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Conditions for highly efficient genetic recombination in Streptomyces by protoplast fusion 
are described. Protoplasts of S. fradiae and S. griseofuscus were formed by a modification 
of the glycine-lysozyme-lytic enzyme method (Okanishi, Suzuki & Umezawa, 1974). 
Regeneration of cells from protoplasts was monitored throughout the growth cycle and was 

most efficient when cells of either S. fradiae or S. griseofuscus were taken from the transition 
phase between the exponential and stationary growth phases. Fusion of protoplasts carrying 
different auxotrophic or chromosomal drug-resistance markers was achieved by treatment 
with polyethylene glycol, and high frequencies of stable genetic recombinants were obtained. 

I N T R O D U C T I O N  

Genetic recombination by a system similar to conjugation in the Enterobacteriaceae has 
been demonstrated with several antibiotic-producing species of Streptomyces (Hopwood, 
1967; Friend & Hopwood, 1971 ; Coats & Roeser, 1971 ; Hopwood et al., 1973; AlaCeviC, 
StraSek-VeSligaj & Sermonti, 1973 ; Akagawa, Okanishi & Umezawa, 1975; Coats, 1976; 
Hopwood, 1976). Genetic recombination in S. coelicolor is mediated by two fertility plasmids, 
SCPl (Hopwood et al., 1973) and SCP2 (Bibb, Freeman & Hopwood, 1977). SCPl also 
codes for synthesis of and resistance to the antibiotic methylenomycin A (Wright & Hop- 
Wood, 1976a), while the S.  coelicolor chromosome codes for the synthesis of a second anti- 

biotic, actinorhodiii (Wright & Hopwood, 1976 b). Genetic mapping and linkage analysis in 
other Streptomyces species have also revealed plasmid-determined (Akagawa et al., 1975) 
and chromosome-determined (Coats & Roeser, 1971 ; AlaCeviC, 1976) antibiotic activities. 

Strain development and genetic analysis of several other economically important Strepto- 
myces species, however, has been hindered by the apparent lack of natural fertility in these 
strains, and the lack of transduction and transformation systems (Hopwood et al., 1973). 
A more general means to effect genetic recombination in Streptomyces would therefore be 

quite useful. 
Polyethylene-glycol-induced protoplast (or cell) fusion has recently been demonstrated 

in several eukaryotic systems (Ferenczy, Kevei & Szegedi, 1975; Ann6 & Peberdy, 1976; 

Jones et al., 1976; Power et al., 1976; Pontecorvo, Riddle & Hales, 1977; Sipiczki & 

Ferenczy, 1977) and in the prokaryotic genus, Bacillus (Fodor & Alfoldi, 1976; Schaeffer, 
Cami & Hotchkiss, 1976). This technique appears to have potential broad utility to effect 
genetic recombination in prokaryotic micro-organisms, particularly in those lacking classical 
recombination systems. A key factor in the utility of this technique is the capability of fused 
bacterial protoplasts to regenerate cell walls and thus viable cells. In this communication, I 
describe a highly efficient genetic recombination system for Streptomyces using protoplast 

fusion and efficient cell regeneration. 
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Table 1 .  Origin of S.  fradiae strains used in this investigation 

Strain Relevant genotype or phenotype* Source? 

c373 Spof Soil isolate 
M 1  spo-1 Spontaneous mutant of c373 

~ ~ 1 1  SPO-1 CYSDI MNNG of ~1 
~ ~ 1 7  spo-1 metB2 MNNG of ~1 
~ ~ 1 5  spo-I metA5 arg-2 MNNG of ~1 
~ ~ 3 0  spo-1 metA5 arg-2 spc-2 Spontaneous mutant of ARI 5 

* The spo marker refers to loss of ability to form aerial mycelium and aerial spores. This mutation also 
renders the strain incapable of producing the antibiotic tylosin during colony growth on nutrient agar plates. 
The spc marker refers to resistance to spectinomycin at 50 ,ug ml-l. The auxotrophic marker designations 
are defined by nutritional requirements and are the same as those of Hopwood et al. (1973). 

t MNNG indicates N-methyl-N'-nitro-N-nitrosoguanidine mutagenesis. 

