of control cells
(Fig. 1 and 2), displaying an intact cell wall and
uniformly electron-opaque cytoplasm. Howev-
er, there was some evidence of the effects of the
enzyme even at this low concentration and short

incubation time. For example, there was a rec-
ognizable thinning and "loosening" of the outer
cell wall in the septal region. Incubation for 3 h
in the presence of 22.5 ptg of HEWL per ml
resulted in recognizable damage to the cells (Fig.
6b). Figures 6b and c indicate both the destruc-
tion of the cell wall and the loss of rigidity at the
septal region. Note how, in one cell (Fig. 6c), the
fragmented end of the outer cell wall peeled
back over itself and was associated with signifi-
cant damage to the plasma membrane. In addi-
tion, cytoplasmic material had leaked out
through the destroyed plasma membrane.

Exposure of S. mutans BHT to the low con-
centration of lysozyme plus 0.1 M sodium thio-
cyanate resulted in complete cellular destruction
(Fig. 6d and inset). Both cell wall and plasma
membrane were fragmented and destroyed, ex-
posing the cells to plasmolytic events which
resulted in both the loss of the characteristic
streptococcal shape and the loss of the cytoplas-
mic contents. Sequential treatment with high
concentrations of HEWL followed by 0.1 M
NaSCN resulted in the separation of two frac-
tions after centrifugation at 27,500 x g. The
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FIG. 4. Electron micrograph of S. mutans BHT cells treated for 30 min with a high concentration of HEWL.
High magnification (x53,100) illustrates that after a 30-min treatment with HEWL, the majority of the outer cell
walls, inner cell walls, and plasma membranes are essentially intact. The gelled protoplasmic masses (e) contain
both granules (small arrowhead) and vesicular material (large arrowhead).

bottom or rapidly sedimentable fraction con-
tained what appeared to be small pieces of
exploded cytoplasmic debris (Fig. 7a), whereas
the top fraction was more representative of
lysed cells. Cell walls with attached plasma
membrane ghosts, cell wall fragments, and
dense "aggregates" of cytoplasmic components
(Fig. 7b) were also found in this fraction. The
aggregates of cytoplasmic components could be
seen as either separate masses or attached with-
in the plasma membrane ghosts (Fig. 7c). Note
in Fig. 7c that both outer and inner cell wall
fragments were associated with the plasma
membrane ghosts. The plasma membrane ghosts
themselves showed breaks in their structures
and were not of uniform shape or size (Fig. 7b
and c). In contrast to NaSCN, the addition of
NaF at the concentration tested (0.1 M) did not
result in bursting of the HEWL-treated cells,
although more debris was present in comparison
with HEWL treatment alone (data not shown).

DISCUSSION
It is commonly accepted that digestion of

bacterial cell walls by lysozyme or other lytic

enzymes leads to the bursting of the cell walls
and the dispersal of the cell contents, yielding
various endpoints of lysis. The degree of solubi-
lization, however, has been suggested to depend
upon the solubility of the released materials, the
composition of the menstruum, and the presence
and activity of the endogenous lytic enzymes of
the cell (12). In terms of turbidimetric assays,
which are used by most investigators to monitor
enzymatic cell lysis, it has been suggested that
clearing of the reaction mixture does not occur
until the index of refraction of the bacterial
suspension nears the index of refraction of water
(14). In bacteria such as Micrococcus luteus,
which are virtually completely sensitive to the
bacteriolytic action of lysozyme, turbidimetric
assays have been used successfully to quantitate
the percentage of bacteriolysis (24). However,
conclusions based on turbidimetric assays may
for the following reasons yield problems in stud-
ies with bacteria not normally thought to be
sensitive to the lytic action of lysozyme alone.
(i) Lysozyme is known to aggregate a wide
variety of bacteria determined to be lysis insen-
sitive by biochemical assays. Thus, optical den-
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FIG. 5. Electron micrographs of S. mutans BHT cells treated with a high concentration of HEWL for longer
incubation periods. Cells were preincubated for 1 h and then treated with HEWL for 3 h (see text for details).
Low magnification (x40,320) illustrates extensive cell wall and cell membrane damage (arrowhead). Protoplas-
mic masses (*) have been expelled and are free of the cells. (Inset) High-magnification electron micrograph
showing areas of the cell surface where the outer cell wall (OW), inner cell wall (lW), and plasma membrane (P)
are no longer present (arrowhead), where the IW and P are still evident but most of the OW has disappeared, and
where the OW is distended from an area where the IW and P are absent. The septal region (S) has been
extensively damaged (x67,200).
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FIG. 6. Electron micrographs of S mutans BHT cells treated with either a low concentration ofHEWL alone
or HEWL followed by NaSCN. (a) Cells preincubated for 1 h and then reacted with HEWL for 30 min (see text
for details). At this early incubation time, the cells appeared intact with mild thinning of the cell wall in the septal
region (arrowhead) (x54,600). P, Plasma membrane; IW, inner cell wall; OW, outer cell wall. (b) Cells incubated
for 3 h with HEWL showing destruction of the cell wall (arrow-heads) initiating at the septal region (x54,600). (c)
Cells showing more extensive destruction of the cell walls and cell membranes, with leakage of cytoplasmic
ribonucleoprotein (*). The outer cell wall of one cell appears to be peeled back over itself (arrowhead) (x54,600).
(d) Low magnification (x37,800) of HEWL-treated cells after incubation for 1 h with NaSCN showing partial
destruction of cell wall and membrane areas on each cell. (Inset) High-magnification electron micrograph
showing that many cells have lost the majority of their cytoplasmic contents through destruction of their cell
surface (arrowhead), although a dense cytoplasmic structure remains (x75,600).
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FIG. 7. Electron micrographs of S. mutans BHT cells treated with a high concentration of HEWL followed

