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SUMMARY

Fusion and regeneration of protoplasts of Nocardia asteroides strains ATCC 3318, IMRU W3599 and
HIK B971 have been used to study genetic recombination in this species. Protoplasts were produced by
treatment with lysozyme, following incubation with glycine. Mutants of ATCC 3318 were grown in peptone
yeast extract medium at 32°C prior to protoplast production to maximize protoplast frequency, whereas
mutants of IMRU W3599 and HIK B971 were grown in trypticase-soy broth. Glycine concentrations favor-
ing protoplast formation varied from 1.5% to 5% depending on strain. For all strains, protoplast formation
was complete 1 h after addition of 5 mg/ml lysozyme. Protoplasts were fused by addition of 50% polyethylene
glycol-1000. In general, 25% of the protoplasts could be regenerated. The incidence of recombinant recovery
was increased up to 750-fold. The distribution of recombinant phenotypes in matings was similar for pro-

toplast fusion and conventional crosses.

INTRODUCTION

Nocardia asteroides, a common soil actinomy-
cete, is an opportunistic pathogen of humans, and
is becoming increasingly common in infections in
immunosuppressed patients [5]. Treatment of no-
cardial infections is complicated by the resistance
of these organisms to many antibiotics [2,16]. Study
of recombination in N. asteroides has shown that
antibiotic resistance may be stably inherited by re-
combinants [12]. A number of cryptic plasmids
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have been discovered in both soil and clinical iso-
lates of N. asteroides. These plasmids are also stably
inherited by N. asteroides recombinants [13], and
may serve as vectors for transfer of genes from one
strain to another.

Nocardiae exhibit a variety of types of mating
behavior, spanning the range from self-fertility in
N. mediterranea [18] to strict out-breeding among
an apparent multiplicity of mating types in N. as-
teroides. Recombination between a number of
strains of N. asteroides of different origin, even be-
tween strains with little homology, has been demon-
strated, although strains of common origin are in-
fertile [12]. Analysis of mating behavior and inher-
itance in N. asteroides has been hampered by low
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yields of recombinants and by incompatibility be-
tween some strains. Protoplasting, fusion, and re-
generation techniques were developed for N. aster-
oides to facilitate genetic studies of this organism,
and are reported here.

MATERIALS AND METHODS

Strains

Mutants of three strains of N. asteroides were
used: KK4-64, his-10 leu-1 str-31, derived from
ATCC 3318; KK5-2, leu-8, derived from IMRU
W3599; and KK6-119, met-3 phe-3, derived from
HIK B971. These strains are referred to in the text
as KK4, KK 35, and KK6. KKS5 is in the heterogen-
eous A group of N. asteroides, as defined by nu-
merical taxonomy. KK4 and KK6 are in the homo-
geneous B group, strains of which share a high de-
gree of DNA homology [17].

Cultivation of strains for protoplast preparation
Several media were tested for their ability to pro-
duce cultures that could be readily protoplasted.
These media were: (a) trypticase mating medium
(TMM) consisting of, per liter, BBL trypticase pep-
tone (Becton, Dickinson and Co., Cockeysville,
MD), 17 g; NaCl, 5 g; K,HPO,, 2.5 g; glucose, 15
g; (b) supplemented minimal medium (SMM) con-
sisting of, per liter, Na,HPOy, 6 g; KH,POy, 3 g;
sodium citrate dihydrate, 0.5 g; NH,Cl, 1 g; MgSO,
- TH,0, 0.2 g; glucose, 15 g; nutritional supple-
ments required by auxotrophic strains, 10 pg/ml of
each; (¢) SMM with 0.4 M mannitol; (d) peptone-
yeast extract broth (PY), consisting of, per liter,
peptone, 5 g; yeast extract, 3 g; (¢) PY with 0.05%
Tween-80; (f) PY with 1.5% glucose (PYG); (g)
BBL trypticase-soy broth (TSB); (h) TSB with
0.05% Tween-80; (i) TSB with 1.5% glucose (TSG);
(j) Difco brain-heart infusion (Difco Laboratories,
Detroit, MI); and (k) BBL Actinomyces broth.
Cultures were inoculated from 3-day-old TSG
plates to 10 ml of each medium in 125-ml flasks.
Cultures were treated by immersion in a sonicating
bath to complete fragmentation of mycelia and in-
cubated at 37°C for 18-72 h in a reciprocal shaking

incubator. At intervals, 2 ml of each culture was
diluted to 10 ml with fresh medium to which glycine
was added to a final concentration of 3%. Cells
were incubated an additional 18-24 h and proto-
plasted as described below. Those media described
above that gave the greatest yields of protoplasts
were selected and growth in these media was mea-
sured in the presence of glycine at concentrations
of 0.5%-6.0% in 0.5% increments. Cultures were
incubated with aeration for 18-24 h at 37°C and
growth was compared with that of cultures lacking
glycine. A concentration of glycine that was slightly
inhibitory to growth was determined for each strain
and used in pretreatment of cells for protoplasting.
The effect of temperature on protoplasting was
tested by growing cells at 30°C, 32°C, and 45°C
prior to protoplasting. Following the above tests,
standard treatments were adopted for each strain
prior to protoplasting.