METHODS 

Media. TS broth contained 30 g trypticase soy broth (BBL) per litre distilled water. NC agar contained 8 g 

nutrient broth (BBL or Difco) and 15 g agar per litre distilled water; Ca(NO,), was sterilized separately and 

added to 4.0 mM. Modified medium R2 was as described by Okanishi, Suzuki & Umezawa (1974) except that 

1.8 g L-asparagine was substituted for proline as the nitrogen source. Medium P was as described by Okanishi 

et al. (1974). 
Streptomyces strains. Streptomyces fradiae c373 (ATCC 19609) is a filamentous streptomycete used in the 

commercial production of the macrolide antibiotic tylosin. Derivatives of strain c373 used in this study are 

listed in Table 1. Streptomyces griseofuscus ATCC 23916, a rapidly growing filamentous streptomycete highly 

sensitive to certain actinophages (Baltz & Radue, unpublished), was also used in this study. Auxotrophic 
mutants were induced by a N-methyl-N'-nitro-N-nitrosoguanidine mutagenesis procedure similar to that of 

DeliC, Hopwood & Friend (1970) except that mycelial fragments rather than spores were used (Seno, Radue 

& Baltz, unpublished). 
Growth conditions. Both Streptomyces species were grown in TS broth at 34 "C on a New Brunswick 

rotary water bath shaker at about 240 rev. min-l. Flasks containing TS broth were inoculated with lyo- 

philized or frozen vegetative mycelia or spores and grown until mycelial masses developed (usually 24 to 

48 h). The mycelia were homogenized by several passages in a Teflon pestle tissue grinder (A. H. Thomas CO., 

Philadelphia, Pennsylvania, U.S.A.). The homogenization procedure broke the large mycelial masses into 

small units ranging from several to about 50 cells per colony-forming unit (c.f.u.). Homogenized mycelia 

were more uniformly fragmented by ultrasonic treatment (see below and Results) and were also more 

susceptible to rapid uniform protoplasting by lysozyme treatment than were larger unhomogenized mycelia. 
Homogenized and/or ultrasonically fragmented cells were added to secondary growth flasks (usually at a 

1 : 10 to 1 : 100 dilution) and further incubated for 16 to 24 h. This procedure usually facilitated rapid expo- 

nential growth with relatively large numbers of growth centres and eliminated development of very large 

mycelial masses which did not fragment well on ultrasonic treatment. Growth was followed by monitoring 

the absorbance at 600 nm (AgOO) and the number of colony-forming units after ultrasonic fragmentation of 

mycelia. 
Ultrasonic fragmentation of mycelia. Cells grown in liquid culture were homogenized and diluted twofold 

in TS broth, and 20 ml was added to a 30 ml polypropylene chemical container (Be1 Art). The tip of the ultra- 

sonic probe (Branson sonifier, model W185) was immersed about 1.5 cm into the broth and mycelia were 

fractured for 5 to 10 s at 76 W. 
Protoplast formation and cell regeneration. Streptomyces fiadiae mycelia fractured ultrasonically were 

added to TS broth supplemented with 0.4 % (w/v) glycine and grown for at least seven cell doublings. 
Mycelia were then homogenized or fragmented ultrasonically for 3 s, rather than the normal 5 to 10 S .  

