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Department of Microbiology and Oral Microbiology, Osaka University Dental School,
Yamadaoka, Suita, Osaka 565, Japan

(Received June 27, 1985)

SUMMARY Mixtures of various combinations of Lysostaphin protoplasts and
stable L-forms of Staphylococcus aureus, which have different markers for drug
resistance, were treated with polyethylene glycol (PEG) to examine the develop-
ment of doubly resistant fusion products (fusants). To recover doubly resistant
colonies as L-forms, they were incubated in 4.5% NaCl-brain heart infusion
(BHI) broth containing penicillin G (PCG) for enrichment culture and cultured in
PCG-4.5%, NaCl-BHI agar medium (method 1), while to recover doubly resistant
fusants as L-forms and coccal forms, they were grown on reversion medium (R
medium) which causes reversion of protoplasts or fusants to parent type cells,
and then cultured on assay media, i.e., R medium, BHI agar medium or PCG-4.5%,
NaCl-BHI agar medium (method 2).

Under both experimental conditions, doubly resistant fusants developed as
L-form cells by PEG treatment of pairs of protoplasts carrying the chloramphenicol
(CP)-resistance plasmid and L-forms having chromosomal resistance to strepto-
mycin (SM). In the reverse combinations, i.e., protoplasts showing chromosomal
SM-resistance and L-form cells carrying the CP-resistance plasmid, the first method
gave no doubly resistant colonies. By the second method, without enrichment
culture on R medium, the latter combination gave doubly resistant fusants as
L-form, coccal-type and mixed-type colonial forms, while when the PEG-treated
mixture was enriched on R medium, fusants were obtained exclusively as the coccal
type on either R mdeium or BHI agar assay medium.

Neither of the methods yielded colonies of doubly resistant fusants on PEG-
treatment of pairs of protoplasts and L-forms both of which were chromosomal,
but with different drug resistances.

These results show that PEG-induced cell fusion between protoplasts and
L-forms of S. aureus, unlike the fusion between protoplasts or between L-forms,
resulted in transfer of the drug resistance controlled by the plasmid to the fusion
products. The fusants obtained were L-forms in method 1, and coccal type in
the method 2.
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INTRODUCTION

Studies on cell fusion of bacteria require cells
with an exposed cytoplasmic membrane, but
without a cell wall that blocks fusion, i.e.,
protoplasts or L-form cells. However, the
uses of both these types of cells in fusion
experiments have inherent problems: proto-
plasts must be produced efficiently from
parent cells having a cell wall, and since, with
a few exceptions, protoplasts cannot multiply,
fused protoplasts must be reverted to the
original type of cells. The conditions for
reversion have so far been investigated only
in a limited number of bacterial species
including Bacillus subtilis and Streptomyces
(Landman, Ryter and Fréher, 1968; Okanishi,
Suzuki and Umezawa, 1974). Hence, the
optimal conditions for reversion must be
determined for each species of bacteria used
for fusion experiments. Another problem
with gram-negative bacteria is that they have
a more intricate cell wall architecture than
gram-positive organisms. Thus while proto-
plasts with a completely exposed cytoplasmic
membrane can be obtained by enzymatic
removal of peptidoglycan or suppression of its
biosynthesis in gram-positive bacteria, these
treatments are not effective with gram-nega-
tive bacteria, since after these treatments an
appreciable amount of the outer membrane
composed of lipopolysaccharides and lipo-
protein still remains and interferes with cell
fusion. In fact, there are only two reports
on cell fusion experiments using cells without
peptidoglycan derived from gram-negative
organisms (generally termed spheroplasts
because of the remnant of the outer membranes)
by Tsenin et al. (1978) who used Escherichia
coli and Coetzee et al. (1979) who used Provi-
dencia alcalifaciens.

On the other hand, the stable L-forms have
the advantage for cell fusion of not requiring
reversion of fusion products (fusants) to the
parent type cells with a cell wall, since they
can survive and grow. In fact stable L-forms
have been obtained from a number of bacterial
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species, including both gram-positive and
gram-negative organisms. Nevertheless, the
L-forms all require carefully controlled culture
conditions, and the rich medium supplemented
with horse serum and the other constituents
generally used for cultivation of L-forms does
not permit the use of nutritional requirements
as a marker in selecting fusants of cells. More
importantly, the stable L-forms lack most of
their cell surface layers, the extent varying in
different species, but their cytoplasmic
membrane can protect their internal structure
and support their growth as ““ naked’ cells.
Therefore, it is highly probable that the
properties of the cytoplasmic membrane are
considerably different from those of intact cells
with a cell wall. This poses problems in cell
fusion experiments aimed at analyzing the
moieties of the cell surface layer lost and the
properties of the cytoplasmic membrane.