Standard culture conditions for protoplast prepara-
tion

For most efficient protoplasting, KK4 was
grown in PY broth with 0.05% Tween-80 for 24 h
at 32°C with aeration. The culture was sonicated to
homogeneity and diluted 1:5 into 10 ml fresh PY
with 0.05% Tween-80 and 1.5% glycine. The cul-
ture was incubated another 24 h and harvested.
KK35 and KK6 were similarly treated, but were
grown in TSB with 0.05% Tween-80 and were treat-
ed with 3% and 5% glycine, respectively.

Protoplasting

Protoplasting was done in a hypertonic buffer
similar to that of Okanishi et al. [15], incorporating
modifications of Baltz and Matsushima [4] and
Brownell [8]. Protoplasting buffer (P buffer) con-
sisted of, per liter, mannitol, 73 g (0.4 M); K,SOy,
0.25 g; MgCl, - 6H,0, 2.03 g (0.01 M); KH,PO,,
0.05 g (0.37 mM); CaCl, - 2H,0, 3.68 g (0.025 M)
in 0.025 M N-trisThydroxymethylJmethyl-2-amino-
ethanesulfonic acid (TES), pH 7.2.

Cells were collected from glycine broth by cen-
trifugation and were washed with P buffer. Washed
cells were suspended in 2 ml P buffer and divided
into two 1-ml portions, one to serve as an unpro-



toplasted control. Lysozyme (Sigma Chemical Co.,
St. Louis, MO) was added to one sample to a final
concentration of 5 mg/ml. Suspensions were incu-
bated at 32°C with gentle agitation for 1 h. Proto-
plasts were collected by centrifugation at 1000 rpm
for 10 min, washed with P buffer and suspended in
1 ml P buffer. Protoplast formation was monitored
by phase contrast microscopy.

Fusion

Protoplasts of two strains to be fused were
mixed in 1:1 ratio in P buffer. Polyethylene glycol
(PEG) 1000 MW (Sigma Chemical Co., St. Louis,
MO) in P buffer was added to a concentration of
50% (w/v) to the protoplast suspension and mixed
by gentle agitation. Protoplasts were incubated at
room temperature for 1 min.

Regeneration

Protoplast suspensions were diluted as appro-
priate in P buffer and plated on regeneration me-
dium (RM), a modification of that of Okanishi et
al. [15] and Brownell [8], consisting of, per liter,
mannitol, 73 g (0.4 M); K,SO,, 0.25 g; trace ele-
ments solution, 2 ml; MgCl, - 6H,0, 10.12 g (0.05
M); glucose, 10 g; L-asparagine, 2 g; peptone, 1.5
g; yeast extract, 0.75 g; casamino acids, 0.1 g;
KH,PO4, 0.05 g (0.37 mM); CaCl, - 2H,0, 295 g
(0.02 M); agar, 22 g in 0.025 M TES, pH 7.2. Nu-
tritional supplements required by auxotrophic
strains were added to a final concentration of 10
ug/ml. Trace elements solution consisted of, per lit-
er, ZnCl,, 40 mg; FeCl; - 6H,0, 200 mg; CuCl, -
2H,0, 10 mg; MnCl, - 4H,0, 10 mg; Na,B,0 -
10H,0, 10 mg; (NH)sMo,4 - 4H,0, 10 mg. In
some experiments protoplasts were mixed with 3 ml
molten hypertonic soft agar overlay at 50°C before
plating on RM. Overlay agar consisted of, per liter,
mannitol, 73 g (0.4 M); MgCl, - 6H,0, 10.12 g (0.05
M); CaCl; - 2H,0, 3.68 g (0.025 M); agar, 4.1 g in
0.025 M TES, pH 7.2. In all cases, RM plates were
inoculated 3 or more days after being poured. RM
plates were incubated at 37°C for 7 days. Colonies
were picked to TSG plates, incubated at 37°C for
3 days, and replicated to SMM to determine the
phenotypes of regenerated cells.
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Frequencies of protoplasting, fusion, and regener-
ation