(Mycelia grown in glycine were fragmented more rapidly by ultrasonic treatment, and longer treatments 

resulted in substantial loss in viability.) Cells were diluted in the same medium and grown to various absor- 

bances before protoplasting. Mycelia to be protoplasted were washed three times in medium P, homogenized 

and treated with 1 mg lysozyme ml-1 for 1 h. Usually, conversion of mycelia to stable protoplasts was 

complete by about 15 min as judged by phase contrast microscopy. Protoplasts were quantified by direct 

counts in a haemocytometer and/or by measuring Ag00. Protoplasts were washed two or three times by 
centrifugation and resuspension in medium P, diluted in medium P and plated on modified medium R2 for 

viable counts to determine cell regeneration. Colony formation from non-protoplasted cells was determined 
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by (i) diluting protoplasts in distilled water and plating on medium R2 or (ii) diluting in medium P and plating 

on NC agar medium. 

Protoplasts of S. griseofuscus were prepared in the same way except that cells were grown in TS broth 
plus 0.8 % (w/v) glycine. 

Protoplust fusion andgenetic recombination. Protoplasts (0.5 ml; about 2 x lo8 to 4 x lo* ml-l) from each of 

two strains were mixed and centrifuged in a clinical centrifuge. The pellet was resuspended in 0.1 ml medium P 
and mixed with 0.9 ml 40 % (w/v) polyethylene glycol 6000 (PEG) in medium P (prepared by filter steriliza- 

tion). The PEG-treated protoplasts were diluted after 30 s at 23 "C and plated on medium R2. Prototrophic 
colonies were picked and streaked on R2 and NC agar. All colonies tested contained prototrophic 

recombinants which were stable upon recloning, but many also ccntained a minority of auxotrophic parental 

types. Stable prototrophic recombinants were streaked on NC agar plates containing 50 pg spectinomycin 
ml-l to determine resistance to the antibiotic. 

R E S U L T S  

Formation of protoplasts 

Streptomyces fradiae and S. griseofuscus became sensitive to lysozyme after growth in the 
presence of a partially growth-inhibitory concentration of glycine. Figure 1 (a) shows the 
growth kinetics of S. fradiae in TS broth with and without 0.4% glycine. The presence of 
0.40;6 glycine increased the cell doubling time from about 1.6 h to 2.7 h. Essentially com- 
plete growth inhibition was achieved at 0.6% glycine (not shown). Cells grown for about 
seven cell doublings or more in the presence of 0.4% glycine were highly sensitive to 
lysozyme and formed stable protoplasts in medium P. The number of cells surviving this 
treatment was typically about 1 in lo6 to lo4. There was a lengthy (about 20 h) transition 
phase between the classical exponential and stationary growth phases during which the 
A600  increased from about 2.0 to 9.0 (Fig. l a ) ;  the relevance of this growth phase to cell 
regeneration is discussed below. 

Addition of 0.8 74 glycine to TS broth increased the cell doubling time of S. griseofuscus 
from about 1 h to 2 h (Fig. lb ) .  With this concentration of glycine, S. griseofuscus cells 
grown for about seven cell doublings were quite susceptible to protoplasting by lysozyme 
treatment. The number of cells surviving lysozyme treatment was also about 1 in lo6 to loL. 
Cells of S. fradiae and S. griseofuscus grown in the absence of glycine or grown for only 
three to four cell doublings in glycine formed protoplasts very poorly (< 90 yo conversion in 
16 h with 1 mg lysozyme ml-l). Growth of S. griseofuscus proceeded from the exponential 
to the stationary phase quite rapidly with very little increase in cell mass during the transition 
(Fig. 16). 

Regeneration of cells from protoplasts 

The efficiency of cell regeneration from protoplasts of S. fradiae and S.  griseofuscus varied 

during the growth cycle and was highest if protoplasts were prepared from cells in the 
transition phase between the exponential and stationary growth phases (Fig. 1 a, b). About 
l o s  colony-forming protoplasts were obtained per As,)() unit of S.  fradiae or S. griseofuscus 
mycelia during this period. Streptomyces fradiae protoplasts prepared from cells grown to 
an A600  of about 0.4 also regenerated rather efficiently. However, cells from later stages of 
exponential growth regenerated poorly This pattern was reproduced in other experiments, 
except that protoplasts from the mid- to late-exponential growth phase were regenerated 
even more poorly than shown in Fig. 1 (a). Stationary phase protoplasts of S. fradiae and 
S. griseofuscus also regenerated very poorly. 

