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S U M M A R Y  

Genetic recombination occurs with a rather high frequency (up to IO-~)  in mixed 
cultures of auxotrophic and streptomycin-resistant mutant derivatives of Thermo- 
actinomyces vulgaris strain T9 growing on agar medium. It is shown that trans- 
formation by DNA is responsible for this recombination. Certain other newly 
isolated strains resemble T9 in being competent for transformation and are inter- 
fertile with each other and with T9. Some other strains are incompetent but can act 
as donors to the first set of strains. A fully synthetic minimal medium and conditions 
for efficient mutagenesis have been defined. 

INTRODUCTION 

We have already outlined briefly the discovery of genetic recombination in the thermo- 
philic actinomycete Thermoactinomyces vulgaris (Hopwood & Ferguson, I 970) and its 

characterization as a transformation process (Hopwood & Wright, I 97 I). This paper 
describes the results of these studies in detail. It includes the formulation of a fully synthetic 
minimal medium for propagation of the organism and description of the isolation of auxo- 

trophic mutants in good yield after heating the spores in vacuo as previously described for 

Bacillus subtilis by Chiasson & Zamenhof (I  966). 
Our current interest in genetic analysis of this organism centres particularly on a study 

of the architecture of its endospores. These, as described in the accompanying paper 

(McVittie, Wildermuth & Hopwood, 197z), are polyhedral, the surface layer consisting of 
approximately equal numbers of pentagonal and hexagonal faces. We hope that the isola- 

tion and characterization of mutants with deviant spore architecture may give insight into 

the development of regular structure at this level of biological complexity. 
At least two other applications of this genetic system suggest themselves. One is a genetic 

analysis of spore surface antigens in relation to the causation of Farmer’s Lung; this organ- 
ism is one of two thermophilic actinomycetes identified as causal agents of this allergic 

condition (Pepys et al. 1963). The second is a genetic analysis of the basis of thermophilic 
growth; this is, as far as we are aware, the first system of genetic recombination to be re- 
ported in a thermophilic bacterium, as attempts to demonstrate transformation in B a d u s  
stearothermophilus (Streips & Welker, 197 I) have so far been unsuccessful. 

METHODS 

Bacterial strains. Wild-type strain c m 7 6  of Thermoactinomyces vulgaris was kindly 
supplied by Dr T. Cross, University of Bradford. Other wild-types were isolated from soil 
samples as described by Hopwood & Ferguson (1970). Most of the experiments concerned 

mutant and recombinant derivatives of one wild-type, T9, stock number 1227; these are 
listed in Table I .  Other wild-types and their mutant derivatives are referred to in the text. 

25-2 
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Table I .  Characteristics of strains derived from wild-type ~g 

Relevant phenotype 
A 

r-- \ 

Strain nic-I pro-I str-x thi-3 trp-z ura-I 

1227* 
1250 
1261 
I 263 
I 278 

I279 
I 286 

1332 
I336 

+ + S 
- + S 
- + R 
+ + S 
+ + R 
- + R 
+ + S 

R 
+ + S 

- - 

+ + + 
+ + + 

+ + 
+ + 

+ 
+ + 

+ + 
+ + 

+ 

- 

- 
- - 
- 

- 

- 
- + 

* Wild-type ~ g .  

Media. The basis of all media was Czapek-Dox medium of the following composition, 

per litre: sodium nitrate, 2 g; potassium chloride, 0.5 g; magnesium glycerophosphate, 

0.5 g; ferrous sulphate, 0.01 g; potassium sulphate, 0.35 g; Oxoid agar no. 3, 12 g. Sucrose 
was autoclaved separately as a 50% (w/v) solution and added to the medium at a final 

concentration of 3 yo (w/v). 
Three media were prepared by addition of various supplements to the Czapek-Dox base. 

Minimal medium with casein hydrolysate (MMC) consisted of Czapek-Dox medium plus 

0.6% (w/v) Bacto vitamin-free Casamino acids (Difco). This medium was used for the 

propagation of wild-type and amino acid (except tryptophan) requiring strains and, with 

addition of specific growth factors, for growing vitamin, pyrimidine, purine and tryptophan 

requiring strains; in the absence of particular growth-factor additions it was used as a 

selective medium for the recovery of recombinants lacking requirements for such growth 

factors. 

Synthetic minimal medium (MMS) consisted of Czapek-Dox medium supplemented with 

L-alanine, L-arginine, L-aspartic acid, L-methionine, L-threonine and L-valine (I mM each) 

and spermidine (0.001 5 yo, v/v). This medium was used, sometimes with specific growth- 

factor supplementation, for the selection of amino acid non-requiring recombinants from 

crosses involving amino acid markers, and for the detection of amino acid requiring mutants. 

Complete medium (CM) consisted of MMC supplemented with L-tryptophan (50 ,ug/ml), 

thymine, guanine and uracil (10 ,ug/ml each), nicotinamide, p-aminobenzoic acid, panto- 

thenic acid, pyridoxin and thiamine ( I  ,ug/ml each). Occasionally adenine (10 ,ug/ml) and 

riboflavin (I pg/ml) were added to CM when mutants requiring these growth factors were 

to be isolated and propagated; these additions were not made routinely since they tended 

to decrease the growth rate of non-requiring strains. 