Protoplasts have been used in bacterial cell
fusion studies in other laboratories (Foder and
Alfoldi, 1976; Schaeffer, Gami and Hotch-
kiss, 1976; Gé6tz, Ahrné and Lindberg, 1981;
Hopwood, Wright and Bibb, 1977; Gasson,
1980; Jones, D., Jones, W. A. and Woods,
1985). Since we first reported in 1979 that
L-forms of Staphylococcus aureus produced
recombinants on cell fusion (Hirachi, Kurono
and Kotani, 1979; 1980), we have demon-
strated intraspecies cell fusion (Hirachi et al.,
1982) and even intergenus cell fusion using
the L-forms of E. coli and Pseudomonus
aeruginosa (Kurono et al., 1983), and Strepto-
coccus faecalis and S. aureus (Hirachi et al.,
1985).

Because studies on cell fusion between
protoplasts and L-forms should be useful, we
conducted cell fusion experiments using S.
aureus, in which fusions between L-forms and
between protoplasts (Kato et al., 1985b) have
been achieved. The present article is the
first report on successful cell fusion between
protoplasts and stable L-form cells.



MATERIALS AND METHODS

1. S. aureus strains (Table 1)

Coccal strains: MS353 pMS6 (CM)' [MS353
(pCp)] carrying the chloramphenicol (CP)-resistance
plasmid (Inoue et al., 1970) was provided by Prof.
H. Hashimoto (Department of Microbiology, School
of Medicine, Gunma University). Streptomycin
(SM)-resistant and erythromycin (EM)-resistant
mutants, MS333 (Sm*) and MS353 (Em?), were ob-
tained as follows; overnight cultures of the MS353
(pCp) strain in brain heart infusion (BHI) broth
(Difco Laboratories, Mich, USA) were transferred
to BHI agar plates, and the resultant colonies were
each inoculated onto a BHI agar plate with chlo-
ramphenicol (5 sg/ml, Sigma Chemical Co., Mo,
USA) for examination of resistance to CP. One
of the colonies that had lost the CP-resistance
plasmid was thus selected and subcultured (MS333
strain). Then this strain was seeded onto a BHI
agar plate containing SM (2,000 pg/ml, Meiji Seika
Co., Tokyo), and the resultant colony was isolated
as an MS353 (SmY) strain. To obtain an MS353
(Em?") strain, we seeded one of the colonies of the
MS353 strain onto a BHI agar plate supplemented
with EM (2 pig/ml, Sigma), cultured it in liquid
medium and then inoculated it onto a BHI agar
plate containing EM (15 pzg/ml), and isolated EM-
resistant colonies. Since both of these SM- and
EM-resistant strains were produced by mutations,
their resistance was thought to be controlled by a
chromosomal gene.

L-form strains: EMT (Sm?"), a strain with chro-

mosomal SM resistance, was isolated from the STA-
EMT-1 strain (abbreviated as EMT-L; a gift from
Prof. 1. Tadokoro, Department of Bacteriology,
Yokohama City University Medical School) (Eda,
Matsuoka and Tadokoro, 1972), by the same proce-
dures as that described in the proceding paragraph.
The L-form, FP-L (pCp) carrying the CP-resist-
ance plasmid was produced by the cell fusion
method (see Results). This strain did not revert
to the coccal type during repeated subcultures in
penicillin G (PCG, Meiji)-free media.

The resistant coccal form and L-form organisms
thus obtained were maintained by subculture on
4.59% NaCl-BHI agar plates containing the
maximum concentration of each drug for resistance.
For use in cell fusion, the coccal form or L-form
strain in stock culture was cultured in 4.5%, NaCl-
BHI broth containing the drug to which the
organism was resistant (1,500 ug/ml for SM and
15 pg/ml for EM and CP) at 37 C for 6 h.

