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ABSTRACT 
» ' xiii 

Of eight chloramphenicol-producing Streptomyces screened for the pre-
* 

t 

sence of ccc DNA only Streptomyces phaeochromogenes NRRLB-3559 was found 

to harbour a plasmid. The elimination of this plasmid, pJVl, from the host 

strain had no effect on chloramphenicol production. • 

Twelve Streptomyces venezuelae mutants blocked in chloramphenicol bio­

synthesis were isolated. Two of these appeared to be blocked in the con-

» version of chorismiq acid to p_-aminophenylalanine and three accumulated 

jg_-aminophenylalanine and may be blocked in the hydroxylatidn reaction 'that 

converts this intermediate to pj-aminophenylserine. One mutant, accumulated 

. D-threo-l-p-nitrophenyl-*2^propionamidQ-i13-propanediol and D-threo-1-p-

rfitrophenyl-2-isobutyramido-l,3-propanediol indicating that chlorination 

of the ct-N-acyl group of chloramphenicol is blocked. Two other mutetnts 

accumulated p_-aminophenylalanine intracellularly but not in culture 

broths. The final four mutants did not accumulate" aromatic amino- or 

trltro-compounds either extracellularly or intracellularly nor did they 
* • 

•produce any "masked" aromatic amino-compounds. The possibility exists 

therefore that some or all of these are regulatory mutants. -

All of the chloramphenicol-nonproducing mutants were more sensitive to 

chloramphenicol than the wild-type strain but became resistant after, expo-

v 10? 

sure to the antibiotic. Unlike that in the wild-type strain, this resist­

ance was not reversible. 

All of the cml -mutations included in crosses mapped to the chromosome 
* t 

of S_. venezuelae in the arc between the markers his-6 and strA6 opposite 
to the ade-10 region. It appears therefore that at least three of the 

• i 
chloramphenicol biosynthetic genes, those coding for p_-aminophenylalanine 

0-hydroxylase, arylamine synthetase and the enzyme responsible for chlo­

rination are located on the chromosome in the same arc. 

A 
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I 
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* 

allele is indicated. When the abbreviation is not underlined and the 

first letter is capitalized a phenotype is designated.Cml" followed by 

a dash and a number indicates the strain 'designation for a chlor-

amphenicol nonproducer. 
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INTRODUCTION; 

c 

Chloramphenicol i s a broad-spectrum' an t ib io t i c used-in the " t reat ­
s' l * ** <> 

| ment"*of a variety of bacter ia l and Ricket ts ia l infections. I t inh ib i t s 

"protein synthesis by binding to the 50-S ribosomal subunit and blocking 

the formation of pep t ide bonds (Pongs et a l . , 1973). Chloramphenicol 

A% was diScoyered independently in t h ree l a b o r a t o r i e s (Ehr l ich e t a l . , 

1947; Go t t l i eb e t a l . , 1948; Umezawa e t a l . , 1948) and i s produced by 

^Streptomyces venezuelae (Okami e t a l . , 1948),- Streptomyces omiyaehsjs 

(Umezawa et a l . , 1949) an.d* St rep to sporangium viridogriseum (Tamura et *• 

's a l . , 1971). I t s simple chemical structure?, f i r s t described by Rebstock 

et a l . (1949),' i s unusual ±Tj( t h a t i t con ta ins a n i t r o and a d i c h l o r o -

acetyl group (Figure 1 ) . Corynebacteriun hydrocarboclastus produces a 
•s * 

group of compounds called corynecins (Figure 1) which differ from, chlor^ ^ 
t ' •• » 

anphenicol only in the N-acyl group, (Suzuki et al . , 1972). * „ > 

Studies using radiolabeled chloramphenicol precursors have provided 

much informat ion on the b iosyn thes i s of t h i s a n t i b i o t i c . Vining and 

Westlake (1964) demonstrated tha t whi le n e i t h e r phenyla lanine nor 

tyrosine act as direct precursors, chloramphenicpl i s syn thes ized via •, 

the shikimate pathway. Siddiqueullah et a l . (1967) established that p_-

aminophenylalanineis a d i rect precursor," as are p-aminophenylserine and 
N-dichloroacetyl-p_-aminophenylser inol (McGrath et? a l . , 1968). From 

r -
these and other data, i t was proposed (Westlake and Vining, 1969) that 

the sequence of reactions in chloramphenicol biosynthesis following the 

formation of r^-aminophenylalanine i s as follows: hydroxylation at the 

J S-carbon, s u b s t i t u t i o n a t the a -amino group, r/dufction of the 

carboxyl to a hydr^|ymethyl group, and oxidation of the p_-amino tb a _p_-

ni t ro group (Figure 2). Although studies using labeled precursors have. 

/ 
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Figure 1. Structures c-f chloramphenicol and the corynecins. 
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Figure 2. Pathway for the bi6synthesis of chloramphenicol. 
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.* provided ' cons iderab le ' information on^the "biosynthesis "of c h l o r -

amphenicol, much remains to be learned concerning the regulation of-*this 

i t i b i o t i c and the spepi f i e enzymes i nvo lvep in i t s b iosyn thes i s . To 

rd'ate only one such enzyme,.arylanxine syn ta^ t a se , which ca ta lyzes th'e 

conversion of chorismic acid to jj-aminophenyl&lanin.e, has been described 

(Jones and Vining, 1976). Mutants blocked in the chloramphenicol bio-

synthetic pathway would provide valuable "tools for further studjw. 