The process of cell regeneration from S. fradiae protoplasts was generally slow and 
asynchronous. The first visible colonies from regenerated protoplasts appeared after 3 to 
4 d incubation, while the last appeared after 7 to 12 d, depending on the growth phase of 
the cells before formation of protoplasts. The time required for one-half of the regenerating 
protoplasts to appear as visible colonies varied from 3 to 7 d and depended on the growth 
phase of the cells before formation of protoplasts. In contrast, when ultrasonically prepared 

M I C  I07 7 
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Fig. 1. Growth of S. fradiae and S.  griseofuscus and regeneration of protoplasts as a function of 
growth phase. (a) Streptomyces fradiae ~1 was grown in TS broth (v) or TS broth plus 0.4 % 
glycine (0, A,  0, 0). The different symbols represent data from different experiments which 
have been superimposed to define the complete growth cycle. Mycelial fragments from one experi- 
ment (0) were refrigerated overnight before protoplast formation. Closed symbols represent the 
number of protoplast revertants per A 6 0 0  of cells taken from the corresponding growth phase (with 
glycine). (b) Streptomyces griseofuscus was grown in TS broth ( V) or TS broth plus 0.8 % glycine 
(0, A ,  0). Again, data from different experiments have been superimposed. Closed symbols 
represent the number of protoplast revertants per Asoo of cells taken from the corresponding growth 
phase (with glycine). 

fragments of S. fradiae were plated, the maximum number of visible colonies was obtained 
in 2 d. The asynchronous nature of protoplast regeneration was manifested quite dramati- 
cally by the variation in colony diameters at any given time. The large colonies from proto- 
plasts that regenerate early, or from the small background of non-protoplasted cells, had a 

pronounced inhibitory effect on regeneration of nearby protoplasts. The inhibition was so 
severe that when lo3 to lo6 potentially viable (i.e. revertible) protoplasts were spread on one 
plate, only 500 to 1000 colonies developed, and these completely inhibited regeneration of 
the remaining protoplasts. Thus valid viable counts were obtained only if about 100 to 
200 revertible protoplasts were spread per plate. This auto-inhibition was seen with proto- 
plasts from cells which did not produce detectable levels of tylosin antibiotic(s) on plates, 
but was not seen when whole cells were plated, regardless of their ability to produce anti- 
biotic(s). (Streptomyces fradiae c373 is not known to produce any antibiotic other than 
tylosins.) 

In contrast, regeneration of protoplasts of S.  griseofuscus was more rapid (half-time for 
colony development < 3  d) and more synchronous, and no inhibition of regeneration was 
apparent when high concentrations of protoplasts were spread on plates (i.e. confluent 
lawns developed). 

To determine the efficiency of regeneration per cell unit and to further characterize the 
events occurring during the phase in the growth cycle which yielded the pretoplasts that 
regenerated most efficiently, visual counts and absorbances of protoplasts and viable counts 
of cells before,protoplast formation were also determined in one of the experiments (0, m) 
described in Fig. 1 (a).  Since viable cell counts could not be determined directly because of 
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Fig. 2. Fragmentation of S. griseofuscus and S.  fradiae mycelia by ultrasound. TS broth (10 nil) 
in a 50 ml Erlenmeyer flask was inoculated with 0.05 ml of ultrasonic fragments of S. griseofuscus 
at about 1 x lo8 ml-' or S. fradiae at about 4 x lo8 ml-l, After 22 h incubation at 34 "C, the resulting 
mycelia were treated with ultrasound at 76 W power output (see Methods). Samples were with- 
drawn after 5 or 10 s bursts, diluted and plated on NC agar for viable counts: 0, S.  griseofuscus; 
A, S. fradiae. 