2. Protoplasts

Protoplasts were prepared by the method of
Makino (1983) with minor modification.. About
5ml portions (1019 cells) of the MS353 (pCp),
MS353 (Sm”) and MS353 (Em") cultures were
centrifuged, and the cells were suspended in 10 ml
aliquots of 7.59, NaCl-25mm Tris-HCl buffer
solution (pH 7.4) supplemented with 25 pig/ml of
Lysostaphin (from Staphylococcus staphylolyticus,
Sigma). The mixture was incubated at 37C for
90 min. The number of residual coccal form cells
in the protoplast suspension was negligible when

TasLe 1. L-Form and coccal strains of S. awreus used in the present study

Minimum inhibitory conc® of

Type Strain
SM EM Cp PCG
L-form EMT-L <63 <0.063 <2 >2,000
EMT (Sm?") >2,000 <0.063 <2 >2,000
FP-L (pCp)® <63 <0.063 >16 >2,000
Coccal MS353 (pCp)* <250 <0.25 >16 <1
form MS353 (Smr)! >2,000 <0.25 <4 <1
MS353 (Em®)4 <63 >16 <4 <1

G (U/ml).

SM, streptomycin (gg/ml). EM, erythromycin (pzg/ml). CP, chloramphenicol (peg/ml).  PCG, penicillin

» FP-L (pCp) is the fusant between EM'T-I, and MS8353 (pCp) (see text).

Lis

d

MS353 (pCp) which carries the chroramphenicol resistance plasmid.
MS353(Sm*) and MS353 (Em?) are SM-resistant and EM-resistant mutants, respectively.
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examined on a BHI agar plate free from an osmotic
stabilizer, indicating practically complete change of
coccal forms to protoplasts.

3. Protoplast lysates

The suspension containing 5 X 10° protoplasts was
centrifuged, and the precipitated protoplasts were
suspended in 0.7ml of sterilized water and
submitted to occasional vigorous shaking at room
temperature for one h to burst cells. Then, 0.3 ml
of 22.5%, (w/v) NaCl solution was added to bring
the final saline concentration to 7.5%, for use as a
protoplast lysate.

4. Media

Reversion medium (R medium): The medium
consisted of 29, BHI, 0.5m sodium succinate,
0.02 m MgCl,, 0.019% bovine serum albumin (BSA,
Fraction V; Sigma) and 0.6%, agar (Grade I, Wako
Pure Chem. Industries, Osaka). This medium will
be described in detail in a separate paper (Kato et
al., 1985a).

Assay medium: In experiments on detection of
L-form colonies alone following PEG treatment to
induce cell fusion, 4.5% NaCl-BHI agar (0.89%)
medium supplemented with PCG (100 U/ml) was
used. For isolation of both L-form colonies and
colonies of cells reverted to the coccal type, the
following three types of assay media were used for
PEG treated cells that had been cultured on R
medium: (i) BHI agar medium for counting coccal
type cells alone, (ii) 4.59% NaCIl-BHI agar medium
supplemented with PCG for counting L-form cells
alone, and {jii) R medium for recovery of both
coccal and L-form cells. L-Form and coccal form
colonies on R medium were distinguishable under
an inverted microscope. L-Form colonies had a
so-called fried-egg appearance, coccal type cell
colonies were round, homogeneous and smooth
and mixed type colonies generally had a fried-egg
appearance with homogeneous, and smooth areas of
the coccal type in some parts.

SM and EM added to the assay media at
concentrations of 1,000 pg/ml and 10 pgiml,
respectively. Assay media were supplemented with
SM and CP of concentrations of 1,000 pg/ml and
10 pg/ml, respectively.

5. Fusion of L-form cells and protoplasis

A protoplast suspension (10° cells in 1 ml) was
added to precipitated L-form cells (10° cells) and

62 Bixen Journarn Vol. 28 No. 3 1985

centrifuged at 8,000x g for 15 min, at 10 C. Then
1-1.5 ml of polyethylene glycol 6,000 [PEG (6,000),
Wako; at a concentration of 50% (w/v) in 4.5%,
NaCl solution] was added. The mixture was
gently stirred for 1 to 2min in Thermo-mixer
(Thermonics Co., Tokyo) at room temperature.
In some experiments 0.2 ml of a lysate of 10° proto-
plasts instead of protoplasts was added to the
L-form cell precipitate (10° cells) and treated with
PEG as described above.