In recent years, great in teres t has been generated in the possibi-

l i t y of engineering industr ia l s t r a in s of microorganisms that, produce 

increased ant ibiot ic yields.or that synthesize new antibiotics._ Since 

the majori ty of a n t i b i o t i c s used c l i n i c a l l y are produced by s t r e p t o -

mycetes, most? of the attention has turned to the study of thjsir genetics 

and, in par t icular , the genetics,of ant ibiot ic ,production. 

In many ear ly s t u d i e s , i t was noted that antibiotic-nonproducing 

s t r a i n s could be isolate 'd a t a high frequency following t rea tment of 

producers with various agents known to eliminate plasmids from- Escheri-
• * • ' , 

chia c o l i (Okanishi et a l . , 19?0f Hotta et a l . , 1977; Omura e t a l . , 
1 * H T 

1979). From t h i s i t was i n f e r r ed that plasmids are involved in the 

synthesis of many ant ib io t ics . Such was the ^case with chloramphenicol 

production in S_. venezuelae; Akagawa e t a l . (1975) and Michelson and 

Vining (1978) reported a high frequency of nonproducers when a producing 

s t rain was exposed to intercalat ing dyes. Furthermore, Akagawa et a l . 

(1975) demonstrated tha t none of the mutations thus/'produced showed 

l inkage to chromosomal markers. A later»St.udy (Akagawa e t a l . , 1979) 

conceded t h a t some of the s t r u c t u r a l gene's for chloramphenicol 

biosynthesis may be chromosomally-loca'ted but suggested that a plasmid 

i s involved in the regulation of, chloramphenicol production. 

/ 
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With the development of improved^pl-asmid isolat ion techniques, many 

3tudies now report a lack of correlation between plasmid loss and a n t i -

b io t i c nonproduction (Noji r i e t a l . , 1980; Ikeda etsCl., 1981b>. This 

observation, along with recent demonstrations that/ many of the pheno-

typ ic changes in Streptomyces caused by t r ' ad i t i ona l plasmid cur ing 

agents are «associ^ted with DNA rearrangements rather than plasmid loss 

(Scjirempf, 1983), r equ i r e s tha t much ofi t h e ' e a r l i e r work* imp l i ca t ing 
* * 

plasmid involvement in an t ib io t i c productiy6n be reevaluated. 

.»* The purpose of t h i s study was fourfold: i ) t o examine j lhe 
™ 7 

/
possible role "of plasmids in chloramphenicol production by surveying a 

number of producing s t r a i n s for plasmid DNA and by determining th'e 
# 

e f fec t of plasmid los6 on chlommphenicol production in any p lasmid-

containing s t r a i n s i d e n t i f i e d ; i i ) to obtain through mutagenesis , 

chloramphemcol-nonproducing s t r a i n s an/l by examining the nature of 

defects in these s t ra ins , to learn more about the chloramphenicol bio-

synthetic pathway; i:j.i) to i so la te chlpramphenicol-pathway spec i f iq 

enzymes that may be altered m'mutant s t ra ins ; iv) using the mutations 

in s t ra ins blocked in chloramphenic61 biosynthesis as genetic markers, 
ft 

to ass ign map l o c a t i o n s to genes coding for pathway enzymes and, in 

p a r t i c u l a r , t o determine whether or not any mutat ions arp located on 

extrachromosomal elements. 

* *r*N 



LITERATURE SURVEY 

I. Chloramphenicol 

a. Biosynthesis 

The structure of chloramphenicol suggests a biosynthetic re la t ion­

ship to the phenylpropanoid amino ac ids . However, when r ad io l abe led 

phenylalanine and ty ros ine were added to .chloramphenicol-producing 

cu l t u r e s of Streptomyces sp. 3022a, subsequently c l a s s i f e d as a S_. 

-venezuelae s t ra in , these compounds were not incorporated intact into the 

£ - n i t r o p h e n y l s e r i n o l moiety of the a n t i b i o t i c (Vining and Westlake, 

1964). Although the biosynthetic route to chloramphenicol does not pass 

through phenylalanine or tyrosine, several l ines of evidence suggested 

that these compounds share a common 'biosynthetic origin; [U- C]glucose 

was incorporated into each with "similar efficiency, and when cultures 

were fed [ 1- C]glucose, [2 - CJglucose or [2- Cjglycine, l a b e l i n g 

patterns in cellular^ phenylalanine and in chloramphenicol were s imilar . 

Labeled sh ik imic acid was incorporated select ively into the aromatic 

portions of chloramphenicol and in to the phenylpropanoid amino ac id s . 

These data ind ica ted tha t the pathways for chloramphenicol and the 

aromatic amino ac ids branched a f t e r a common reac t ion sequence 

resembling the sh ik imic ac id - chorismic acid route found in other 

organisms. This conclusion was supported by ana lys i s of the C 

distr ibution in chloramphenicol obtained by supplementing cultures with * 

[ 6 - C]glucose (O'Neill et a l . , 1973). Carbons - 1 , -2 and -6 accounted 

for 93% 'of the l a b e l , a p a t t e r n expected for compounds formed via the 

shikimate route . S i m i l a r l y , Munroe et a l . (1975) demonstrated by ^C 

nuclear magnetic resonance (NMR) spectroscopy t h a t chloramphenicol 
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produced, when [6- CJglucose was supplied as a precursor had an isotopic 

dis t r ibut ion consistent with biosynthesis via the shikimate pathway. 

