
JOURNAL OF BACERIOLOGY, Sept. 1970, p. 686-691
Copyright 0 1970 American Society for Microbiology

Vol. 103, No. 3
Printed in U.S.A.

Induction of Enterococcal L-Forms by the
Action of Lysozyme

JAMES R. KING' AND HARRY GOODER

Department ofBacteriology and Immunology, School ofMedicine, University ofNorth Carolina, Chapel Hill 27515

Received for publication 10 June 1970

Suspensions of enterococci were treated with lysozyme in the presence of osmotic
stabilizers. The resulting osmotically fragile bodies prepared from Streptococcus
jaecium strain F24 and S. faecalis strain El gave rise to L-forms under optimal
osmotic and nutritional conditions for treatment and subsequent growth. The most
critical component of the growth medium, to obtain maximum yields, was the na-
ture and concentration of the added salt. The two most effective salts were sodium
chloride and ammonium chloride in the range of 2 to 3% (w/v) added to a suitable
agar base. Ammonium chloride was more versatile, because it could be used with
either sucrose or polyethylene glycol 4000 as the osmotic stabilizer for preparation
and dilution of the osmotically fragile bodies. Sodium chloride would not con-
sistently support growth of S. faecium F24 as L-forms when polyethylene glycol 4000
was used as the osmotic stabilizer during lysozyme treatment. Time-course studies
of concurrent cell wall removal and L-form induction suggested that maximal in-
duction required only cell wall damage rather than complete wall removal. This
method for induction of L-forms from a suspension of enterococci is a significant
improvement over other presently known methods.

Gooder and Maxted (9) and Freimer, Krause,
and McCarty (6) induced L-phase growth of
group A streptococci by use of a phage-associated
lysin. Enzymatic induction of group D strepto-
coccal L-forms has not been previously obtained
by removal of the streptococcal cell wall, al-
though there are numerous reports of protoplast
formation by the action of lysozyme on group D
streptococci (1-3, 14). It was of interest to deter-
mine whether L-forms could be induced en
masse after damage to or removal of the cell wall
by lysozyme treatment.

In preliminary studies (8), Streptococcus
faecium (faecalis) strain F24 L-forms were ob-
tained from normal cell suspensions plated onto
medium containing 20 units of penicillin per ml.
In contrast to penicillin treatment alone, prior
lysozyme treatment in the presence of sucrose
increased the yield of L-forms 1,000-fold. In this
report, a system is described for appioximately
quantitative conversion of group D streptococci
to L-forms in the absence of penicillin in suitable
agar media.

I Present address: Laboratory of Microbiology, National
Institute of Allergy and Infectious Diseases, National Institutes
of Health, Bethesda, Md. 20014.

MATERIALS AND METHODS
Protoplast formation. Protoplasts were prepared

essentially by the method of Bibb and Straughn (2)
and Weibull (15). Cultures of S. faecium F24 and
S. faecalis El grown at 37 C overnight (stationary
phase) in Trypticase Soy broth (BBL, Division of Bio-
quest Laboratories, Cockeysville, Md.) were harvested
and washed three times in distilled water. Sucrose
(0.6 M) or polyethylene glycol 4000 (8%, w/v) was
used as an osmotic stabilizer in pH 7.1 tris(hydroxy-
methyl)aminormethane (Tris)-chloride buffer (0.01 M,
ionic strength 0.01). A mixture was prepared in the
buffer-stabilizer to contain 2 X 109 streptococcal col-
ony-forming units (CFU) per ml and 200,.g of lyso-
zyme (Nutritional Biochemicals Corp., Cleveland,
Ohio) per ml. The resulting mixture (turbidity equal to
250 Klett units) was incubated at 37 C for time periods
up to 2 hr. A similar control tube did not contain ly-
sozyme.

Viable counts of protoplast suspensions. Tenfold
serial dilutions of protoplast suspensions were made
in a solution of 0.01 M Tris-chloride buffer, pH 7.1
(ionic strength 0.01). As an osmotic stabilizer, either
0.6 M sucrose or 8% (w/v) polyethylene glycol 4000
was included in the diluent. These diluents will be
abbreviated TSD and PEG, respectively. In most
experiments samples from appropriate dilutions were
plated out onto the surface of growth medium com-
posed of Tryptone Soy agar (Oxoid, Consolidated
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Laboratories, Chicago, Ill.) containing 0.43 M NH4Cl,
0.5% (w/v) additional glucose, and 2% (w/v) Seitz-
filtered horse serum (previously inactivated at 56 C
for 30 min). This L-form growth medium will be
abbreviated LGM. Colonies were counted after in-
cubation of plates in plastic bags at 37 C for 2 to 5
days.