The following two types of experimental condi-
tions were used after PEG treatment: One was the
type used in previous experiments on fusion of
L~forms (Kurono et al., 1983). A 3—4 ml aliquot
of 4.5% NaCl-BHI broth was gently mixed with
the PEG-treated mixture. The mixture was then
centrifuged, and the supernatant containing PEG
was removed. The precipitate was transferred to
a culture tube in 10 ml of 4.59%, NaCIl-BHI broth.
Then, promptly, or after overnight enrichment
culture in 4.5% NaCl-BHI broth supplemented with
PCG (100 U/ml), the mixture was serially diluted
10-fold with 4.5% NaCl-BHI broth, and a 1 ml
aliquot of the appropriate dilution was cultured in
PCG-4.5%, NaCl-BHI agar assay medium by the
pour plate method at 37 C for 5 days.

The second type of conditions was that used by
Kato et al. (1985b). A PEG-treated mixture of
protoplasts and L-form cells was mixed with 10 ml
of 7.5% NaCIl-BHI broth and serially diluted
10-fold with the same broth. When enrichment
culture was omitted, a 0.1 ml aliquot of the
appropriate dilution was inoculated onto an agar
plate of assay R medium and cultured at 37 C for 5
days. When enrichment culture was done, a 0.1 ml
portion of a 10%- to 10*-fold dilution was inoculated
onto the R medium agar plate (in a Petri dish,
8.6 cm in diameter) for incubation at 37 C for 5
days. The colonies that developed on 5-7 plates
were wiped off with a cotton swab and serially
diluted 10-fold with 7.5% NaCl-BHI broth.
Aliquots (0.1 ml) of the dilutions were inoculated
onto the three assay media mentioned above and
cultured at 37 C for 2-5 days.

6. Reagent

DNase-1 (from bovine pancreas, DN-CL), used
in some experiments, was purchased from Sigma.



RESULTS

1. Recovery as L-forins of PEG-induced
Sfusants of L-forms and protoplasts

Tables 2 to 4 show the results of cell fusion
between protoplasts of the coccal type MS353
(pCp) carrying the CP-resistance plasmid and
L-forms derived from the EMT (Sm*) strain,
an SM-resistant mutant. As shown in Table
2, PEG treatment of the mixture of the two
types of naked cells, with or without enrich-
ment culture in PCG-4.5%, NaCl-BHI broth,
induced colonies showing double resistance
to CP and SM at high frequency. The fre-
quency expressed as the ratio of colonies in
the medium containing the drugs to those in

the control basal medium was 5.2x10-%
without, and 7.3x107* with enrichment
culture. When L-forms and protoplasts were

treated separately with PEG, no doubly
resistant colonies were detectable, indicating
negligible mutation under the present experi-
mental conditions. In this connection, it is
noteworthy that independent PEG treatment
of protoplasts from the MS353 (pCp) strain
alone produced no colonies in the control
medium either, regardless of enrichment

This result indicates that under the
present experimental conditions, protoplasts
cannot grow, and do not revert to the coccal
type. When the mixture of L-forms and
protoplasts was not treated with PEG, no
doubly resistant colonies were detectable, ir-
respective of enrichment culture, indicating
the necessity for PEG treatment of the mix-
ture of protoplasts and L-forms.

Results using lysates instead of protoplasts
are shown in Table 3. Regardless of en-
richment culture, no doubly resistant colonies
isolated from these combinations,
indicating the absence of transformation of
EMT (Smr) by the CP-resistance plasmid of
the MS353 (pCp) strain.

Table 4 shows the effect of addition of
DNase-1 at a concentration of 10 pg/ml at
all stage of the procedures (PEG treatment,
dilution of the mixture and enrichment
culture) to determine whether DNase-1 treat-
ment influenced the frequency of emergence
of doubly resistant colonies. The frequency
of doubly resistant colonies was not affected
by the addition of DNase, with or without
enrichment culture, indicating the absence of
transformation by the drug-resistance genes

culture.

were

TaBrLe 2. PEG-induced cell fusion between protoplasts derived from a coccal type, MS353(pCp),

and L-forms, EMT (Sm")

Comtiostion o e o of e deekpsd i e
culture?