The percentage of cells protoplasted was deter-
mined by diluting protoplast suspensions and un-
protoplasted contro! cultures in distilled water.
Lower colony counts from protoplasted cultures
were caused by cell lysis and allowed calculation of
protoplasting frequency. Fusion frequency was de-
termined by comparing plate counts of PEG-treat-
ed and untreated protoplasted cultures. Lower col-
ony counts from PEG-treated cultures resulted
from protoplast fusion or aggregation, yielding
fewer individual protoplasts. Regeneration fre-
quency was the fraction of all protoplasts surviving
on RM, determined by comparing colony counts of
protoplasts diluted in P buffer and diluted in dis-
tilled water. Plating methods were used in all in-
stances instead of microscopic counts because of
the difficulty of accurately counting individual cells
in these filamentous organisms.

Mating

Standard matings were done by mixing equal
numbers of cells of different strains on TMM agar,
as previously described [12]. Mating plates were in-
cubated 3 days at 37°C. The cells were suspended
in 0.85% NaCl and plated on SMM selective for
recombinants, and on TSG for total population
count. Plate counts were used to calculate recom-
bination frequencies.

RESULTS

Culture conditions prior to protoplasting

The composition of the medium in which cells
were grown prior to protoplasting appeared to be
critical to protoplast formation. Microscopic ob-
servation of protoplasted cultures showed that
most media resulted in little or no protoplast for-
mation. In addition, the strains differed from each
other with respect to the medium most conducive
to protoplasting. KK4 protoplasted well when
grown in PY and modified PY media, but produced
few protoplasts when grown in trypticase-soy
(TS)-based media and none when grown on SMM,
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brain-heart infusion or Actinomyces broth. In con-
trast, KK 5 and KK6 both protoplasted well when
grown in TS-based media, but not when grown in
PY media. Addition of 0.05% Tween-80 to the me-
dia increased protoplast yield by dispersing clumps
of cells, thus aiding in protoplast release. The three
strains used in these experiments have similar
growth rates overall when grown in the same me-
dium, but they vary considerably in the duration of
each stage. In TSB, KK4 tends to persist longer
than the other strains as long, well-developed hy-
phae which are not as readily protoplasted as are
younger filaments. KK6 tends to persist longer as
cocci and coccobacilli, which are highly refractile
to protoplasting.

Culture age was an important factor in proto-
plast formation. Cultures 24 h old when harvested
for glycine treatment were more effectively proto-
plasted than 18-h cultures or 48-72-h cultures.

The incubation temperature prior to protoplast-
ing had a significant effect on protoplast formation.
Initial experiments were done at 37°C, the optimal
temperature for growth of N. asteroides. At 37°C,
the total number of protoplasts formed comprised
less than 10% of the cell population, and in the case
of KK4 were unstable, lysing readily even when
maintained in P buffer. At 30°C or 45°C, growth of
the cultures was decreased significantly and no pro-
toplasts were formed. Growth at 32°C was not sig-
nificantly greater than at 30°C, but resulted in up
to 90% protoplasting of the population.

The glycine concentration yielding the slight in-
hibition of growth necessary for protoplasting var-
ied with strain. Effective glycine concentrations
were 1.5% (w/v) for KK4, 3% for KKS5, and 5%
for KK6.. In some experiments, glycine-treated cul-
tures exhibited morphological features such as foot-
ball-shaped or club-shaped cells, in contrast to nor-
mal rods or filaments, that suggested some cell wall
modification induced by glycine prior to lysozyme
treatment.

Protoplasting

Microscopic examination of protoplasting sus-
pensions showed that protoplasts began to appear
10-15 min after addition of lysozyme, with most

protoplast formation complete within 45 min. In-
cubation with lysozyme was extended to 1 h to en-
sure complete protoplasting. The lysozyme treat-
ment temperature was not critical: 32°C, 37°C, or
room temperature were equally effective. Most pro-
toplasts formed at the growing tips or branch
points of young 10-20 um long filaments. Few pro-
toplasts were formed from more highly developed
filaments, and required several hours incubation
with lysozyme before forming. No protoplasts were
formed from cocci or coccobacilli.

Each strain was protoplasted in at least four sep-
arate experiments, with protoplast frequencies for
KK4 of 0.62-0.85 (0.73 avg); for KKS5, 0.51-0.79
(0.64 avg); and KK6, 0.55-0.93 (0.74 avg).