All growing cultures were incubated at 50 to 52 "C. 

Preparation of spore suspensions. Water (about 10 ml) was added to a sporulated culture, 

either on a slant or on a plate, and the surface of the culture was scraped with a loop to 

suspend the spores and fragments of mycelium. The suspension was agitated violently on 
a ' Whirlimixer ' (Fisons Scientific Apparatus Ltd, Loughborough, Leicestershire) and 

filtered through cotton-wool, then centrifuged at 1000 g for 10 min. The pellet was resus- 
pended in water (I to 2 ml) and agitated again to disperse the spores. 

Isolation of mutants. The first auxotrophic mutants were isolated after exposure of spore 

suspensions in water to approximately 2000 ergs/mm2 ultraviolet light, plating on CM to 
yield IOO to 300 colonies per plate, and replication by means of velvet to MMC or, after 
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the synthetic minimal medium had been devised, to MMS. Colonies failing to grow on the 

replicas, or growing weakly, were isolated to plates of CM, 20 per dish, and then rerepli- 

cated to MMC or MMS. Patches giving rise to weak growth or none on the replicas in this 

test were classified as auxotrophic mutants and their requirements were determined in the 

normal way. In later work, mutagenesis was effected by heating spores in vacuo according 

to the procedure devised by Chiasson & Zamenhof (1966) for Bacillus subtilis. A spore 

suspension in water was centrifuged in a IOO x 6 mm glass ampoule and, after the super- 

natant had been discarded, the ampoule was evacuated and sealed on an Edwards model 

5 PS freeze-drier. The ampoule was heated by immersion for 16 min in a beaker of stirred 

paraffin oil heated intermittently by a Bunsen flame. The temperature of the oil was set at  

a value between I 15 and 121 "C and varied by about 0.5 "C on either side of the chosen 

temperature in any particular experiment. 

Crossing procedure. Crosses were performed by streaking spores of two parent strains 

together on slants of MMC supplemented by any further required growth factors, or on 

CM, in 150 x 25 mm tubes. After incubation of the cultures for 16 to 48 h, spore suspensions 

were prepared and plated (0.1 ml) on selective media consisting of MMC or MMS with 

various combinations of added growth factors, at  appropriate dilutions. The plates were 

incubated for 20 to 48 h and samples of the recombinant colonies that arose were inoculated, 

50 per dish, to plates of the same selective media. After incubation of these 'master plates' 

for 24 h, they were replicated by velvet pads to media diagnostic for particular non-selected 

markers. In this way the phenotype of a sample of recombinants from each selective 

medium was determined after overnight incubation of the diagnostic plates. 

Preparation of transforming DNA.  The procedure was closely modelled on that of Marmur 

(1961). The organism was grown in a 2000 ml Erlenmeyer flask containing 500 ml of liquid 

MMC. The flask was inoculated with a dense suspension of spores and shaken rapidly on a 

New Brunswick Gyrotary Shaker a t  50 "C for 16 to 20 h. The mycelium was harvested by 

centrifugation, suspended in about 200 ml of tris-EDTA buffer (0.2 M-tris, 0.1 M-EDTA), 

pH 8, recentrifuged and finally suspended in 10 ml of the tris-EDTA buffer. Sometimes the 

mycelium was frozen and stored at this stage. Lysis was achieved by incubating at 37 "C for 

30 min with lysozyme (Sigma, Grade I) at I mg/ml and then heating at 60 "C for 10 min with 

I yo (w/v) sodium lauryl sulphate. One deproteinization (Marmur, 1961) with chloroform- 

amyl alcohol was then performed, and the 'spooled' DNA produced by alcohol precipita- 
tion was redissolved in 10 ml of standard saline-citrate solution. After incubation with 

50 pg/ml pancreatic ribonuclease (Koch-Light Laboratories Ltd, Colnbrook, Buckingham- 

shire) for 3omin at 37 "C, a second deproteinization and alcohol precipitation was carried out 

and the crude DNA finally dissolved in 10 ml of standard saline-citrate solution. The 

concentration of DNA, determined from the absorption at  260 nm, was 0.5 to 2.0 mg/ml. 

Typical absorption ratios at 260 : 230 : 280 nm were I : 0.6 : 0.5. The guanine + cytosine (GC) 

content of the DNA was kindly determined by Dr I. Gibson, School of Biological Sciences, 

University of East Anglia. Measurements of its buoyant density and melting temperature 

gave a GC content of approximately 51 yo. This confirms the finding of Silvestri (1970) that 

Thermoactinomyces vulgaris DNA has a much lower GC content than members of most 

other genera of actinomycetes. 
Transformationprocedure. A 0.1 ml sample of a spore suspension of a recipient strain was 

spread on a plate of non-selective medium containing streptomycin (either MMC with any 

additional required growth factors or CM). A 0-2 ml sample of DNA solution was then 

spread over the recipient culture, either immediately or after various periods of prior 

incubation of the culture. The culture was incubated for a total period of 20 to 40 h. before 
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spores were harvested and plated in the same way as those from a cross. In the experiments 

on the effect of DNase, 0.05 ml of pancreatic deoxyribonuclease I solution (10 mg/ml; 

Koch-Light) was spread over the recipient culture on the transformation plates. 