Protoplast L-form (h) CP+SM¢“  No addition Ratio®
MS353 (pCp) EMT (Sm") + 0 1.4%10° 2.7%107 5.2%1075
MS353 (pCp) - + <1 <1 —

— EMT (Sm?) n <1 5.6 10° <1.8%10-
MS353 (pCp) EMT (Sm?) - <1 3.2 108 <3.1%107
MS353 (pCp) EMT (Sm*) + 18 2.7x10° 3.7x108 7.3x107*
MS353 (pCp) - + <1 <1 -

— EMT (Sm?) . <1 1.6%10° <6.3x10°10
MS353 (pCp) EMT (Sm?) - 1.8 10 3.2% 108 5.6 1078

@ Mean CFU in triplicate cultures (per ml).

b Enrichment cultre in 4.5% NaCI-BHI broth containing penicillin G (100 U/ml).

¢ CP, 10 pg/ml. SM, 1,000 pg/ml

Ratio of colonis in medium containing the respective drugs to those in control medium without drugs.
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TaBLE 3. Absence of induction of doubly drug-resistant fusants by PEG treatment of a mixture
of osmotic lysates of protoplasts derived from MS353(pCp) and stable L-froms, EMT (Sm")

Enrich- No. of colonies® developed in assay
Combination PEG ment medium, PCG-4.5% NaCl-BHI agar with
culture?
(h) CP+SM No addition Ratio®
MS353 (pCp) protoplasts + 0 4.0x10° 4.4x108 9.1x10"°
< e
XEMT (Sm”) - <2 1.0%108 <2.0%10°®
MS353 (pCp) lysate? + <2 2.1x107 <9.5x10°8
3 T
XEMT (Sm?) - <2 1.1x10° <1.8x10°®
MS353 (pCp) protoplasts + 18 5.0x10¢ 1.3x108 3.8x10*
< r
XEMT (Sm”) - 2.5%10 2.8%10° 8.9%1078
MS353 (pCp) lysate? + <2 2.5%10° <8.0%10°°
2 T
XEMT (Sm”) - <2 7.5%107 <2.7%1078

B¢ See legend to Table 2.
¢ See text.

TasrLe 4. Effects of DNase treatment on development of doubly drug-vesistat fusants of protolpasts
dertved from MS353(pCp) and L-froms, EMT (Smv)

i Cen | Noof clomer developed fn asay
culture?

Protoplasts L-forms h) CP+SM No addition Ratio®
MS353 (pCp) x EMT (Sm?) -+ — 0 2.3x108 1.0x107 2.3x10°*
+ + 2.2x108 9.0x108 2.4x10*
— — <1 1.8x108 <5.6x107°
- -+ <1 2.8x108 <3.6x107°
MS353 (pCp) x EMT (Sm") + — 18 7.0x10% 1.6x10° 4.4x107¢
+ + 1.4x10% 2.0x108 7.0x10-¢
- - 1.3x10 5.6x108 2.3x10"8
— + 2 2.9x10° 6.9x10-10

bt See legend to Table 2.
¢ DNase-1 (10 pg/ml) was added to the reaction mixture for PEG-treatment, and the medium for enrichment
culture and dilution.

derived from L-forms and protoplasts.

The above results together demonstrate
that PEG treatment of a mixture of proto-
plasts carrying the CP-resistance plasmid and
L-forms from an SM-resistant mutant
induces the development of doubly resistant
colonies as L-form cells as a result of cell
fusion, and not by other mechanisms.

Next, we attempted to achieve cell fusion
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of opposite combinations, i.e., between proto-
plasts derived from a drug-resistant mutant
and L-forms carrying the drug-resistance
plasmid, the FP-L (pCp) strain. These
L-forms were obtained as follows: First,
protoplasts from the coccal type MS353 (pCp)
carrying the CP-resistance plasmid and
L-forms sensitive to SM, EM and CP (EMT-L
strain; naturally resistant to PCG) were sub-



TaBLE 5. PEG-induced cell fusion between protoplasts derived from MS353(pCp) and stable L-

forms, EMT-L

Combinati Enrich- No. of colonies® developed in assay
ombination PEG ment medium, PCG-45% NaCl-BHI agar with
culture®

Protoplasts  L-forms (h) CcP No addition Ratio®
MS353 (pCp) x EMT-L + 0 2.0x10° 2.0x107 1.0x107°
— <10 6.1x107 <1.6x10°°
MS353 (pCp) x EMT-L + 18 4.8%x10% 5.0x10° 9.6x10
- 2 4.4x10¢ 4.5x107°

wh¢ See legend to Table 2.