Fig. 3. Changes in growth parameters during the transition phase in S.  fradiae. (a)  0, Total proto- 
plasts; A ,  c.f.u. after ultrasonic treatment; 0, protoplast revertants. (b) A,  Absorbance of cells; 
0, absorbance of protoplasts. Data were obtained from the cxperiment described by and in 
Fig. l (a ) ,  i.e. 12 to 36 h. 

the multicell nature of Streptomyces mycelia, a method to fragment mycelia ultrasonically 
was developed. Figure 2 shows the kinetics of fragmentation of early-stationary phase 
mycelia of S. fradiae and S. griseofuscus at 76 W ultrasonic power. Maximum colony- 
forming units (about lo8 per mycelia &),) were obtained after 5 to 10 s with both strains. 
Extrapolation to zero dose suggests that about 50% of the maximum potential colony- 
forming units are recovered as viable counts after 5 to 10 s at 76 W. Additional experiments 
(not shown) showed that this dose of ultrasound gives maximum colony-forming units from 
cells taken from different phases in the growth cycle. 

Figure 3 shows for S. fradiae the changes with time in absorbances of cells before and 
after protoplasting, in viable counts of cells before and after protoplasting and in protoplast 
counts during the transition phase (12 to 36 h in Fig. 1 a). Several events occurred during 
this 'shift down' in growth rate beginning at a cell A,,, of about 1.5. An abrupt change in 
the rate of increase in total protoplasts occurred immediately (12 h); the time required to 
double the number of protoplasts increased from 2.7 to 11 h. However, protoplast mass, as 
measured by A600 ,  stopped increasing at 12 h, but began increasing proportionally with proto- 
plast number at 22 h. At about 17 h ,  the cell A 6 0 0  accumulation shifted from the faster to the 
slower rate. Only after 22 h, however, did the rate of viable cell count accumulation shift to 
the slower rate. An examination of the ratios of these parameters (data not shown) indicated 
that during the transition the average mass per protoplast decreased, the average mass per 
cell decreased, and the number of protoplasts per viable cell also decreased. The temporal 
sequence of these events suggests that cross-wall formation continued at  a fairly rapid rate 
during the period when protoplast mass was not increasing appreciably. This is the time at  
which protoplasts regenerate cells most efficiently (Fig. 4). The maximum efficiency of 
protoplast regeneration per protoplast or per viable cell during this period was about 50 yo. 
Since the number of viable counts was estimated to represent about one-half of the actual 

7-2 
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Fig. 4. Efficiency of S. fradiae protoplast reversion during the transition phase. (a) 0, Protoplast 
revertants per c.f.u. after sonication; A, protoplast revertants per protoplast. (b) A, Protoplast 
revertants per protoplast &oo; 0,  protoplast revertants per cell &0. Data are from the experiment 
described in Fig. 3.  

Table 2. Genetic recombination in S.  fradiae induced by protoplast fusion 

Prototrophic Spectinomycin- 
Protoplasts PEG Dilution colonies after resistant 

mixed treatment medium regeneration (ml-l) pro t o tro phs 

AR17 + A R 3 0  
AR17  + A R 3 0  
AR17 + A R 3 0  
A R m -  A R 3 0  

~ ~ 1 7  
~ ~ 1 7  
~ ~ 1 7  

~ ~ 3 0  
~ ~ 3 0  

~ ~ 3 0  

+ P+PEGt; 
+*  P+PEG 

P 

HzO 

P 

HZO 

P 

HzO 

- 

- 

+ P+PEG 
- 

- 

+ P+PEG 
- 
- 

2 . 4 ~  104 
5 . 0 ~  lo2 
6.6 x lo3 
7 . 0 ~  10' 

2.0x 10' 
2.0x 101 
2.0 x 101 

< 101 
< 101 
< 10' 

* The strains were treated with PEG separately, then mixed directly on the R 2  plates. 
t; This hypertonic medium contained 40 % PEG in medium P. 