'S idd iqueu l lah et a l . (1967) reported t h a t , of a wide v a r i e t 7 of 

C-labeled potential precursors tested, only p_-aminophenyla?anine was' » 
o * 

eff ic ient ly incorporated into chloramphenicol. Further studies (McGrath ''"^* 
i% J -

et a l . , 1968) e s t a b l i s h e d ' t h a t £~aminophenyl [a-1 C, a-•'•-'N]alanine was 

incorporated into the £-uitr.ophenylserinol por t ion of chloramphenicol 

with only a small change in the C: N r a t i o , demonstrat ing tfrat the 

i n t a c t molecule was used for chloramphenicol b iosyn thes i s . This 

eBlftlusion was,supported-by the de tec t ion of £-aminophenylalanine in 

chloramphenicol-producing cultures of Streptomyces sp. 3022a. 

Since p_-aminophenylalanine served as a direct precursor of chlor-

amphejiicol, i t seemed l i k e l y tha t the £ - n i t r o group was derived by 
oxidat ion o\f the p_-amino grou'p: Studies showing t h a t , N-labeled 

I 
n i t r a t e wasjnot incorpora ted d i r e c t l y i n t o the n i t r o group of c h l o r -

amphenicol (Westlake and Vining, 1969), and the f a i l u r e of £ - n i t r o -

phenylalanine to serve as a precursor, provided additional evidence and 

suggested fur ther tha t modi f i ca t ions elsewhere in the £-aminophenyl-

a-lanine molecule precede oxidation of the £-amino group. 

The f inding t h a t r a d i o a c t i v i t y was incorpora ted from £-amino-

phenyl[carboxyl- C]serine specifically into the Jiydroxymethyl group of 

chloramphenicol suggested that P-hydroxylation follows the formation of 

£-aminophenylalanine (McGrath et al . , 19jj$). This- supported an ea r l i e r 

conclusion, based on the•poor incorporation of radioact ivi ty from R e ­

labeled phenylserine, that the 8-hydroxy group of chloramphenicol i s 

introduced la ter than the £-substi tuent . (Siddiqueullah et a l . , 1967). 

In add i t i on , lack of s p e c i f i c incorpora t ion of r ad ioac t i v i t y ' f r om £ -

J 
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nitrophenylfcarboxyl- Clserine indicated that! oxidation of the £-amino 

group does not precede g-hydroxyla t ion , wh i l a evidence tha t £-amino-

phenyl^er inol i s not a precursor excluded ^pr£otr reduct ion of the 

carboxyl group and ind ica ted t h a t S-hydroxylation i s followed by N~ 

acylation of the a -amino group. " „ ° 

Efficient and specific conversion of dichloroacetyl-£-aminophenyl-
* 

s e r i n o l in to chloramphenicol suggested "that ox ida t ion of the £-amino 

group i s the ultimate step in chloramphenicol biosynthesis. Isolation 

of the £-amino analogue of .chloramphenicol from c u l t u r e s of S_. 
* * n 

v e n e z u e l a e PD0745 . ( S t r a t t o n ' and Rebs tock , . 1963) s u p p o r t s t h i s 

conclusion. The above da ta a re cons i s t en t with the chloramphenicol 

biosynthetic scheme depicted in Figure 2 . 

Several studies have been conducted to determine the origin of the 

dichloroacetyl moiety of chloramphenicol. Wang et a l . (1959) reported 

tha t d i c h l o r o a c e t i c acid added to ' the medium of a producing cultu^jk 

inhibited incorporation of ionic CI intoo chloramphenicol and suggested > 

that the acid was incorporated via an intermediate into the an t ib io t ic . 

However, these f indings were not confirmed by Simonsen et a l . (1978) 

who reported negligible incorporation of isotopical ly labeled dichloro­

a c e t i c acid and favoured a pathway in which the free ac id i s not an 

intermediate. iaC-NMR spectroscopic analysis of the labeling pattern in 

chloramphenicol a f t e r feeding [ 1,2-x C]acetate indicated that most of 

the precursor had been incorporated after JC- C bond fission. Since * 
*• • 

[ 2 , 3 - C]succ in ic acid enriched only the carbonyl carbon of c h l o r -
' ; - > 

amphenicol, i t was unlikely that acetate or a Krebs cycle intermediate 
acted as a d i r e c t precursor of the d ich lo roace ty l group. Mechanisms 

involving malonylcoenzyme A ,or malonyl-£-aminophenylserine as substrates 

/ 
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tor the chlorination reaction were presented. 

The intermediate at which the chloramphenicol pathway branches from 

the shikimate pathway was established to be chorismic acid by Jones and 

Westlake (1974). Cell extracts of Streptomyces sp. 3022a were found to 

catalyze the conversion of chorismic acid to an aromatic amine, later 

identified as £-aminophenylalanine (Jones and Vining, 1976). Prephenic 

and anthranilic acids did not sefve as substrates for this enzyme, which 

was named arylamine synthetase. Activity peaked at the same time as, or 

just prior to, the appearance of chloramphenicol in culture fluids and 

was absent in chloramphenicol-nonproducing mutants. ' ' / 

, b. Regulation of the Shikimate pathway 

Phenylalanine, tyrosine, shikimic acid pathway i n t e r m e d i a t e s and 

chloramphenicol do not i n h i b i t the f i r s t s p e c i f i c enzyme, 3-deoxy-.D~ 

arabino-heptulosonate-7-phosphate (DAHP) synthetase, nor do any of these, 

compwftid ŝ repress i t s ; synthes is . However, inhibit ion was observed with 

JD-ribose-5-phosphate (Lowe and Westlake, 1971): 
F? 