¢ Numerous small colonies developed when undiluted reaction mixture was seeded (see text).

TasLe 6. PEG-induced cell fusion between protoplasts derived from a coccal type with chromo-
somal drug vesistance and L-forms with a rvesistance plasmid or chromosomal gene

Combination Enrich- No. of colonies® de\:eloped in assay
pPEG  ment medium, PCG-4.59% NaCl-BHI agar with
culture?

Protoplasts L-forms (h) SM+CP SM+EM No addition Ratio®
MS353 (pCp) X EMT (Sm?) + 0 1.3x10% — 2.3x107 5.7x107%
— 4 — 1.8x108 2.2x10"8
MS353(Sm™) x FP-L (pCp)* + <2 — 3.1x10° <6.5%1077
— <2 — 1.2x%107 <1.7x1077
MS353 (Em®) x EMT (Sm?) + - <2 2.6x10¢ <7.7x1077
- o <2 1.6x107 <1.3%x10"7
MS353 (pCp) X EMT (Sm") + 18 1.4x10° — 2.8x108 5.0x10
- 8.5 — 1.4x108 6.1x1078
MS353 (Sm*) x FP-L (pCp)* + <2 — 9.0x107 <2.2x1078
— <2 — 1.5%108 <1.3x10"8
MS353 (Em*) x EMT (Sm*) + — <2 9.3x107 <2.2x10°8
— R <2 1.8x107 <1.1x1077

@he See legend to Table 2.
% The fusants between MS353 (pCp) and EMT-L.

mitted to cell fusion, and one of the colonies
(fusants) appearing on the PCG-4.59, NaCl-
BHI agar plate supplemented with CP (10 pg/
ml) and PCG (100 U/ml) was isolated and
maintained in pure culture (Table 5).

Table 6 shows the results for the combina-
tion of protoplasts from the coccal type SM-
resistant mutant, MS353 (Sm*) and L-forms
carrying the CP-resistance plasmid, [FP-L
(pCp) strain], and for the combination of

protoplasts and L-forms both having the drug-
resistant chromosomal marker [protoplasts
from the EM-resistant coccal type, MS353
(Emr) and SM-resistant L-form, EMT (Smr)].
Under experimental conditions in which
doubly resistant colonies developed at a high
frequency from the control mixture of MS353
(pCp) and EMT (Smr), the former combi-
nations produced no colonies doubly resistant
to SM and CP, and the latter, no colonies
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TaBrLe 7. Recovery of PEG-induced fusants of protoplasts and L-forms by using R medium for

assay (without enrichment culture)

No. of colonies* developed on assay

Combination medium, R medium with
PEG
Protoplasts L-forms Sgl/{/[++c}§lv?r No addition Ratio®
MS353 (pCp) x EMT (Sm?) + 2.6x10% 1.7x108 1.5x107%
- <10 3.7x107 <2.7x1077
MS353(Sm") x FP-L (pCp) + 7.1 10%¢ 2.2x107 3.2x107¢
- <10 4.1x107 <2.4x1077
MS353 (Em*) x EMT (Sm") + <10 3.4x10° <2.9%x10°°
- <10 1.6x107 <6.3x1077

“¢ See legend to Table 2.
b All colonies were L-form.

% Colonies were either L-form, coccal form or mixed type.

TaBLE 8. Recovery of PEG-induced fusants of protoplasts and L-forms by enrichment culture on

R medium

No. of colonies® (ratio®) developed

Combination -
R medium PCG-4.5% BHi medium
PEG with NaCl-BHI agar with with
Protoplasts L-forms SM+CP No SM+CP No SM+CP No
or addition or addition or addition
SM+EM SM+EM SM+EM
MS353 (pCp) x EMT (Sm") + <10 2.6x10" <10 4.5x10° <10 <3.2%101
- <10 1.1x101 <10 3.4x10° <10 <2.5x 104
MS353(Sm"™) x FP-L (pCp) + 7.6x10%  3.1x10° <10 8.3x10* 1.1x10% 4.7x10°
(2.5%107%) (2.3%10™4)
- <10 8.7x10° <10 5.0x10¢ <10 <8.0x10°
MS353 (Em™) x EMT (Sm") <+ <10 2.5x10t <10 5.9x108 <10 <1.8x 101
— <10 2.8x 10 <10 6.9x108 <10 <1.9%x 10
©¢ See legend to Table 2.
b All colonies were coccal form.
doubly resistant to SM and EM. We could development of doubly resistant bacteria

not obtain doubly resistant fusants as L-
forms cells by fusion of protoplasts from the
coccus having the chromosomal resistance
gene and L-form strains showing resistance
of either plasmid or chromosomal origin.