RESULTS 

The nutritional requirements of Thermoactinomyces vulgaris. It soon became apparent that 

the organism would not grow appreciably on any one of several commonly used simple 

defined media. I t  was found that growth was rapid when vitamin-free acid-hydrolysed 

casein (0 .6%~ wlv) was added. Experiments with wild-type T9 were done to define its 
minimum nutritional requirements. When a synthetic mixture of I 7 common L-amino acids 

(that is, excluding asparagine, glutamine and tryptophan, the latter being absent from acid- 

hydrolysed casein) in equimolar quantities was added to Czapek-Dox medium instead of 

hydrolysed casein, significant growth occurred, although it was not nearly as luxurious as 

with hydrolysed casein. A series of tests was then done in which each amino acid in turn was 

omitted from the synthetic mixture; positive growth of the organism was recorded when 

isolated colonies on a streaked-out plate grew after 24 h incubation as well as they did on 

the complete synthetic mixture of amino acids. Amino acids that had no effect on growth 

were eliminated sequentially until all amino acids except six were eliminated : alanine, 

arginine, aspartic acid, methionine, threonine and valine. The optimal concentration of 

each of these amino acids was about I mM, but even at this concentration, growth was 

unsatisfactory. 
To discover whether the superior growth-stimulating ability of hydrolysed casein was due 

to a specific factor, the material was run on a paper chromatogram and strips of the chro- 

matogram were laid over plates of Czapek-Dox medium containing the six required amino 

acids, seeded with a dense suspension of Thermoactinomyces vulgaris spores. On incubation 

of the plates, a strong stimulation of growth occurred at a point with an R, value of about 

0.08 in the upper phase of a 4: I : 5 mixture of n-butanol: acetic acid: water. 

In an attempt to identify the unknown growth factor, several possible candidates were 

tested auxanographically, and it was found that spermidine was strongly stimulatory. The 

optimum concentration was determined as 0.0015 % (vlv). On the fully synthetic medium 

consisting of Czapek-Dox supplemented with the six amino acids and spermidine, growth 

was satisfactory for the detection of auxotrophic mutants in replicas from CM (Fig. I), and 

for the selection of recombinants from crosses, although it was not as rapid as on media 

containing hydrolysed casein. 
Mutagenesis by heat. Chiasson & Zamenhof (1966) described the induction of auxotrophic 

mutants of Bacillus subtilis by heating dry spores in vacuo; the mechanism of mutagenesis 

was presumably depurination of the DNA. Since the spores of Thermoactinornyces vulgaris 

resemble those of bacilli in structure and composition (Cross, 1968, Cross, Walker & Gould, 

Fig. I .  Recognition of auxotrophic mutants after mutagenesis by heating spores in vucuo at I 15 "C. 
A plate of colonies on complete medium (left) was replicated to fully synthetic minimal medium 
(right). After incubation for only 20 h, most of the colonies on the replica are well grown and 
comparison of the two plates yields ten auxotrophic mutants (arrows) out of about 300 colonies. 

Fig. 2. Selection of recombinants from mixed cultures. (a) I 278 thi-3uru-IW-I x 125onic-z, selecting 
for ura+ and str; note the total lack of parental background growth. (b) 1278 thi-3uru-rstr-z x 1250 
nic-I, selecting thi+ and str; note no background growth except where 'feeding' of the 1278 parent 
by thiamine occurs. (c) 1279 nic-r uru-zstr-I x I 286 thi-3, selecting for uru+ and thi+ ; note consider- 
able syntrophic parental growth. 
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Table 2. Mutagenesis by heating spores of strain 1227 in vacuo 

The time of heating was 16 min. Controls were unheated. 
Two separate experiments are summarized. 

No. of colonies 
Surviving Auxotrophs 

Temperature fraction Total Auxotrophs (%) 

Control (1) I I08 8 0.7 
115 "C 3 x I O - ~  67 I 36 5'4 
I 2 1  "C 5 x  10-6  I54 22 14 

Control (1) I476 3 0.2 
I18 "C 6 x  I O - ~  747 59 7'9 

1227 

I nic-1 str-1 

I 1261 1263 

nic-1 str-1 thi-3 Urd-1 nic-1 str-1 thi-3 

I 

1278 

thi-3 ura-1 str-1 

\ 
I 1  

1278 \ 

1 \ 
1286 1279 

thi-3 nic-1 ura-1 str-1 

Fig. 3. Interrelations by mutation and recombination of the strains 
used to make crosses I, I1 and I11 (see Table 4). 