by NaSCN. Cells were preincubated for 1 h, reacted with HEWL for 3 h, and then incubated for a further 1 h
with NaSCN (see text for details). (a) Lower portion of a high-speed pellet demonstrating cytoplasmic masses
and aggregates which have been broken up into smaller pieces of debris with the addition of salt (x40,000). (b)
Low magnification (x40,000) of the top portion of a high-speed pellet consisting of a crude membrane fraction
(P), dense cytoplasmic aggregates (C), and outer cell wall fragments (OW). (c) High magnification (x90,000) of
the top portion of a high-speed pellet showing the association of dense cytoplasmic aggregates (C) and outer
(OW) and inner (IW) cell wall fragments with the damaged membrane fragments and vesicles. P, Plasma
membrane.
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sities may increase instead of decrease (20). (ii)
Partial drops in turbidity may not represent true
lysis, as the lysis cannot be correlated with
degradation of cell wall peptidoglycan and DNA
release (9, 10). (iii) In contrast to (ii), many
gram-positive bacteria have been reported to be
completely lysed, as measured by DNA quanti-
tation, although they remain turbid (5).
An alternative biochemical assay based on

DNA liberation has been used by just a few
investigators in an attempt to achieve quantita-
tion of the lytic process in systems in which
lysozyme is coupled to inorganic salts or deter-
gents to achieve the desired lytic effect (5, 9, 10,
21). However, as recently reported for the lyso-
zyme-inorganic salt lysis of Veillonella alcales-
cens, absolute quantitation of the DNA may
depend on the extent of liberation of the DNA
from aggregated cytoplasmic components (27).
Lysozyme may be entering the cell through its
ability to alter the permeability of the plasma
membrane (19) and may combine with and ag-
gregate cytoplasmic components which are sub-
sequently released as the coagulated or gelled
protoplasmic masses observed in this study.
Inorganic salts at appropriate concentrations
seem to break up or explode not only these
swollen cytoplasmic masses but also the dam-
aged cells themselves, probably bringing about
release of the DNA (Fig. 7c). However, the
amounts of aggregated cytoplasmic debris re-
maining within or released from the cells (Fig. 6d
and 7c) likely determine the final quantitation of
the DNA (27). Thus, although DNA liberation
can be corroborated by ultrastructural analyses
(10), quantitation through this type of assay is
questionable in terms of interpreting the exact
degree of lysis. Moreover, the results demon-
strate that DNA release is not of value for
determining whether lysis takes place in the
presence of lysozyme alone. Although we have
reported that DNA is not detectable in superna-
tants when lysozyme is reacted with S. mutans
BHT (10), clearly lysis in the form of released
cytoplasmic masses was taking place, as ob-
served by electron microscopy (Fig. 3 to 6).

Lysis of the S. mutans BHT cells with lyso-
zyme alone might be expected on the basis of
cell wall degradation studies, in which lysozyme
treatment caused a loss of 70% of the insoluble
peptidoglycan (9). Previous studies have shown
that lysozyme can effect expulsion of "spherical
bodies" in both Bacillus megaterium and Bacil-
lus anthracis (8). In B. megaterium, the action of
lysozyme appeared to be particularly located at
the ends of the cells, whereas in B. anthracis,
the entire cell wall appeared to be involved. The
spherical bodies or gelled cytoplasms which lack
an intact plasma membrane (4) have been ob-
served gradually to become less opaque and

finally disappear (8). For S. mutans BHT, cells
lysed by lysozyme alone may represent cells
harvested at a particular point in the cell division
cycle, or lysis may initiate at the septal region
where newly synthesized peptidoglycan would
be expected to be sensitive to the enzyme. In
addition, since lysis of S. mutans BHT by lyso-
zyme is also observed at cell surface sites other
than at the septa, some cells may have had an
important fraction(s) of their cell wall peptido-
glycan optimally positioned for lysozyme diges-
tion, such that lysis of these cells occurred.
Digestion of peptidoglycan located between the
outer cell wall and the inner cell wall may affect
a strategic site, leading first to a splitting away of
the outer cell wall followed by cell lysis (Fig. 5).
Barker and Thorne (1) have made similar elec-
tron microscopic observations for lysozyme ef-
fects on L. casei. Of interest, this splitting
between the outer and inner cell walls could also
be very important in terms of breakdown by
lysozyme of cell-to-cell contact in chained
microorganisms during bacterial growth (29; T. P.
Byrnes, V. I. Iacono, J. J. Pollock, and M. L.
Rochon, J. Dent. Res. [special issue A] 60:571,
abstr. 1047, 1981).
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