Chemical methods. Rhamnose (methyl pentose) was
determined by the Dische and Shettles (5) quantita-
tive colorimetric method.

Measurement of turbidities. A Klett-Summerson
photoelectric colorimeter equipped with a no. 54 filter
(wavelength range 500 to 570 nm) was used to meas-
ure the turbidity of suspensions.

Identification of growth as L-forms. Subculture was
attempted on blood-agar, bile aesculin, and LGM
plates. L-forms grew only on LGM, whereas un-
treated streptococci grew on all three media. Repre-
sentative colonies were stained by the method of
Dienes (4) and typical large bodies were seen.

RESULTS

The initial studies were performed to discover
the optimal lysozyme to cell ratio, length of time
of lysozyme treatment, suitable growth media,
and other features of a system which permitted
the growth of lysozyme-treated S. faecium F24
cells as L-forms. In these preliminary studies, it
was necessary to prevent the growth of any re-
sidual streptococci, so penicillin (20 units per
ml) was present in the medium LGM. The ability
of penicillin to induce L-forms under these cir-
cumstances was therefore studied. Suspensions of
streptococci were treated as described above,
except that lysozyme was omitted. After incuba-
tion at 37 C for varying time periods up to 1 hr,
dilutions were prepared as if the suspension were
protoplasts, and appropriate samples were plated
on LGM containing 20 units of penicillin per ml.
In numerous experiments, it was possible to grow
approximately 104 L-forms from suspensions
containing 5 x 109 CFU per ml of S. faecium
F24. This number did not vary when the incuba-
tion period ranged from 1 min to 1 hr or if the
penicillin concentration was increased to 1,000
units per ml of medium. It was therefore con-
cluded that, in this system, penicillin at 20 units
per ml of medium was minimally effective in
inducing L-forms and could be utilized in the
initial studies to prevent growth of residual
streptococci.

Effect of growth medium components. Suspen-
sions of S. faecium F24 (5 X 109 to 6 X 109
CFU/ml) were treated with lysozyme for 30 min
in the presence of 0.6 M sucrose. The resulting
suspension of osmotically fragile cells was di-
luted in TSD and plated out onto LGM contain-
ing 2% (w/v) additional NaCl instead of 0.43

M NH4Cl. Some components of the growth
medium produced differences only in colonial
appearance. For comparison, the appearance of
a colony of the parent strain S. faecium F24 after
incubation for 5 days at 37 C is shown in Fig. 1.
The diameter of such colonies was usually 3 to 5
mm, and the colonies possessed a smooth, sharp
edge and creamy texture. The growth shown in
Fig. 2 is an L-form obtained after incubation
under similar conditions in a medium devoid of

FiG. 1. Colony of Streptococcus faecium F24. Bar
represents 0.4 mm.

#. ~ ~ ~~~ ~ ~ ~ ~~~~~~~~~~~~~~~~~~~~~~..........$

FIG. :2. Stetccu faeiu .2 L-forms.....grow
i,'.th absnc OftSglcs and......................hos:eu. Bar,zrepre-.... ..

setsW10.4 mm.
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horse serum and additional glucose. The L-forms
exhibited a typical lacy and granular appearance,
and they rarely exceeded 0.5-mm diameter. The
L-forms appearing on a medium containing 2%
horse serum and 0.5% glucose are shown in Fig.
3. The growth, 1 mm in diameter, appeared as a
typical "fried egg" (dense granular centers sur-
rounded by much wider halos). In horse serum
concentrations up to 10%, the same robust
L-form was observed. The photographs shown
in Fig. 1, 2, and 3 were made during the pre-
liminary studies when NaCl supplied osmotic
support in the medium. Growth characteristics
in later studies using NH4Cl were similar to those
shown in Fig. 3.
On the other hand, variation in the concen-