1968 ; Dorokhova, Agre, Kalakoutskii & Krassilnikov, 1968), it was not unexpected that 

good yields of mutants were obtained also in this organism (Table 2). The proportion of 

auxotrophs amongst survivors increased with temperature up to at least 121 "C. However, 

above this temperature, survival was very much reduced, being less than 10-7 at 125". Thus 

121 "C, or slightly above, was the highest practicable temperature. A wide spectrum ofmutant 
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Table 3. Results of crossing strains I279 nic-I ura-I str-I and 1286 thi-j 

The cross was plated on each of the four selective media and a sample of about IOO progeny from 
each medium was classified into their possible genotypes. The 16 possible progeny genotypes are 
arranged in complementary pairs. 

Genotypes 
of 

progeny 

nic + str + 
+ thi + ura 

+ + str ura 
nic thi + + 
+ thi str + 
njc + + ura 

+ + + +  
nic thi str ura 

+ + str + 
nic thi + ura 

nic thi str + 
+ + + ura 

+ thi str ura 
nic + + + 
nic + str ura 
+ thi + + 

Percentage of recombinants of each genotype on 
selective media supplemented as indicated 

~ --___-- 

Nicotinamide Thiamine 
thiamine uracil 

and and Nico- 
streptomycin Uracil streptomycin tinamide 

78 79 

69 89 

21 I 0  

27 19 

0 4 I 0 

I 

0 

0 

2 

-7 

Average 
frequency 

( %> 

78 

79 

15 

23 

I 

I 

0 

0 

2 

Parental 

phenotypes was represented, including requirements for guanine, uracil, thymine, nicotin- 

amide, thiamine, histidine, isoleucine, lysine, leucine, phenylalanine, proline, serine or  

tryptophan. 

Ultraviolet light induced auxotrophs at  much lower frequencies than heat, while N- 

methyl-N’-nitro-N-nitrosoguanidine, even under the extreme conditions of high pH and 

high concentration found effective for Streptomyces (DeliC, Hopwood & Friend, I 970), had 

no measurable effect on Thermoactinomyces vulgaris spores, presumably because they were 

impermeable to it. 

Characteristics of recombination. Fig. 2 shows the appearance of selective plates on 

which spore suspensions derived from crosses were spread. I t  is obvious that the amount of 

‘background’ growth due to spores of parental genotype varies considerably. In  Fig. 2(a), 

where selection is for ura+ and str, no background occurs since streptomycin completely 

prevents growth of the streptomycin-sensitive parent, while the unsatisfied requirement for 

uracil hinders growth of the other parent. In Fig. 2(b), where selection is for thi-r- and str, 

there is some ‘feeding’ of the thiamine-requiring parent by the recombinant colonies, but 

relatively little background growth nevertheless occurs. In Fig. 2(c), on the other hand, 

where selection is for uraf and thi+ and streptomycin is absent, syntrophic growth of both 

parents results in considerable background growth ; however, the recombinant colonies can 

nevertheless be recognized with little ambiguity. In more extreme cases, syntrophic growth 

was too great to allow the unbiased recognition of recombinants, so that particular selections 

in certain crosses were precluded. 

The results of a four-factor cross between derivatives of wild-type T9 have already been 
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Table 4, Results of three four-factor crosses of Thermoactinomyces vulgaris ~g 
involving markers nic-I, thi-3, str-I and ura-I 

The interrelationships of the parent strains are indicated in Fig. I .  The 16 possible progeny 
genotypes are arranged in complementary pairs. Figures are their frequencies in arbitrary units 
(those for cross I11 are from Table 3 and those for cross I from Hopwood and Ferguson, 1970)~ 
based on samples of about IOO progeny from each selective medium in each cross. The top four 
pairs of progeny differ from one or other parent by a single marker; the bottom four pairs are 
either parental or differ from each parent by two markers. 

Crosses 

I I1 I11 

nic thi str + + thi str ura nic + str ura 
X X X 

+ + + ura nic + + + + thi + + 

---L- 
7-- .I 

nic + str + 
+ thi + ura 

+ + str ura 
nic thi + + 
+ thi str + 
nic + + ura 

+ + + +  
nic thi str ura 

1- + str + 
nic thi + ura 

nic thi str + 
+ + + ura 

+ thi str ura 
nic + + + 
nic + str ura 
+ thi + + 

I4 

73 

15 

94 

0.5 

Parental 
Parent a1 

I 

0 

I 

0 

I0 

83 

79 

24 

I 

0.5 
0 

78 

79 

15 

23 

I 

I 

0 

Parental 0 

Parental 2 

2 Parental 
0.5 Parental 

described (Hopwood & Ferguson, 1970). As discussed by Hopwood (1959) in the context of 

Streptomyces coelicolor genetics, a set of three four-factor crosses involving the same markers 

in different coupling arrangements can be analysed selectively. The pair of strains that 

yielded the first data were derived from the wild-type by successive mutation. Recombinants 

isolated from this and subsequent crosses allowed the set of three crosses to be performed. 