Since DAHP syn the tase did not appear to be subjec t -to normal/end 

product c o n t r o l , a t t e n t i o n was d i r e c t e d to c h o r i s m a t e m u t a s e , 

a n t h r a n i l a t e synthe tase and prephenate dehydratase, which function at 

the branch points of. the pathway (Lowe and Westlake, 1972). Chorismate 

mutase ac t iv i ty was not inhibited by any of the compounds tested against 

DAHP s y n t h e t a s e , nor by mixtures of the th ree aromatic amino a c i d s . 

Prephenate dehydratase,- tehe1 hpnch-point enzyme leading specif ical ly to 

phenyla lanine , was i n h i b i t e d by phenylalanine while a n t h r a n i l a t e 

letase, the branch point enzyme leading specif ical ly to tryptophan, 
\ * 

was i n h i b i t e d by„tryptophan. Prephenate dehydrogenase , ' the enzyme 



j specific for tyrosine biosynthesis, could not be detected^ The combined 
' • ' 

evidence indicates that the shikimate pathway in .Streptomyces sp. 3022a 

i s loose ly con t ro l l ed by feedback i n h i b i t i o n a t the branch po in t s . 

Fa i lu re to con t ro l by feedback the a c t i v i t y of the main sh ik imic ac id 
t 

pathway-probably allows an accumulation of. intermediates w.h'ich can be 

al leviated by chanelling them via chorismic acid into chloramphenicol 
* .' 

biosynthesis (Lowe and Westlake, 1972). 

• "c. Control of chloramphenicol-biosynthesis. 

To i n v e s t i g a t e the e f f ec t of chloramphenicol on i t s own biosyn­

t h e s i s , Malik and Vining (1972a.) added C-labeled a n t i b i o t i c to 

^ -.3 

cultures of Streptomyces sp. 3022a growing in a medium containing H-

labe led glucose and measured C and -'H i n chloramphenicol recovered, 

from the c u l t u r e s . Es t imates from these data of the amount -of 

exogenously supplied a n t i b i o t i c remaining and the amount formed.by 

endogenous syn thes i s demonstrated clear ly that chloramphenicol in thec 

medium reduced the quantity of chloramphenicol produced. 

Chloramphenicol added to producing-, cultures in concentrations that 

did not affect growth repressed arylamine synthetase but did not inhib i t 

the enzyme (Jone's and Westlake, 1974). • The mechanism by -which chloram-

phenicol c o n t r o l s i t s own b iosyn thes i s d i f f e r s , t he re fo re , from t h a t 

exerted by other shikimate pathway end products. This is* not surprising 

in l ight of the observation (Legator and Gottlieb, 1953) that chloram­

phenicol does not accumulate in t race l lu la r ly and also of the poss ibi l i ty 

• (Malik and Vining, 1.972b) tha t the producing organism develops r e s i s ­

tance to chloramphenicol by introducing a permeability barrier at the 

ce l l envelope. I t i s , therefore, unlikely that chloramphenicol i t s e l f 

i s an ef fector molecule for arylamine syn the tase ; Control i s more 
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l i k e l y exer ted through a buildup of i n t e r m e d i a t e s wi th in the c e l l . 

Support for th i s suggestion can be adduced from the observation that £- . 

aminophenylalanine i s a s trong i n h i b i t o r of arylcminej"synthetase 

ac t iv i ty (Jones and Westlake, 1974). 

• d. Metabolic"control of chloramphenicol biosynthesis 

Antibiotics are secondary metabolites, not required for. growth of 

the producing organism. In nutr i t ional ly rich media they are usually 

produced a t high l eve l s only a f t e i most of the c e l l u l a r growth has 

occurred', t h e i r production often co inc ides with dep le t ion of an 

e s s e n t i a l n u t r i e n t (Martin and Demain, 1980). This sugges ts t h a t 

system's regulating nutrient u t i l i za t ion may also be involved in control­

ling pathways leading to ant ib io t ic production. However, Chatterjee and 

Vining (1981, 1982a and b) .have demonstrated t h a t , al though carbon 

sources such as glucose are u t i l i z e d p r e f e r e n t i a l l y by c u l t u r e s of S_. 

venezuelae s t ra in 13s, mechanisms that control the i r u t i l i za t ion do not 

play a dual role in chloramphenicol regulation. - ^ 

Optimum yields of chloramphenicol are obtained in media where the 

source of nitrogen i s an amino acid supporting, slow growth t(Westlafa*^et 

a l . , 1968), suggest ing tha t b iosyn thes i s of chloramphenicol might 'be 

con t ro l l ed by ni t rogen c a t a b o l i t e r ep res s ion . Shapiro and Vining 