viable cells in the mycelium before ultrasonic treatment, the total protoplast counts appear 
to be somewhat lower than expected. This may be due to loss of protoplasts by lysis or 
clumping, or to inefficient visual counting of small protoplasts. In any event, the protaplast 

and viable counts were in close agreement, and a conservative estimate of protoplast re- 
version efficiency was between 25 and 50%. Since protoplasts were washed three times by 
centrifugation and resuspension before plating, during which some clumping and loss in 
absorbance did indeed occur, the absolute efficiency of S. fradiae cell regeneration may 
actually be greater than 50%. A similar analysis with S. griseofuscus indicated that nearly 
100 7; of protoplasts from the transition phase will regenerate viable cells (data not shown). 

Genetic recombination induced by protoplast fusion 

In addition to having conditions for efficient formation and reversion of protoplasts, 
efficient genetic recombination is contingent upon having a means to fuse protoplasts and 
thus introduce genetic material from two different strains into a common cytoplasm. Poly- 
ethylene glycol was chosen for this work with Streptomyces since it has been shown to be 
effective in promoting protoplast fusion in a number of other systems. A genetic cross was 
carried out by fusion of protoplasts of auxotrophic S. fradiae strains ~ ~ 3 0  (carrying metA5, 
arg-2 and spc-2) and ~ ~ 1 7  (carrying metB2). The metA and arg genes were suspected to be 
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Fig. 5. Time course of recombinant formation after protoplast fusion. Streptomyces fradiue 
strains A R I  1 and ~ ~ 3 0  were crossed by protoplast fusion (see Methods) and prototrophic recombi- 
nants were counted at various times after plating and normalized to the initial A,,, of cells (A). 
Dilutions were made in medium P without PEG. Also shown, for comparison, are the numbers 
of protoplast revertants from a culture at the optimum absorbance for regeneration (0). 

linked since they were coinduced by treatment of S. .fradiue with N-methyl-N'-nitro-N- 
nitrosoguanidine (Seno, Radue & Baltz, unpublished), a mutagen which produces high 
frequencies of multiple closely linked mutations (Drake & Baltz, 1976). Since the spc and 
metB genes are closely linked in S. coelicolor (mapping in the lower arc of the circular linkage 
map) but are not linked to metA or  arg (metA, urgA, argB and argC map in the upper arc 
of S .  coelicolor), it was surmised that if the genetic map of S. fradiae is similar to that of 
S .  coelicolor, many prototrophic recombinants should contain spc-2 from ~ ~ 3 0 .  This would 
rule out reversion of the rnetB2 marker of ~ ~ 1 7  to prototrophy as a n  explanation for the 
results, since simultaneous reversion of metB2 and forward mutation to spectinamycin 
resistance should occur a t  a frequency < 10-14, based upon spontaneous mutation fre- 
quencies of the two markers determined independently. A similar low frequency of simul- 
taneous reversion of rnetA5 and arg-2 in ~ ~ 3 0  was also expected from reversion frequencies 
of the individual markers. Thus, any stable spectinomycin-resistant prototrophs arising 
from mixed protoplasts in this cross must be recombinants and not spontaneous mutants. 

The results of this cross (Table 2) indicate that polyethylene glycol does induce S. fradiae 
to fuse and recombine at  high frequencies. Putative recombinants were stable upon re- 
cloning and most contained the spectinomycin-resistance marker, ruling out reversion of 
metB2 as an explanation of the results. A lower but significant frequency of recombinants 
was achieved without PEG treatment. These were presumably induced to fuse by the Ca2+ 
ions present in medium P (Fodor & Alfoldi, 1976). Dilution of mixed protoplasts in distilled 
water before plating reduced the number of recombinants 100-fold. When the two proto- 
plast preparations were treated with PEG separately before mixing on plates, only 2% as 
many recombinants developed as when the two were treated after mixing. Also when the two 
parents were plated separately under any condition, no spectinomycin-resistant proto- 
trophic revertants were obtained. 