The interrelations of the six strains are in Fig. 3. 

Each cross was studied by plating its products on a set of four selective media; each 

medium selected, in turn, one of the two selectable markers from one parent in combination 

with either of the two selectable markers from the other, the remaining two markers on 

each medium being non-selected. In this way, nine of the 16 possible genotypes of progeny 

could be recovered. (See Table 3.) 
The data of the three crosses are summarized in Table 4. The striking feature of these 

data is that the same four selectable recombinant classes had high frequencies in each cross, 

while the remaining classes had very much lower frequencies. The common classes were 

those that differed from one parent or the other in respect of a single marker, while the rare 

classes differed from both parents by two markers. This result indicates that the process of 
genetic transfer is such that only small fractions of the total genome of one strain are trans- 

ferred to the other: when a selected marker is transferred, it is only rarely accompanied by 

a second, non-selected marker. This feature is characteristic of genetic transfer by trans- 

formation or transduction. 

A consistent feature of the Table 4 data is that the frequencies of the four common progeny 
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Table 5. Efect  of deoxyribonuclease (DNase) on recowbination frequency 

The parents were 1261 (nic-r thi-3 str-I) and 1336 (trp-2). Mixed cultures were incubated 
22 h at 52 “C. DNase concentration was 15 pg/ml of agar medium. 

Plating 
Treat men t dilution 

Without DNase 10-1 

I o - ~  

With DNase I00 

1 o - ~  

Numbers of recombi- 
nants on selective media 

containing 
r 

A 

Nicotin- 
Thiamine amide 

tryptophan tryptophan 
and and 

s t repto- s t repto- 
mycin mycin 

761 65 3 

51 24 

Numbers of parentals 
on selective media 

containing 

1___7 
r-----” 

Thiamine 
nicotin- 

amide and 
strepto- 
mycin Tryptophan 

- I  
355 342 I 

* 1. 
240 218 I 

Recombinants1 
parent als 

2.0 x I O - ~  

1 . 6 ~  I O - ~  

Table 6. Lack ofeflect of DNase on the relative frequencies of diflerent classes of recombill- 
ants in a cross of strains 1279 (nic-I ura-I str-I) aid I 286 (thi-3) 

Numbers of recombinants of each genotype in samples from 
selective media supplemented as indicated 

f 3 

Nicotinamide thiamine Thiamine uracil and 
and streptomycin streptomycin Nicotinamide 

Recombinant H- T-. 

genotypes -DNase +DNase -DNase +DNase -DNase +DNase 

nic + str + 
+ + str ura 
+ thi str + 
+ + + +  
+ + str + 
nic thi str + 
+ thi str ura 
nic + + + 

Totals 

82 63 71 84 
89 77 

13 15 4 13 
7 I 2  

I 3 3 0 I I 

0 I 

0 0 

0 0 

96 82 96 90 79 97 

classes occur in pairs in each cross: two high and two lower. The pattern is compatible with 

the notion of transfer of single markers from strain to strain, with one parent in each cross 

behaving more often as recipient than as donor. For example, in cross I nic str (frequency 14) 

and thi str (15) occur when the nic thi str parent acts as recipient, while str ura (73) and the 

fully wild-type class (94) are produced when the ura parent is recipient. 

Eflect of deoxyribonuclease on recombination 

A unique characteristic of genetic transfer by transformation is its sensitivity to deoxy- 

ribonuclease (DNase). In order to test the possibility that DNase might prevent or reduce 

recombination in Thermoactinomyces vulgaris, crosses were made on slants of CM contain- 

ing 15 ,ug/ml DNase. After incubation of the mixed cultures for 24 h, spores were harvested 

in the normal way and plated on one or more media selective for recombinants, and on the 

two media each selecting one of the parental phenotypes. Control crosses without DNase 

were analysed at the same time. An example is given in Table 5, in which we see that DNase 
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reduced the frequency of recombination from 2 x I O - ~  to 1.6 x I O - ~ ,  a 120-fold reduction. 

This result indicated that a t  least part of the genetic transfer occurring in mixed cultures of 

T. Yulgaris strains was sensitive to DNase, and so was presumably due to transformation. 

The few recombinants recovered from mixed cultures grown in the presence of DNase 

could have resulted from transformation which escaped the action of the enzyme; alterna- 

tively, a second, DNase-resistant mode of genetic transfer might conceivably have occurred 

at  low frequency. The experiment summarized in Table 6 shows that the relative frequencies 

of different genotypes were the same amongst recombinants arising after growth of the cross 

in the presence or absence of DNase. In particular, the classes differing from both parents 
by two markers, which as we saw above (Tables 3, 4) were rare amongst the total progeny, 

were equally rare amongst the recombinants surviving DNase treatment. If a second mode 

of transfer had involved the passage of large segments of genetic material from strain to 
strain, as a conjugation process would have been expected to do, then the genotypes differing 

from both parents by two markers should have had a higher frequency after DNase treat- 
ment. The simpler hypothesis is that the DNase treatment was incompletely effective in 

destroying extracellular tranforming DNA. 
The deinonstration of transformation. It was found that DNA prepared from a culture of 

wild-type ~g by a simplified version of the procedure of Marmur (1961), as described in 