(1983), using s t i r r ed - j a r cultures of S_. venezuelae s t ra in 13s under pH x 

c o n t r o l , confirmed t h a t n i t rogen sources-such as urea and ammonium 

s u l f a t e which yie lded the h ighes t growth r a t e s supported the poorest 

yields of an t ib io t ic . Of the sszymes involved in nitrogen metabolism, 

glutamine synthetase and alanine dehydrogenase showed a c t i v i t i e s t h a t 

were i n s e n s i t i v e t o changes in'gVowth r a t e and n i t rogen a v a i l a b i l i t y 
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whereas glutamate dehydrogenase and glutamate synthase were more active 

in cultures assimilating ammonium than in cultures growing on slowly-

u t i l i z e d ni t rogen sources. The f la t te r two enzymes a re , t h e r e f o r e , 

poss ib le link.s between t h e ' r e g u l a t i o n of n i t rogen a s s i m i l a t i o n and 
r ^ 

control of chloramphenicol biosynthesis. 
f "" c 

e. Producer tolerance , ° 

Malik and Vining (1972b) reported that ribosomes from Streptomyces 

sp. 3022a bound chloramphenicol to the same extent as ribosomes from a 

s e n s i t i v e s t r a i n of E^ c o l i and demonstrated that the a n t i b i o t i c 

inhibited incorporation of [U- Cjphenylalanine in to polyphenylalanine 

in in vi tro systems containing S_. venezuelae s t ra in 13s ce l l extracts . 

S i m i l a r l y , add i t i on of chloramphenicol to cu l tu res growing in r i c h 

medium and producing l i t t l e endogenous'' a n t i b i o t i c i n h i b i t e d the 

incorpora t ion of [U- C]leucine in to mycel ial p ro te in . Addition of 

chloramphenicol to cultures producing comparable amounts of the an t i ­

biot ic had no effect on protein synthesis. 

When chloramphenicol was added to cu l tu re s in the ea r ly growth-

stage preceding rapid ant ib io t ic biosynthesis, or to cultures growing in 

rich medium producing l i t t l e ant ib iot ic , a lag phase ensued; the length 

of the lag was p ropor t iona l to the amount of a n t i b i o t i c added. When 

growth resumed, inocula from the now-resistant cultures grew withouf a 

lag when transferred to fresh medium containing the same concentration 
« i 

of c h l o r a m p h e n i c o l . I,f the f r e s h medium, c o n t a i n e d a h i g h e r 

concent ra t ion of chloramphenicol than that to which a cu l tu re had 

previously been exposed,; a growth delay was again encountered. 

Resistant cultures grown in the absence pf chloramphenicol became fully 
i 

sensitive0 in one transfer. These resu l t s indicate that chloramphenicol 
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to le rance in the producing organism i s r e v e r s i b l e and graded to the 

exposure level. 

Chloramphenicol i s metabolized by the producing organism, the f i r s t 

step being hydrolytic removal of the N-dichloroacetyl group, followed by 

r eacy la t i on t o give N~acety! £ - n i t r o p h e n y l s e r i n o l (Malik and Vining, 

1970)'. Catabolism was f a s t e s t during rapid growth on a medium 

supporting low chloramphenicol*production but was suppressed during the 

biosynthetic. phase'in cultures producing high levels of the ant ib io t ic . 
p 

Cell* e x t r a c t s of S. venezuelae s t r a i n ,13s contain an enzyme t'hat 

ca t a lyzes the hydrolys is of chloramphenicol '(Malik and Vining, 1971). 

Chloramphenicol hydrolase a c t i v i t y was present in chloramphenicol -

s e n s i t i v e c u l t u r e s and i t did n.ot increase during the development of 

resistance. I t was concluded therefore that resistance in ' the producing 

organism i s not solely due to inactivation of the an t ib io t ic . Malik and 

Vining (1972b) pos tu l a t ed t h a t exposure to chloramphenicol resu l t s in 

the development of a permeability barrier which bars the ant ib io t ic from 

the s i t e s of p ro te in s y n t h e s i s . Growth i s i n h i b i t e d u n t i l chloram­

phenicol hydrolase has i n a c t i v a t e d &hior.amphenicol t h a t entered the 

c e l l s before es tab l i shment of the b a r r i e r . Since the i n a c t i v a t i n g 

enzyme i s c o n s t i t u t i v e , the durat ion of the growth delay depends upon 

the i n i t i a l concent ra t ion of a n t i b i o t i c in the c e l l s , which in tu rn 

re la tes to that in the medium. 

II. Plasmid Involvement in Antibiotic Production 

Two features of an t ib io t ic production in streptomycetes make the 

idea of ^hiasmid involvement a t t r a c t i v e : i ) l ike such»plasmid-deter-
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mined fea tures aS a n t i b i o t i c r e s i s t a n c e , conjugat ional f e r t i l i t y and 

pa thogenic i ty , the a b i l i t y to produce an a n t i b i o t i c i s a d i spens ib le 

function, i i ) an t ib io t ic production has frequently been* observed to be 

an unstable t r a i t (Sala and Westlake, -1966). 

Plasmids have been impl ica ted in the production of many a n t i ­

b i o t i c s . Unfortunately the evidence i s often limited to observations 

tha t t r ea tment of an t i b io t i c -p roduc ing s t r a i n s with agents such as 

'^thidium bromide, acrif lavin dyes or high temperature, known to promote 

plasmid loss in E. c o l i , genera tes v-nonproducing s t r a i n s at a high 

frequency. Such "findings have been made for kasugamycin and au reo -

t h r i c i n b iosyn thes i s in Streptomyces kasugaensis (Okanishi e t a l . , 

1970), kanamycin biosynthesis5" in Streptomyces kanamyceticus (Hotta et 

al . , 1977; Chang et al. , 1978),. paromomycin biosynthesis in Streptomyces 

rimosus forma paromomycinus (White and Davies, 1978) and streptomycin in 

Streptomyces b i k i n i e n s i s (Shaw and Piwowarski, 1977). In l i g h t of 

evidence t h a t agents such as ethidium bromide or a c r i f l a v i n dyes 

frequently cause DNA rearrangements as well as plasmid elimination in 

Streptomyces (Schrempf, 1983) claims for plas'mid involvement in the 

biosynthesis of an ant ib io t ic based solely on curing data must be viewed 

with caution un t i l more rigorous studies have been carried out. 