2. Reversion of PEG-induced fusions between
L-forms and protoplasts to the coccal type

Tables 7 and 8 show the frequencies of
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from the three pairs of combinations shown
in Table 6 when the PEG treated mixtures
were directly inoculated onto assay R
medium, or when they were cultured on R
medium and then inoculated onto three types
of assay media.

As shown in Table 7, on combination of
protoplasts derived from the MS353 (pCp)
strain carrying the CP-resistance plasmid and



L-forms [EMT (Sm~)], the chromosomal SM-
resistant strain, produced doubly resistant
L-form colonies of fried-egg form at high
frequency (1.5x107%) when the PEG-treated
cell mixture was directly (without enrichment
culture) seeded on R medium containing SM
and CP. The colonies developing on the R
medium did not revert to the coccal type at
least during the 10 day period. When the
combination of L-forms carrying the CP-
resistance plasmid [FP-L (pCp)] and proto-
plasts derived from the SM-resistant strain
[MS353 (Sm®)] was directly seeded on R me-
dium containing SM and CP, doubly resistant
fusants in colonial forms of the coccal type,
L-form and mixed type, were obtained with a
total frequency of 3.2x 107# of the three types,
the proportion of the coccal type increasing
with the time of culture,.

Table 8 shows the frequencies of doubly
resistant bacteria when the PEG-treated mix-
tures were incubated on R medium for en-
richment culture. With combinations of
protoplasts derived from the MS353 (pCp)
strain carrying the CP-resistance plasmid and
the L-form with the SM-resistance gene
[EMT (Sm®)], no doubly resistant colonies
were detectable in any of the media (i.e., R
medium, PCG-4.59, NaCl-BHI medium and
BHI medium all supplemented with CP and
SM). In contrast, coccal type doubly
resistant colonies appeared at high frequencies
(2.5%x107% and 2.3x107%) with reverse com-
binations [protoplasts from MS353 (Smr) and
L-forms FP-L (pCp)] in R medium and
BHI medium. However, PCG-4.59, NaCl-
BHI medium produced no colonies, including
those of the fried-egg type. Furthermore,
doubly resistant colonies were not obtained
from a combination of protoplasts and
L-forms both with chromosomal drug
resistance.

It may be added here that when these three
combinations were enriched on R medium,
the number of L-form colonies recovered on
PCG-4.59%, NaCl-BHI medium was unex-
pectedly small, regardless of PEG treatment,

DISCUSSION

We previously reported that PEG treatment
and subsequent enrichment culture of a mix-
ture of .S. aureus L-form cells having different
drug-resistant  markers of chromosomal
nature produced recombinants showing double
resistance to the drugs used as markers as a
result of cell fusion between substrains of the
species (Hirachi et al., 1979; 1980).

In studies on fusion of bacterial cells,
protoplasts of gram-positive organisms have
been used exclusively in other laboratories,
whereas we have been using stable L-form
cells. Protoplasts and IL-forms have the
merits and demerits described in the intro-
duction as materials in cell fusion experiments,
In the present study, we attempted to induce
cell fusion between protoplasts and stable
L-forms derived from S. awreus, aiming to
reduce the demerits and increase the merits
by combination of the two cell types.

With combinations of stable I-forms show-
ing chromosomal SM resistance and proto-
plasts carrying the CP-resistance plasmid, all
cells obtained by both method were doubly
resistant to CP and SM and grew as L-form
colonies, with no reversion to the coccal type
despite continued culture on R medium.
In other words, we failed to obtain doubly
resistant fusants with the protoplast-asso-
ciated trait of ability of reversion to the coccal
type.

In the reverse combination of protoplasts
showing chromosomal resistance to SM and
L-forms carrying the CP-resistance plasmid,
no doubly resistant fusants were obtained on
culture in 4.5% NaCl-BHI agar medium
containing PCG in addition to SM and CP,
even with enrichment culture after PEG
treatment. However, culture of the mixture
on R medium containing SM and CP, without
enrichment culture after PEG treatment,
gave three types of doubly resistant colonies,
L-form, coccal type and mixed type colonies.