tration of NaCl in the medium produced quanti-
tative differences in the L-form counts when 7 X
109 streptococcal CFU/ml were treated for 30
min with lysozyme in the presence of sucrose. In
these preliminary studies, penicillin (20 units/ml)
was used in the medium to retard the growth of
S. faecium cells unaffected by the lysozyme. In
the absence of penicillin, colonies from residual
streptococci overgrew the developing L colonies.
The effect of varying the NaCl concentration in
the presence of a variety of agar bases is shown
in Table 1. The optimal concentration for NaCl
in Trypticase Soy agar (BBL) and in nutrient
agar (Difco, Detroit, Mich.) was between 2.5
and 3.5% NaCl. In each base (also including
Tryptone Soy agar, Consolidated Laboratories,
Chicago, Ill.), 2.5% NaCl was the minimum final

I

FIG. 3. Streptococcus Jaecium F24 L-forms grownt
in the presence of glucose and horse serum. Bar repre-
sents 0.2 mm.

TABLE 1. Variation in the L-form count due to the
concentration of sodium chloride in the growth

medium

L-form count (CFU/ml)a
Added

NaCI
concn Trypticase Nutrient Brain Heart

Soy agar Infusion

0 0 0 0
1 0 105 105
2 4 X 105 107 107
3 5 X 106 3 X 106 106
4 4 X 106 2 X 106 4 X 105
5 103 2 X 106 104

a Growth was in basal medium with 0.5% so-
dium chloride. Glucose (0.5%, w/v) and horse
serum (2%, v/v) were added to each basal medium.

concentration of salt necessary for maximal re-
covery of developing L-forms.

It was also of interest to determine whether
salts other than NaCl could be used to fortify
the medium. The approximate molarity of 2.5%
NaCl is 0.43 M, so all the salts investigated were
added individually to the medium at a final con-
centration of 0.43 M. The following salts, in in-
creasing order of effectiveness in the number of
L-forms recovered, were tested: KCl, NaH2PO4,
NaNO3, Na2SO4, MgCl2, Na2HPO4, and NH4Cl.
All the salts except NH4C1 either had objectiona-
ble precipitates in the Tryptone Soy agar base or
did not have the optimum yields seen in Table 1.

Interrelationship of diluent and salt in the me-
dium. As important as the concentration of the
most effective salt in the medium, was the choice
of diluent. Protoplasts were prepared in TSD or
PEG and plated in the absence of penicillin onto
LGM or LGM with 2% additional NaCl instead
of NH4Cl. The results of this experiment are
shown in Table 2. The usual yields were ob-
tained with either salt in the medium when TSD
was used as diluent. However, low irreproducible
yields of L-forms were found on the medium
containing 2% NaCl whenever PEG was the
stabilizing agent for the protoplasts.

Effect of time of lysozyme treatment on cell wall
damage and the maximum number of L-forms in-
duced. The buffer-sucrose solution would seem
to be the more useful diluent in this system of
L-form induction from protoplasts of group D
streptococci. However, we wished to know the
degree of cell wall damage during the treatment
with lysozyme to assess if protoplasts were
formed and also to relate the extent of cell wall
removal and the maximal induction of L-forms
from a population of S. faecium F24 cells. Rham-
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TABLE 2. Effect of the presence of sodium chloride
or ammonium chloride in the growth medium on

the yield of L-forms obtained with sucrose
or polyethylene glycol as the osmotic

stabilizer

Diluent
Growth medium

contained Sucrose Polyethylene
(0.6 m) glycol 4000 (8%)

0.43 M NaCl 5.4 X 108a Few colonies seen
0.43MNH4Cl 2.0 X 108 8.6 X 108

a L-form count (CFU per ml) when 2 X 109
CFU of strain F24 were treated with lysozyme.

nose release was chosen as an index of cell wall
damage, but the sucrose in TSD interfered with
the methylpentose determinations. Therefore, in
subsequent experiments, PEG was used as the
standard diluent for protoplasts and LGM was
the assay medium for L-form growth.