I I I . Plasmid Curing Studies 

a. Spiramycin in Streptomyces ambofaciens 

The,, unre l iab i l i ty of data from plasmid curing studies i s evident in 

the case of spiramycin production by S. ambofaciens. Nonproducing 

s t r a i n s were obtained at a frequency of about 10% by t r ea tment wi th in 

acrif lavin (Omura et al . , 1979JI. When a plasmid, , pSAl, was detected in 
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c leared l y s a t e s of producing s t r a i n s but not in nonproducerfa, i t was 

presumed to be involved in spiramycin biosynthesis. However, an a l t e r -

na t ive plasmid i s o l a t i o n technique revealed tha t the spiramycin non-

producers harboured plasmid DNA indistinguishable from pSM in contour 

length and r e s t r i c t i o n cleavage p a t t e r n (Ikeda et a l . , 1981a). When 

the same producing s t ra in was treated witn presumptive curing agents, no 

correlation was seen between the generation of spiramycin-nonproducing 

progeny and those that lacked plasmid pSAl (Ikeda e t a l . , 1981b); I t 

was concluded tha t the genes for spiramycin b iosyn thes i s were not' 
- ° 
carried on th is plasmid. 

b. Neomycin production in Streptomyces fradiae 

When plasmids pSFl and pSF2 were isolated from a neomycin-producing 

s t rain of S_. fradiae and nonproducing variants obtained by acridine dye 

treatment appeared to lack pSFl and pSF2, the plasmids were suspected to 

have a ro le in the b iosyn thes i s of t h i s a n t i b i o t i c (Yagisawa et a l . , 

1978). However, c lo se r examination of these s t r a i n s showed tha t the • 

parent and one of the "cured" nonproducers, A083, each harboured a 

single plasmid (Komatsu et al., 1981). Capar ison of r e s t r i c t ion endo-

nuclease fragment pa t t e rn s of the p lasmids from A083, the pa ren ta l 

s t ra in and a high producing variant, H3, revealed that the plasmids from 

both H3 and A083 dif fered from the p a r e n t a l plasmid DNA in one small 

region of the plasmid map. The suggest ion was made t h a t t h i s region-" 

might 'represent a "hot spot" for DNA rearrangements induced with curing 

agents, and these rearrangements were implicated in al tered ant ib io t ic 

production and resistance as well as in the plasmid copy number of the 

two mutant s t r a ins . As an a l t e rna t ive , the .possibl i ty that the plasmid 
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changes were merely- coincidental to operative chromosomal mutations was -

not. excl ud ed .,• 

c. Ribosta'mycin production in Streptomyces ribosidificus 

• .The ribostamycln producer, S. r ibosidif icus, provides yet_another ' 

example- in which treatment with acrif lavin yielded a high frequency of 
> 

nonproducers yet failed to eliminate, a resident plasmid (Nojiri et al., 

1980). Comparison using restriction endonuclease digestion of plasmids 

from the producer and two acriflavin-derived nonproducer strains failed 

to reveal any differences. 
I 

d. Erythromycin production in Streptomyces^erythraeus • 

Inconclusive data were derived from attempts tV^cure the erythromy-

cin-producing organism, S_. erythraeus, of the multiple plasmids detected 

in - th i s s t ra in (Yi-guang and Davies, 1981). Treatment with acridine o r * 

ethidi,um bromide yielded two v a r i a n t s , one blocked in erythromycin 

biosynthesis and one that produced high levels of the an t ib io t ic . While 

the plasmid profi les of these two variants differed from the wild-type 

s t r a i n , i t was not poss ible to conclude t h a t any of the genes for 

.erythromycin biosynthesis were located on the plasmids. 

IV. Examples of Possible Plasmid-Determined Antibiotic Production 

More compelling evidence of plasmid involvement in a n t i b i o t i c 

production has been presented in a number of reports . This i s of three 

main types: i) demonstration that ant ib io t ic production determinants 

can be t r ans f e r r ed at a frequency severa l o rders of magnitude higher 

than that for known chromosomal markers, i i ) demonstration of a lack 

of l inkage between a n t i b i o t i c determinants and known chromosomal , 
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markers,^ and i i i ) demonstrat ion by DNA hybr id i za t i on using cloned 

determinants 6f a n t i b i o t i c product ion as probes t h a t these sequences 
• f 

have been los t from nonproducing s t ra ins . ^ , , 

<* - • 

a. Leupeptin production in Streptomyces roseus 

Although leupeptin i s not s t r i c t l y an an t ib io t ic , i t i s a closely 

r e l a t e d pept ide secondary m e t a b o l i t e . Umezawa e t a l . (1978) observed 

tha t the a b i l i t y .to. produce i t was t r a n s f e r r e d from producing to non-

producing s t ra ins in mixed cultures ' a t a ra te s ignif icant ly higher than 

arginine or methionine chromosomal markers were transferred.. 