Methods, was very effective in transforming a recipient culture in respect of auxotrophic 

markers. We have so far been unable to eliminate viable spores completely from the DNA 

solution ; after several deproteinizations by shaking with chloroform, DNA preparations 

typically contained 10 to IOO viable spores per ml. Even after shaking with phenol, or after 

centrifuging the DNA solution at 10000 revlmin for 10 min (Marmur, 1961), a few viable 

spores remained. In  order to-eliminate any possible confusion from viable spores in samples 

of transforming DNA, streptomycin-resistant strains were used exclusively as recipients and 

streptomycin-sensitive strains as donors ; transformations were carried out on streptomycin- 

containing media. 

As described: in Methods, transformation was tested by a two-stage procedure; donor 

DNA and recipient spores were incubated together on a medium on which the recipient 

strain could grow, and when the culture had sporulated, spores were harvested and plated 

on media selective for recombinants. An experiment illustrating the occurrence of trans- 

formation and its elimination by DNase is illustrated in Fig. 4. 
The relationship between DNA concentration and the frequency of transformants (that 

is the ratio of transformants to progeny of recipient genotype) in respect of two markers is 

shown in Fig. 5. As in other systems, there is a logarithmic relationship between transforma- 

tion frequency and the amount of transforming DNA over a considerable range; saturation 

was not reached in these experiments. The ratio of transformation for the two markers in 

Fig. 5 was the maximum so far found; the frequency of transformation for several other 

markers fell within the range demonstrated by nic-I and thi-3. 

The effect on transformation frequencies of the concentration of recipient spores on the 

transformation plates was tested by plating 104, 105, I O ~  or 10' spores with a constant amount 

of DNA. It was found that the transformation frequency was essentially the same at plating 

densities of 105 or  above, all of which led to confluent mycelial growth. At 104 spores per 

plate, which led to discrete colonies rather than confluent growth, the transformation 

frequency was considerably reduced. The independence of transformation frequency on 

spore density above this low threshold value was a practical convenience. 
As expected for genetic transfer mediated by transformation, the great majority of 

recombinants inherited single markers from the donor. A number of experiments were 



Fig. 4. Transformation and its elimination by DNase. Plates I to 4 contained nicotinamide, thiamine and streptoniycin (non-selective 
for the recipient,). Plates 5 to 7 contained thiamine and streptomycin but lacked nicotinamide and were thus selective for nicf colonies. 
Plates I ,  3 and 4 were spread with a solution containing IOO pg of ~9 DNA plates 2 to 4 with a spore suspension of recipient strain 
1 2 6 1  nic-I thi-3 str-I, and plate 4 also with-a solution containing 50 pg of DNase. After incubation of plates I to 4 spores from plates 
2 to 4 were spread on plates 5 to 7 respectively. Note the lack of nic+ colonies on plate 5 (‘recipient only control’) and plate 7 (‘DNase 
control’) and the presence of numerous nic+ transformations on plate 6. 

w 
\o 
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0.1 1 10 100 1000 

p g  DNA per plate 

Fig. 5. Relationship between transformation for two markers in strain I 261 nic-r thi-3str-I 
and the amount of ~9 DNA added to the transformation plate. 

Table 7. Development of competence by strain 1261 

Three experiments are reported: (I) DNA added to a growing recipient culture at different times; 
(2) DNA added at zero time and DNase added at different times; (3) DNA added at different 
times, following by DNase 30 min later. In each experiment, 120pg DNA was added to each 
plate; the DNA was from separate preparations, probably accounting for the higher specific trans- 
formation in experiment (2). 

(3) 
(2) (1) r > 

Time of adding transformants DNase (DNA transformants added 30 min transformants 
DNA (h) per 1o6 added at o h) per I O ~  later) per 106 

0 36 o t o 8  0" o t o 6  0" 

2'5 48 9 5'2 7 3'4 
5 43 10-5 380 8 29 
7'5 93 14-75 2700 9 58 

No DNase 650 I0 63 

* The experiment would have detected a frequency of about 0.01 per 10~. 

h 

A 
r r------, Timeofadding 

nic+ Time of adding nic+ DNA (DNase nic+ 

performed to try to detect an enhanced co-transformation of particular pairs of markers 

that would have indicated linkage. In one experimental design, a number of mutant deriva- 
tives of strain T 332 nic-I thi-3 pro-I str-I, each carrying a different additional auxotrophic 

mutation, were transformed by wild-type DNA and selection was made alternatively for 

inheritance of nic-if ,  thi-jf or pro-I+ from the donor on suitably supplemented MMS, with 

the additional marker non-selected. The plates of colonies arising were then replicated to 

media testing for the inheritance of the additional donor marker. The frequency of co- 
transformation was in all cases within the range 0.01 to I yo, indicating a lack of detectable 

linkage of each new marker withnic-I, thi-3 or pro-I. Similar conclusions derived from experi- 

ments in which primary selection was made separately for each of two donor markers and 

for co-transfer of the two markers. 
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Competence. In the first transformation experiments, DNA was added to the recipient 
culture either before incubation was begun, or after varying periods of incubation up to 