It was also shown that, when fewer strepto-
coccal cells (approximately 2 X 109 CFU/ml)
were treated with 200 ,ug of lysozyme per ml,
L-forms far out-numbered residual S. faecium
colonies in the absence of penicillin in the me-
dium. In many such experiments, no S. faecium
colonies were found on agar plates devoid of
penicillin when dilutions of the lysozyme-treated
streptococci were plated so as to allow 300 to 500
L-forms to develop per petri plate. A rare S.
faecium colony surrounded with L-form colonies
is shown in Fig. 4. The L-form viable counts and
degree of rhamnose removal for a typical experi-
ment are shown in Fig. 5. Samples were with-
drawn from the lysozyme-cell mixtures at the
indicated times. Rhamnose determinations were
performed on the material remaining in solution
after centrifugation at 5,000 X g for 15 min. It
was found that 9 X 108 L-form CFU/ml were
induced after treatment with lysozyme for 120
min. At that time, less than 10% of the rhamnose
remained in a sedimentable form. Furthermore,
after washing the sedimented damaged cells with
PEG, no group D antigen could be detected by
serological techniques, and more than 90% of
the cell wall receptor sites for bacteriophage P13
had been lost as shown by phage adsorption
studies. It would appear that the osmotically
sensitive bodies formed after 2 hr of treatment
with lysozyme were protoplasts. However, it
could not be proved that the formation of proto-
plasts in suspension was necessary for L-form
induction, as the maximum number of L-forms
occurred after 30 min of treatment with lysozyme.
At this time, 20% of the total rhamnose re-

mained attached to the sedimented cells. During
the succeeding 90 min of exposure to lysozyme
to reduce the rhamnose to its minimum value,
some lysis of the treated cells occurs, and this is
reflected in the lower number of L-forms re-
covered at 120 min.

Similarly, a time-course study of the L-form
induction and rhamnose release was performed by
using S. faecalis El (Fig. 6). After 120 min of
treatment with lysozyme, 1.6 X 108 L-form
CFU/ml were induced, whereas the maximum
yield of L-forms (2 X 109 CFU/ml) was found
after 75 to 90 min of treatment. Of the rhamnose
in the original suspension, 40% was found still
attached to the cells after 120 min of treatment
with lysozyme, indicating that a considerable
amount of cell wall remained attached to the cells.
It appeared that it was not necessary to produce
protoplasts of strain El in order to induce the

I -

FIG. 4. Normal Streptococcus faecium F24 colony
surrounded by many L-forms. Bar represents 1.0 mm.

L COLONY VIABLE % TOTAL RHAMNOSE
COUNT (CFU per ML) IN SUPERNATANT

RHAMNOSE -100

-80

CLONY VIABL-E COUNT-60
10

-6

-40
106

-20

-O
O 0 2030 60 90 120
TIME AFTER EXPOSURE TO LYSOZYME

(MINUTES )

FIG. 5. A suspension of S. faecium F24 (2 X 109
CFU/ml) was treated with lysozyme (200 ,g/ml) for
the indicated time periods in PEG.
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LOG lo
COUN

,L FORM VIABLE % TOTAL RHAMNOSE
IT (CFU PER ML) IN SUPERNATANT
100- -00

9QO- -K)O

RH MNOSE -60

9.0

-40

8.5 VABE CUNT20

8.0 0
0 15 30 45 60 75 90 105 120

TIME AFTER EXPOSURE TO LYSOZYME
(MINUTES)

FIG. 6. A suspension of S. faecalis El (5 X 109
to 7 X 109 CFU/ml) was treated with lysozyme (200
,ug/ml) for the indicated time periods in PEG.

maximum number of L-forms from a suspension
of these streptococci. Electron microscopic ex-
amination of strain El cells treated for 120 min
with lysozyme revealed visible quantities of wall
material remaining on every cell.

Reproducibility of the methods for enzymatic
induction of L-forms of group D streptococci. S.
faecium F24 was treated on 47 different occasions
with lysozyme in the presence of an osmotic
stabilizer in order to induce L-forms. In each case
at least 108 to 109 L-form CFU/ml were induced
from 2 X 109 to 7 X 109 streptococcal CFU/ml.
Similarly, 108 to 109 S. faecalis El L-form
CFU/ml were induced from 2 x 109 streptococcal
CFU/ml in each of seven experiments. Experi-
ment-to-experiment variation was found in each
system, but the yield of L-forms was always
between 10 and 100% in terms of CFU of treated
streptococci and L-forms recovered.