b . Tylosin production in Streptomyces fradiae 

Preliminary studies indicated that some of the genes for tylosin 

biosynthesis in S_. fradiae might be plasmid-encdded; in mixed cultures 

of two s t ra ins 'differing in the i r an t ib io t i c s e n s i t i v i t i e s , auxotrophic 

requirements and a b i l i t y to produce t y l o s i n , t y l o s i n product ion and 

r e s i s t a n c e were t r a n s f e r r e d t o about 8% of the ty los in-sensi t ive non-

producers (Bal tz e t a l . , 1981). No chromosomal recombination was 

o b s e r v e d . F u r t h e r m o r e , i n mixed c u l t u r e s of t y l o s i n - s e n s i t i v e 

nonproducers and res i s t an t mutants that accumulated tylosin precursors, 

many r e c i p i e n t s of the r e s i s t a n c e t r a i t ' accumulated the corresponding 

precursors of the donor s t r a i n s . These data suggests t ha t some of the 

t y l o s i n s t r u c t u r a l genes a re loca ted on a s e l f - t r a n s m i s s i b l e plasmid 

which also controls tylosin resis tance. However, the putative plasmid 

h'as not yet been isolated. 

* 
c. Turimycin production in Streptomyces hygroscopicus 

Following e a r l i e r s t u d i e s (Kahler and Noack, 1974) with plasmid 

& 
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curing agents t ha t had ind ica ted a p o s s i b l e plasmid involvement i n 

tur imycin produc t ion , Zippel e t a l . (1983) performed conjugat ional 

matings using auxotrophical ly-marked tur imycin producers arid non-

producers. Auxotrophic markers were arranged in an order that minimized 

the proportion of recombinant genotypes requiring quadruple crossovers. 

When the turimycin marker was included in t h i s -sequence the-frequency of 

the r e s u l t i n g recombinant genotypes r equ i r i ng quadruple c rossovers 

increased s ignif icant ly . Moreover, protoplast fusion studies using the 

same1 parental s t ra ins assigned the turimycin genes to a different sector 

of the linkage map. These data were inconsistent with a single chromo-
* * 

somal location for turimycin genes and strengthened the suggestion of 
4> s 

plasmid'involvement in turimycin production. However, preliminary 

studies indicated the presence of a ,6-Md plasmid in both 'the wild-type 

and- nonproducing strains and the plasmid postulated to encode turimycin 

production was not clearly identified. 

d. Acfinomycin production in Streptomycesparvulus and Streptomyces 
antibioticus 

a 
Treatment of S_. parvulus and S_. a n t i b i o t i c u s with a c r i f l a v i n or 

novobiocin caused a high-frequency loss of the ab i l i t y to produce a c t i ­
os 

nomycin (Ochi and Katz, f\)78). Following p r o t o p l a s t "fusion between 

singly-auxotrophic producers arid nonproducers, up to 95% of prototrophic 

progeny were act inomycin producers , whereas no actinomycin-producing 

progeny were de tec ted fol lowing fusions between two nonproducing 

s t r a i n s . When p ro top l a s t s of doubly-auxotrophic actinomycin-producing 

and nonproducing v a r i a n t s of £ . parvulus were fused, ,80-90% of the 

progeny in each recombinant class were actinomycin producers (Ochi and 

Katz, 1980.). In add i t ion ,approx imate ly 70% of regenera ted co lon ie s 
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possessing the n u t r i t i o n a l markers of the nonproducing parent were 
r 

producers. Thus, the a b i l i t y t o produce act inomycin was t r a n s f e r r e d 

independently of any nut r i t iona l marker. When the auxoj^fphic markers 

were ordered so as to minimize the propor t ion oJ-progeny genotypes 

requiring quadruple crossovers, inclusion of the actinomycin marker inv 

v J 

the. sequence signif icant ly" increased the quadruple crossover frequency 

in each cross and resulted in an ambiguous map position for th i s marker. 

This observation was taken as further evidence for plasmid involvement. 

in actinomycin poduction..* \ 

High, frequency transfer of the ab i l i t y to produce actinomycin was 

also seen following protoplast fusion using auxotrophic producing and 

•nonproducing s t r a i n s of S_. a n t i b i o t i c u s (Ocrri, 1982). However, tfie 

determinant for actinomycin production was not transferred in conjuga-

iona l mat ings , "suggesting tha t i t was loca ted on a nonconjugat ive 

plasmid. When protoplasts prepared from an auxotrophic nonproducing 

s t ra in of S_. parvulus were transformed'with* DNA from lysed protoplasts 

of an actinomycin-producing s t ra in , the frequency of transformation for 
•» 

chromosomal 'determinants was 20-fold higher than for the actinomycm-
•« 

producing de te rminant . Ochi accounted for the low t r ans fo rma t ion 

frequency of the act inomycin determinant by suggest ing that i t was 

damaged by protoplast l y s i s . These resu l t s were considered to provide 

fd r the r evidence for the nonchromosomal l o c a t i o n of the act inomycin 

genes. 