In  this experiment the fused protoplasts were diluted in medium P containing 40% PEG. 
In subsequent crosses between ~ ~ 1 7  and ~ ~ 3 0 ,  dilutions were made in medium P without 
PEG, and 5- to 10-fold higher recombinant frequencies were obtained (data not shown). 

Figure 5 shows the time course of appearance of prototrophic recombinants in a cross 
between the ~ ~ 3 0  and ~ ~ 1 1  (containing cysDI) and, for comparison, the time course of 
appearance of regenerated prototrophic S .  fradiae from a culture a t  optimum absorbance 
for regeneration (A6, ,  2.2). The frequency of recombinants in this cross was greater than 
2 x lo5 per ceJl A,,, or about 0.3 yo of the maximum potential revertible protoplasts, and 
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105-fold above the cysD+ revertant frequency (not shown). The half-time for formation of 
visible recombinants was similar to the half-times obtained for regeneration of cells from 
protoplasts. In genetic crosses between whole cells carried out under standard conditions 
(Hopwood, 1967), no genetic recombinants (i.e. < 1 in 10’) were detected (Radue & Baltz, 
unpublished). Thus, the frequency of detection of genetic recombination with S. frndine was 
enhanced at least 104-fold by the technique of protoplast fusion. 

Similar high frequencies of genetic recombinants were obtained by fusing singly marked 

auxotrophic mutants of S. griseofuscus (data not shown). 

D I S C U S S I O N  

Develo~ment of an efficient method of genetic recombination by protoplast fusion is 
contingent on having the ability to form protoplasts from cells, to induce fusion of proto- 
plasts and to regenerate cells from protoplasts. Genetic recombination will take place by 
virtue of the fact that two or more copies of homologous DNA reside in the same cytoplasm 
for a period of time. In fact the goal of any gene recombination system is to introduce homo- 
logous DNA from two sources into a common cytoplasm. Protoplast fusion makes this 
process very efficient by bypassing barriers encountered with other methods. 

Okanishi et al. (1974) have demonstrated that S.  griseus and S.  venezuelae become highly 
sensitive to enzymic hydrolysis by lysozyme and lytic enzyme no. 2 after growth in a medium 
containing a partially growth-inhibitory concentration of glycine. I have found that this is 
also true for S. fradiae and S. griseofuscus, but that lysozyme treatment alone is sufficient. 
When care is taken to assure fairly homogeneous growth by inoculating growth media with 
fragments of mycelia prepared by ultrasonic treatment and by avoiding accumulation of 
large mycelial masses, then both species can be converted to protoplasts very efficiently 
with only 1 in lo6 to lo4 cells remaining osmotically resistant after lysozyme treatment. 

Also when homogeneous cell growth is obtained and when mycelial masses do not 
exceed several hundred cells during the course of the experiment, cell growth can be readily 
monitored by absorbance or by viable counts after ultrasonic treatment of mycelia. The 
number of viable counts obtained at the optimum ultrasonic dose appears, by extrapolation, 
to be about one-half of the actual number of viable cells in the mycelia a t  zero dose, con- 
sistent with random intracell breakage, and is in close agreement with the number of proto- 
plasts liberated by lysozyme treatment. 