7-5 h, by which time considerable mycelial growth of the organism had taken place. The 

frequency of transformants varied little (Table 7, column I). This result indicated either 
that the recipient culture was competent at all times, or that the added DNA remained 

active until being taken up at the time when competence developed. Further experiments 

of two kinds indicated the latter interpretation to be correct. 
In the first group of experiments, DNA was added to the recipient spores at the time of 

plating and, after various periods of incubation, DNase was added to the growing culture. 
The culture was then harvested and assayed for transformants after incubation for a total 

period of 24 h. It was found that, when DNase was added during the first 6 to 8 h (depending 

on the experiment), no transformants were detected; only if growth occurred for at least 
7 to g h before addition of DNase did transformants begin to appear in the mature culture 

and soon reached a high frequency. An example is given in Table 7, column (2). 

In the second type of experiment, DNA was added to the recipient culture after various 
periods of incubation, and DNase was added 30 min after the addition of the DNA. An 

example is given in Table 7, column (3). These results agree with those of the previous type 
of experiment in showing that DNA is not taken up by a growing culture during the first 

several hours of incubation (at least 6 h in this example) and that maximum yields of 
transformants are obtained within a few hours of the onset of competence. 

Variation by a few hours in the onset of competence in different experiments was not 
unexpected in view of the obvious variation in the growth rate that occurred in different 

experiments, perhaps due to the different physiological condition of the spores in the 
inoculum, or to slight differences in the medium. Although no precise correlation of the 

development of competence with the stage of differentiation of the culture has yet been 

attempted, it appeared that competence occurred at or immediately before the beginning of 
the development of aerial mycelium and so of spores. 

Crosses involving other wild-types. The results so far described concern a single wild-type, 

~ g .  Some studies were also made of other newly isolated wild-type strains designated TI, ~ 2 ,  

etc., as well as strain cm76. Auxotrophic mutants of several of these strains were isolated, 

and streptomycin-resistant mutants of some of the auxotrophs; this enabled crosses to be 
attempted between mutant derivatives of a particular wild-type and the parental strain, as 

well as between derivatives of different wild-types, by growing mixtures of pairs of strains 
on non-selective medium and plating the resulting spores on selective media. 

The results indicated that most wild-types resembled T9 in being self-fertile; they were 
also fertile with each other and in such crosses the pattern of marker segregation showed 

that both parents were functioning as donors in the origin of some recombinant progeny 
and as recipients in the origin of others. The evidence for this conclusion was that four- 

factor crosses yielded data of the type already summarized in Table 3 ; that is, all four classes 
differing from each parent by a single marker, two from one and two from the other, had 
appreciable frequencies, and all other classes had very low frequencies. ~5 and ~8 were 
examples of this kind of strain. Their competence was confirmed by the demonstration that 

they could be transformed with T9 DNA. 
There remained certain wild-types, exemplified by T3 and CuB-76, which were self-sterile 

and also sterile in mixed culture with each other; 5 x IO* or more spores from mixed cultures 
of a wild-type and a streptomycin-resistant auxotrophic mutant yielded no colonies on 
MM containing streptomycin. However, when these wild-types, or their mutant derivatives, 

were crossed with derivatives of the self-fertile class of wild-types (T5, T8, T9), recombinants 
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Table 8. Results of crossing strain 1261 nic-I thi-3 str-I with c u ~ 7 6  trp 

Recombinants of each genotype on selective media 
supplemented as indicated 

Genotypes 
of 

PragenY 

nic str + + 
+ str thi + 
+ str + trp 
+ + + +  
+ str + + 
nic str + trp 
+ + thi + 
+ str thi trp 
nic + + + 

Totals 

Nicotinamide Thiamine 
tryptophan tryptophan Average 

streptomycin Thiamine streptomycin Nicotinamide frequency ( %) 

5 54 
5 3  

0 

0 

I 4 
3 

5 

558 547 

Average recombinant frequency 

arose with frequencies (e.g. 3 x IO-~)  within the range 

99 
99 

544 
54 I 
0 0 

0 0 

2 0.3 

0.9 
0.5 

0 0.5 

i 0.9 ; 
546 549 

= 2.5 x IO-~ .  

yielded by homologous crosses ( ~ 9  x 

~ g ,  etc.). When four-factor crosses were analysed the pattern of marker segregation differed 

markedly from that in homologous crosses. For example, in a cross of a nic thi str derivative 

of ~9 with a trp mutant of c u ~ 7 6  (Table S), the two classes differing from the ~9 strain by a 

single marker (nic str + + and + str thi +) were very common, whereas those differing from 

the c u ~ 7 6  strain by one marker ( + str + trp and + + + + ) had unmeasurably low frequencies - 

lower than those of the five classes differing from the ~9 parent by two markers. 