Furthermore, doubly resistant colonies of
the L-form and mixed type that appeared on
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PCG-free R medium reverted to coccal type
colonies with increase in the time of culture.
When the mixture was enriched on R
medium after PEG treatment, doubly resistant
fusants all formed coccal type colonies.
Therefore, the doubly resistant fusants derived
from this combination inherited the proto-
plast-associated trait of reversion to the coccal
type.

With the last combination in which both
the protoplasts and L-form showed chromo-
somal drug resistance, neither method yielded
doubly resistant recombinants. This was
unexpected, for cell fusion between L-forms
[EMT (Sm")xEMT (Em®)] and between
protoplasts [MS353 (Sm*)xMS353 (Em®)]
produced recombinants doubly resistant to SM
and EM in our previous studies (Hirachi et
al., 1979; 1980; Kato et al., 1985b). This
difference may have been because the coccal
type MS353 strain from which protoplasts
were derived and the L-form EMT-L strain
used as partners in the present study had
different origins. Therefore, we attempted
to obtain protoplasts from the coccal type
Tazaki strain, the parent cell of the EMT-L,
instead of the MS353 (Emr) strain, for cell
fusion with the EMT (Sm*). However, re-
version of protoplasts of the Tazaki strain to
the coccal type occurred on R medium at a
very low frequency (below 10-%), thus prevent-
ing us from obtaining results.

Materson et al. (1983), and Stahl and Pattee
(1983) reported that in cell fusion between
protoplasts of S. awreus, recombination of
chromosomal genes required treatment of
the protoplasts with CaCl, as well as PEG.
However, we found that fasion hetween
L-forms and L-forms or between protoplasts
and protoplasts of S. aureus resulted in the
development of recombinants without CaCl,
treatment, and that even with CaCl, treatment
no recombinants were detected between
L-forms and protoplasts.

The finding that no recombinants developed
from a combination of protoplasts and L-forms
both showing chromosomal resistance seems
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consistent with the results obtained with
combinations between one partner (either
L-form or protoplast) carrying the CP-resis-
tance plasmid and the other showing chromo-
somal resistance to SM, i.e., doubly resistant
fusants with the trait of the partner showing
chromosomal SM-resistance were obtained
exclusively, and no fusants with the trait of
the partner carrying the CP-resistant plasmid
were recovered. Thus, only the plasmid may
be transferred in cell fusion between proto-
plasts and L-forms, Nevertheless, there may
be other mechanisms that prevent the develop-
ment of recombinants between stable
L-forms that lack a cell wall throughout long-
term subculture and protoplasts from which
the cell wall has been temporarily removed.

The present results indicate that the doubly
resistant cells appearing when a mixture of
protoplasts and L-forms was treated with
PEG were the results of cell fusion. Involve-
ment of conjugation may be excluded by the
absence of report on successful conjugation
of L-forms or protoplasts of S. aureus,
although that of the coccal type has been
reported (McDonnell, Sweeney and Cohen,
1983), and also by the finding that no bacterio-
phages infecting L-form cells and protoplasts
have yet been discovered, though we have
found that L-forms contain prophages
(Takemasa et al., 1984).

When the PEG-treated mixture of proto-
plasts from the MS353 (pCp) strain and
L-forms from the EMT-L strain was
pour-plated in 4.5%, NaCl-BHI agar medium
supplemented with CP and PCG without
dilution, numerous colonies developed, whereas
when the PEG-treated mixture was diluted
10-fold with 4.5% NaCl-BHI broth before
inoculation into the medium no colony forma-
tion was observed (Table 5). These pheno-
mena may be explained as follows: Protoplasts
from the MS353 (pCp) strain may be unable
to grow in the presence of CP and PCG, but
may produce a CP-inactivating enzyme that is
controlled by the plasmid. This enzyme may
be liberated from protoplasts to inactivate



CP in the assay medium, permitting the CP-
sensitive L-forms (naturally resistant to PCG)
to form colonies. When a PEG-treated mix-
ture is diluted, the CP-inactivating enzyme
derived from protoplasts may be too dilute to
inactivate CP in the medium sufficiently, and
so the residual CP may prevent L-forms from
forming colonies.

When colonies obtained by enrichment
culture on R medium, with or without PEG
treatment, were seeded on PCG-4.59, NaCl-
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