Examination of the efficiency of cell regeneration from protoplasts throughout the growth 
cycle indicates that a physiological state for optimum cell regeneration is reached during the 
transition between the exponential and stationary growth phases. The efficiencies of cell 
regeneration per protoplast or per viable cell with transition-phase protoplasts of S .  fradiae 
and S.  griseofuscus are about 50 and lOOyo, respectively. An examination of relative in- 
creases in S.  fradiae protoplast counts and mass and cell viable counts and mass during the 
transition phase suggests that peak efficiency is reached during a period when cell wall 
synthesis occurs without significant accumulation of protoplast mass. After S. fradiae or 
S. grisvofuscus cells enter the stationary phase of growth, the efficiency of protoplast 
regeneration decreases dramatically. Streptomyces fradiae protoplasts from early-exponen- 
tial phase (A600 about 0.4) also regenerate efficiently, while those from mid- to late-expo- 

nential phase (A600 about 0-5 to 1.0) regenerate poorly. 
Okanishi et al. (1974) reported that protoplasts of S.  griseus and S.  venezuelae prepared 

from mycelia in the mid-exponential growth phase regenerated cells quite efficiently on 
medium R2, but did not indicate the method used to determine the growth phase. 

The process of cell regeneration from S. fradiae protoplasts is generally slow and asyn- 
chronous, and protoplasts from different phases of the growth cycle regenerate with 
characteristic half-times. During regeneration, the first colonies appearing have a marked 
inhibitory effect on regeneration of nearby protoplasts. The phenomenon is apparently not 
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due to antibiotic synthesis since no differences are seen between tylosin producers and non- 
producers. A similar observation in Bacillus subtilis has been attributed to excretion of 
autolytic enzyme(s) which impedes cell wall synthesis during cell regeneration (DeCastro- 
Costa & Landman, 1977). 

Protoplasts of S..fradiae can be induced to fuse by treatment with polyethylene glycol, and 
fused strains containing different auxotrophic markers readily recombine and regenerate 
stable prototrophic recombinants on medium R2. Frequencies of recombinants as high as 
0.3 ‘lo of the parental protoplasts have been achieved. Since this frequency of recombinants 
was not corrected for the loss in revertible protoplasts due to PEG treatment (which has 
been up to fivefold in some experiments) or to possible loss in viability before prototrophic 
recombinants are formed on plates, the actual frequency of prototrophic recombinants per 
viable fused protoplast may be significantly higher. The method has also been used to obtain 
high frequencies of genetic recombinants with S. griseofuscus. 

During the preparation of this manuscript, a similar technique of protoplast fusion for 
Streptomj3ces was reported by Hopwood et a/. (1977). Their method, however, was modelled 
on a technique used for fusion of mammalian cells (Pontecorvo et a/., 1977) which employs 
a lower inolecular weight PEG (mol. wt 1540) for fusion, while the method described here 

is similar to the Bacillus system (Fodor & Alfoldi, 1976; Schaeffer et a/., 1976) which 
employs PEG 6000. With the method of Hopwood et al. (1977), fused protoplasts were 
plated undiluted, and recombinant frequencies were determined after spore formation on 
confluent lawns of mycelial growth. This method works well with S. coelicolor, S.  parvulus, 
S .  lividuns and S. griseirs but does not work well with species such as S. acrimycini (Hopwood 

et a/ . ,  1977) or S.  fradiae (described here) which produce auto-inhibitory activities. The 
method described here gives 10- to 100-fold fewer cells surviving lysozyme treatment and 
higher frequencies of cell regeneration than reported by Hopwood et al. (1977). 

In spite of the technical differences, both systems give very high frequencies of genetic 
recombinants, and protoplast fusion should be an important new general technique to aid 
in genetic analysis and strain development in Streptomyces. In addition, the technique has 
recently been used to enhance the frequencies of interspecies genetic recombinants in 
Streptonijws (Godfrey, Ford & Huber, personal communication) and should be a powerful 
tool to increase variability and exchange of gene pools within Streptomyces. Isolation of 
recornbinants may enhance the probability of finding new and potentially useful metabolites 
such as antibiotics. Adaptation of the methodology of protoplast fusion to other bacterial 
species may be a way to extend genetic analysis to species which currently lack efficient 
mating systems. 

The author would like to thank B. Byers foi technical assistance, 0. Gadfrey for communi- 
cation of results prior to publication, and L. Day, C .  Hershberger and D. McGilvray for 
critically reading the manuscript. 
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