It was not possible to use suspensions of single
streptococcal cells, so the number of streptococci
in a CFU is important in assessing the maximum
conversion. After harvest, washing, and suspen-
sion in the PEG for the addition of lysozyme,
strain F24 consisted primarily (more than 90%)
of single cocci or diplococci. The remaining 10%

of the CFU had no chain greater than six cocci in
length, so that the input total number of cocci
was no greater than twice the reported streptococ-
cal CFU. After lysozyme treatment, the enzyme-
damaged cells consisted primarily of single cocci
or diplococci, but some clumping was observed.
Relative counts under phase microscopy showed
that the total number of protoplasts was no
greater than twice the L-form CFU reported.

DISCUSSION

Some of the added medium components
affected only the growth characteristics rather
than the quantitative yield of L-forms obtained
from the suspensions of enterococci treated by
lysozyme. However, it was considered necessary
to recognize the variations under the control of
medium constituents so as to score the number

of L-forms obtained after lysozyme treatment. No
experiments were undertaken to determine the
physiological basis for these effects. Representa-
tive subcultures of both colonial types continued
to propagate as L-forms under appropriate
tonicity and nutrient conditions.
The relationship of strain F24 L-forms to the

parent strain was impossible to ascertain because
of the stability of the F24 L-forms upon sub-
culture. The strain El L-forms reverted after
several subcultures. A system for mass reversion
of strain F24 protoplasts to their parent strain
(King and Gooder, Bacterial. Proc., p. 68,
1965) suggested that the colonies were indeed
derived from S. faecium. Furthermore, King,
Theodore, and Cole (11) showed that progeny
of such L-forms possess identical distributions of
membrane proteins, and Hoyer and King (10)
showed the close relationship of the homologous
parent-L-form pair by deoxyribonucleic acid-
deoxyribonucleic acid hybridizations.
The group D streptococcal system for con-

version of bacteria to their L-forms differs
significantly from other similar systems based
upon the action of muralytic enzymes. The most
apparent difference is the lack of complete
quantitative conversion. In the Bacillus subtilis
system (13), essentially 100% of the parent
strain viable units subjected to the lysozyme
treatment were committed to growth in the
L-phase under optimal conditions. With group A
streptococci (6, 9), results similar to the presently
described system for S. faecium strain F24 were
reported. With strain El, many experiments
showed quantitative conversion under optimal
conditions, but this was not found in every ex-
periment.
The induction of high yields of L-forms was

not dependent upon protoplast formation.
Protoplasts were formed from strain F24 after
120 min of treatment with lysozyme and could
be grown as L-forms; however, the maximum
yield of induced L-forms was obtained at 30 min
of treatment. The maximum number of El
L-forms was induced with 75 to 90 min of treat-
ment with lysozyme, but protoplasts were not
formed after 2 hr. In this respect, the system may
be similar to that reported by Landman (12)
for B. subtilis and lysozyme, in which a stage of
wall removal is reached when the spheroplast is
able to multiply as an L-form, although complete
wall removal and the formation of a protoplast
has not occurred in the initial treatment.
A puzzling feature of the system that is not

explained is the large number of lysozyme-
damaged cells that fail to survive as streptococci
or L-forms on the growth medium employed here.
This is most apparent in the samples removed
during the first 0.5 hr of lysozyme treatment (Fig.

690 J. BACTERIOL.



INDUCTION OF ENTEROCOCCAL L-FORMS

5). Although 2 X 109 CFU streptococci were
present initially, less than 104 streptococci and
between 104 and 10 CFU L-forms were re-
covered during this time. It would appear that
the damaged streptococci cannot recover as
normal cells on the growth medium nor are they
yet fully potentiated to grow as the L-form. It is
realized that the release of rhamnose as an index
of cell wall damage to the cell population is not
necessarily an indication of what is occurring
with an individual streptococcus in the popula-
tion.
Although lysozyme treatment does not always

convert 100% of the viable group D streptococci
to L-forms, the yield with this method far
exceeds that reported for alternative methods such
as penicillin induction on a gradient plate. Young
and Armstrong (16) incorporated penicillin as the
inducing agent in the medium, but these workers
could obtain less than 1 % ofthe original inoculum
as enterococcal L-forms. Our method of L-form
induction by treatment with lysozyme increases
the lowest yields obtainable to 1O0% of the original
inoculum. The high conversion rate, dependence
of the phenomenon upon the length of lysozyme
treatment, and reversion under the influence of
medium constituents (7) rules out a possible
conversion system due to simple mutation.
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