Fusion

Fusion was readily accomplished by mixing
PEG-1000 with protoplast suspension. Aggregation
of protoplasts was immediate and could be assisted
by agitation or mixing of the suspension with a pi-
pet. Determination of the decrease in protoplast
population resulting from fusion of two or more
protoplasts into single colony-forming units
allowed calculation of fusion frequencies. Fusion
frequencies were variable and not related to strain,
ranging from 0.41 to 0.61 for KK4, 0.32-0.73 for
KKS35, and 0.16-0.83 for KK 6. This variability may
be related to the amount of mixing to which each
fusion mixture was subjected. More mixing resulted
in more fusion but suspensions became difficult to
pipet, with the formation of clumps of protoplasts.
Some variability also may have resulted from dif-
ferent ratios of merely aggregated to truly fused
protoplasts.

Regeneration

Regeneration on RM allowed recovery of an av-
erage of 25% of protoplasts formed, with the fre-
quency of KK4 recovery being 0.19-0.21, KK5
0.28-0.42, and KK6 0.16-0.35. Regeneration di-
rectly on RM without the use of overlay agar, re-
generation on freshly prepared RM, or regener-
ation on RM lacking peptone and yeast extract de-
creased regeneration frequency up to 50% (data not
shown). Without overlays, the regeneration fre-



Table 1

Recombination by protoplast fusion
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Standard matings were conducted by co-cultivation on TMM for 3 days at 37°C prior to subculture to SMM to detect recombination.
For protoplast fusion, mating strains were grown in glycine broth prior to incubation in P buffer at 32°C for 1 h. Protoplasts were fused
in 50% PEG-1000 at 22-25°C for 1 min and regenerated on RM medium at 37°C for 7 days. Colonies were subcultured to TSG at 37°C
for 3 days prior to selection on supplemented SMM to detect recombinants.

Recombinant recovery
Parent 1 Parent 2
frequency
strain reversion freq. strain reversion freq. standard fusion
KKS5-2 <29 x 1071 KK6-119 < 1.3 x 1071° 0 1.2 x 107°¢
leu-8 met-3
phe-3
KK4-64 <63 x 1077 KK6-119 < 1.3 x 1071 1.3 x 1073 9.0 x 1073
his-10 met-3
leu-1 phe-3
str-31

quency for KK4 dropped dramatically from
around 0.20 to 0.036. For KKS5, this drop in fre-
quency was less dramatic, decreasing to 0.13. KK6
regeneration without overlays was not tested. Use
of RM prepared the same day that it was used also
lowered regeneration frequencies to 0.084 and to
0.25 for KK4 and KKS, respectively.

Recombination by protoplast fusion

KK4-64 and KK6-119, which yield recombi-
nants in conventional agar matings, were fused, and
regenerated colonies were screened for recombinant
types. KK5-2 and KK6-119, which do not yield re-
combinants in conventional matings, were similarly
fused and examined (Table 1). The frequency of re-
combinants recovered from fusion of KK4 and
KK6 was 9.0 x 1073, or about 750-times greater
than recombinant recovery from conventional mat-
ings. The frequency of recombinants recovered
from fusion of KK5 and KK6 was 1.2 x 1076,
comparable to the frequency observed in conven-
tional mating of compatible N. asteroides strains.

Recombinants of KK4-KK6 fusion were scored
for the frequency of individual class types, as shown
in Table 2. For recombination both by mating and

by fusion, the distribution of recombinant class
types among the progeny was similar.

Table 2

Distribution of recombinant phenotypes in crosses of N. aster-
oides KK4-64 his-10 leu-1 str-31 x KK6-119 met-3 phe-3 by
standard mating and protoplast fusion

The total number of non-parental types was enumerated and
their phenotypes were determined by replica plating to appro-
priate supplemented SMM. The fraction of total recombinants
is the number of a given phenotype divided by the total number
of non-parental types.

Fraction of total recombinants

Phenotype standard mating® fusion®
Met™ 0.38 047
Phe™ 0.24 0.19
Leu™Phe™ 0.12 0.045
Leu™ 0.10 0.10
Leu Met™ 0.045 0.045
His™ 0.041 0.059
His~Phe™ 0.038 0.020
Prototrophy 0.023 0.054
His ™ Met™ 0.0034 0.0056

* Based on 540 recombinants.
b Based on 354 recombinants.
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DISCUSSION

Modifications of media developed by Okanishi
et al. [15] for protoplasting and regenerating Strep-
tomyces were found to be effective for protoplasting
and regeneration of N. asteroides. The conditions
necessary for growth of cells prior to protoplasting
proved to be critical to efficient protoplasting and
were highly strain-dependent. Culture conditions
other than those adopted for these strains resulted
in little (less than 10%) or no protoplast formation
when such cells were treated with lysozyme. The
dependency of efficient protoplasting on culture
medium, culture age, cultivation temperature and
glycine concentration all suggest that cell wall struc-
ture is an important factor in protoplast formation.
Nocardiae have a number of complex lipids, pep-
tides, and carbohydrates in their wall in addition to
the Iysozyme-sensitive peptidoglycan layer. Many
of these wall components may contribute to lyso-
zyme resistance in Nocardia by masking lysozyme-
sensitive bonds in the peptidoglycan layer. The rel-
ative ratios of these components and the size of the
molecules, as well as the specific identities of the
components, are known to vary with medium com-
position, culture age, and cultivation temperature
[7,11,14].