These findings taken together indicated that strains of the class represented by ~ 5 ,  ~8 

and ~9 were competent in transformation, whereas ~3 and c u ~ 7 6  were incompetent as 

recipients but nevertheless were able to function as donors. 

D I S C U S S I O N  

The discovery of transformation in Thermoactinomyces vulgaris, as described in this 

paper, represents the first well-documented example of typical transformation in an actino- 

mycete. There have been previous claims of transformation in members of the genus Strepto- 

myces, but the earlier ones, as discussed by Sermonti & Hopwood (1964), were based on 

preliminary experimental data and they have yet to be confirmed. A recent report (Biswas 

& Sen, 1971) described studies of strains differing in antibiotic production rather than 

in typical auxotrophic or resistance characters. On the other hand, recombination by some 

kind of cellular contact (‘conjugation’) has now been discovered in several streptomycetes 

(Sermonti & Hopwood, 1964; Hopwood, I 967; Sermonti, 1969; AlaCeviC, 1970; Coats 
& Roeser, 1971; Friend & Hopwood, 1971) as we11 as members of the genera Nocardia 

(Adams, I 964) and Micromonospora (Beretta, Betti & Polsinelli, 1971). 
Transformation is, of course, not ideal as a tool in general genetic analysis since, in its 

simple form, it is not suited to long-range mapping nor to studies of complementation and 

dominance. However, transformation lends itself readily to studies of genetic fine structure 

such as may be needed in the analysis of spore antigens or the heat tolerance of enzymes. 

This study underlines the relevance of certain practical considerations in the search for 

genetic recombination in a new bacterium. The first concerns the use of other wild-types if 

recombination is not found in a particular strain. In this study the first wild-type happened 
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to belong to a group of incompetent, self-sterile strains; success followed from the study of 

other wild-types, some of which were competent and therefore self-fertile. Self-fertile and 
self-sterile wild-types are, of course, already familiar in bacteria such as Escherichia coli in 

which only sex-factor-carrying strains can transfer their chromosome by conjugation ; in 

transformation systems, incompetent wild-types or mutants are also known in other bacteria 

(Jyssum & Lie, 1965 ; and references in Tomasz, 1969). 

A second consideration is the design of experiments intended to reveal recombination. 

The particular kind of cross described here, involving parents differing by four selectable 

markers analysed by plating on four different selective media, was first applied in Strepto- 

myces coelicolor (Hopwood, 1959) and has recently been used successfully in S. rimosus 

(Friend & Hopwood, 1971) and S. bikiniensis (Coats & Roeser, 1971). In these strepto- 

mycetes, in which comparatively large segments of genetic material are transferred by 

'conjugation ', this method of analysis serves as a mapping procedure. In Thermoactinomyces 

vulgaris, in which small segments of genetic material are transferred by transformation, 

simple mapping by this technique was impossible; however, an advantage of this method of 

analysis was that it clearly revealed the transfer to be fragmentary (Hopwood & Ferguson, 

Relevant to the significance of transformation in natural populations of bacteria is the 

comparatively high rate of recombination that occurs in mixed cultures of Thermoactino- 

myces vulgaris, approaching I O - ~  for particular markers. Such ' spontaneous ' transformation 

has previously been reported in othei systems such as Bacillus subtilis (Takahashi, 1962; 

Ephrati-Elizur, I 968) andpneumococcus (Ottolenghi & Hotchkiss, I 960). High frequencies 

of transformation in mixed cultures of T. vulgaris imply the absence of significant extra- 

cellular deoxyribonuclease activity. This is also indicated by the fact that DNA added to 

a young mycelial culture remains biologically active for several hours before finally being 

taken up by the culture when it becomes competent. A practical advantage of this state of 

affairs is that the experimental attainment of competence'is-not a problem ;'donor DNA can 

simply be plated with enough recipient spores to give confluent growth on non-selective 

medium and incubated until recombinant progeny have been produced :which are sub- 

sequently-detected by replating on selective media. This -system does not obviously fulfil 

the requirements for accurate quantitation, the most important of which is the avoidance of 

differential multiplication of recombinant genotypes after their production (Hotchkiss, 

1957), and may:have to be modified when precise genetic analysis is undertaken. However, 

the finding of a simple relationship between transformation frequency and DNA concentra- 

tion (Fig. 5) or inactivation of the DNA='by mutagenic treatments (D. A. Hopwood & 

H. M. Wright unpublished results), suggests that quantitation may be better than might be 

expected at first sight; conceivably DNA is taken up by sporangia each of which gives rise 

to a single spore rather than undergoing further reproduction. 

Little can be said about competence in this system beyond the simple finding that its 

onset occurred at  about the time that sporulation was initiated. A deeper study of com- 

petence in this mycelial organism might be interesting for comparison with the morphologi- 

cally simpler eubacteria (Tomasz, 1969). 

1970). 
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