The differences in conditions required to effect
protoplasting in the strains of N. asteroides tested
appear to be related to differences in their life cycle.
Nocardiae grow as mycelia in which cross walls are
formed, followed by fragmentation of the mycelium
into individual cocci and coccobacillary cells, which
give rise to new mycelia. The three strains used in
these experiments have similar growth rates overall
when grown in the same medium, but they vary
considerably in the duration of each stage, as noted
in ‘Results’ above. The resistance of coccobacilli to
protoplasting may be related to the structure of
much of their wall, originally formed as cross walls

in mycelia [6]. Since the growth rate of KK4 is dif-

ferent in PY and TSB, 24 h incubation in PY yields
the more easily protoplasted shorter filaments. The
different percentages of glycine required for each
strain, besides allowing incorporation of glycine in-
to the peptidoglycan, also modify growth rates,

thus assisting in production of cell populations at
the time of harvest that are in the appropriate stage
of growth for protoplasting. Failure of younger or
older cultures to protoplast may be caused by al-
terations of cell wall structure that are related to
culture age. Such cultures are still largely in the coc-
cobacillary stage, or have already passed into the
longer filament stage, or beyond to fragmentation
into coccobacilli, and for this reason are unsuitable
for protoplasting. Cultures sonicated to fragment,
then incubated 24 h, allow new fragments to form
the more easily protoplasted short hyphae.

Cultivation temperature prior to protoplasting
has been reported to affect the regeneration of pro-
toplasts in species of Streptomyces [4]. Cell wall
composition may differ enough between cells grown
at 30°C and those grown at 32°C to account for the
difference in protoplasting ability, or perhaps the
distribution of lipids in cells grown at 30°C is un-
favorable to stable protoplast formation. Sponta-
neous lysis of KK4 protoplasts formed from cul-
tures grown at 37°C was observed microscopically,
even when protoplasting populations were main-
tained in the protoplasting buffer. Protoplasts, if
formed from cells grown at 30°C, may have been
even more transient.

Overlays are commonly used in Strepfomyces
and Bacillus regeneration procedures, helping to
stabilize protoplasts and assisting regrowth, per-
haps by retarding the diffusion of precursors and
cell-wall-synthesizing enzymes normally found in
the periplasmic space. Inhibitors produced by un-
protoplasted cells or by early-regenerating Strep-
tomyces and Bacillus protoplasts retard regener-
ation of late-regenerating protoplasts [3,10]. Dif-
fusion of such inhibitors is retarded in drier media,
resulting in higher total regeneration frequencies
[4,19]. Whether Nocardia produces such inhibitors
is not known, although a similar effect of overlays
and medium age on Nocardia regeneration was ob-
served.

Through protoplast fusion of the normally in-
compatible combination of KK 5 with KK6, recom-
binants were recovered among regenerating colon-
ies at a frequency of 1.2 x 107°, still low when
compared with a frequency approaching 1% for



KK4 fused with KK6, but adequate for genetic
analyses. Some other barriers to recombination,
such as a restriction system in one of the strains or
simple lack of homology between the chromosomes
of the strains involved, may account for the low
recombinant recovery frequency. N. asteroides is a
heterogeneous taxon: KK4 and KKé6 are in a
well-defined group, group B sharing much homol-
ogy, while KK5 falls into the more heterogeneous
A group [17]. The cell wall can serve as a significant
barrier to recombination in N. asteroides. It is likely
that some factors determining compatibility are
normally expressed at the nocardial cell surface as
components of the cell wall. This proposal is sup-
ported by the lack of fertility between strains of
common origin in conventional matings.

In protoplast fusion the entire genome of each
cell enters the fusion product, so that all genes have
a greater chance to recombine. The frequencies of
various class types might be quite different in stan-
dard crosses and in fusions if, in standard mating,
only a portion of the genome were transferred from
donor to recipient, or if transfer were polar. That
the distribution of frequencies was similar between
the two recombination methods supports the hy-
pothesis that mating in N. asteroides in nature oc-
curs by a fusion-like process, as has been observed
in growth of N. asteroides cultures [1,9].
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