* [ 
e. » Methylenomycm production in Streptomyces coelicolor A3(2) and 

Streptomyces violaceus-ruber SANK95570 
Perhaps the most widely c i t e d example of plasmid involvement in 

an t ib io t ic production i s that of SCP1 in methylenomycin biosynthesis in 
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S. c o e l i c o l o r A3(2). Kirby et a l . (1975) noted tha t s t r a i n s con ta in ing 

the plasmid SCPl produced a d i f f u s i b l e i n h i b i t o r tha t r e t a r d e d the 

growth of SCPl- s t ra ins as well as many other Streptomyces species and a 

wide spectrum of Gram-positive and Gram-negative genera. The inhibi tory 

substance was ident if ied by mass spectral analysis as methylenomycin A 

(Wright and Hopwood, 1976). Mutant s t ra ins unable to produce methyleno-

mycin (Mrny-) but r e t a i n i n g a n t i b i o t i c resistance (Mmyr) we're isola ted 

from- a s t ra in bearing the SCPl- plasmid carrying a cysB+ gene (Kirby et 

a l . , 1975). Transfer of the plasmid i n t o a vcysB~ SCPl" (Mmy-„Mmys) 

s t ra in resulted in . the recipients acquiring an t ib io t i c resis tance (Mmyr) 

and cysteine independence <but remaining an t ib io t i c nonproducers (Mmy-). 

Fur ther evidence t h a t SCPl c a r r i e s the de te rminan t s for both 

• 

methelenomycin biosynthesis and resistance was obtained when 16 a n t i ­

b i o t i c nonproducing s t r a i n s were i s o l a t e d . These f e l l i n to a t l e a s t 

five phenotypic classes on the basis of cosynthesis, pigmentation, and 

examination of culture extracts by thin- layer chromatography (Kirby and 

Hopwood, 1976). The phenotype conferred by each mu.tation could be 

transferred with SCPl to new rec ip ients . Moreover, i t was shown that 
two. methylenomycin nonproducing species, Streptomyces l ividans 66 and 
/ • " ' 
treptomyces,parvulus, gained the ab i l i t y to produce methylenomycin upon 

in terspeci f ic conjugational transfer of SCPl. 

/ >^yAlthough SCPl has never been i s o l a t e d from S_. c o e l i c o l o r A3(2), 

„ Aguilar and Hopwood (1982) have isolated a large (110 Md)plasmid, pSVl, 

' (from S. violaceus-ruber.SANK95570, the organism in which methylenomycin 

production was f i r s t discovered (Haneishi e t a l . , 1974) and which was 

repor ted by Okanishi e t a l . , (1980) to conta in cova l en t ly c losed 

circular,DNA. That pSVl coded for methylenemycin production a n d r e s i s -
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tance was suggested when a l l of the pSVl- colonies a r i s i n g from 

regenerated p r o t o p l a s t s proved to be methylenomycin sensit ive nonpro- > 

ducer's. Supporting evidence came from interspecif ic crosses between S. 

l ividans 66 and S. violaceus4ruber SANK95570. These gave methylenomycin 

r e s i s t a n t S_. l i v idans progeny conta in ing pSVl and producing the ,anti- ' 

b i o t i c . S imi l a r l y , when pSVl was used to transform pr t o p l a s t s of'_S. 

l ividans, a l l methylenomycin-resistant producers contained pSVl. 

Further evidence that methylenomycin production genes are encoded 

by SCPl was provided by the mutational cloning experiments of Chater and 

Bruton (1983) in which at tachment s i t e - d e l e t e d phage 0C31 KC400, 
r 

carrying a viomycin resistance determinant, was used. This mutant phage 

transduces recipients to viomycin resistance only when i t s DNA contains 

a segment homologous to one in the recipient genome. If th is condition 

i s met the phage can integrate into the recipient genome at the s i t e of 

homology. 

To supply the requi red homologous DNA segment, fragments of the 

t o t a l DNA from an SCP1+ s t r a i n of S_. parvulus were inse r t ed in to #C31 

KC400. Some of the recombinant phage were shown to harbour SCPl frag­

ments by their ab i l i ty to transduce viomycin resistance into SCP1+ but 

not i n t o an SCPl-sty^TnSaf S_. parvulus . Furthermore, hybr id iza t ion 

could be detected between the DNA from two such phages and res t r i c t ion 

endonuclease-generated fragments of to ta l DNA from SCP1+ but not SCPl" 

s t r a i n s . 

Chater and Bruton (1983) predic ted tha t phage car ry ing DNA f rag ­

ments' of methylenomycin production genes would integrate into a r e c i - k 

p i e n t ' s methylenomycin production genes and thereby d i s rup t t h e i r 

expression. The recovery of methylenomycin-nonproducing mutants among 

•*•-
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colonies tranduced to Viomycin resistance by phage carrying SCPl f iag-

ments suggests that methylenomycin determinants are encoded by SCPl. 

f. A-factor in Streptomyces bikiniensis and Streptomyces griseus 

Cloning s t u d i e s (Horinouchi e t a l . , 1984) have provided evidence 

that A-factor, ' the autoregulator essent ia l 'for streptomycin production 

and r e s i s t a n c e as wel l as spo ru la t ion in S_. g r i s eus and S. b ik in i en si s 

^(Hara and Beppu, 1982a and b), i s encoded by a plasmid. Fragments of 

DNA from an A-factor-producing s t ra in of S_. bikiniensis were cloned into 

p lasmid 'pIJ385. -Transformation of AVfactor-def ic ient mutants of S_. 

b i k i n i e n s i s or S.' g r i s eus with recombinant»plasmid DNA„restored the 
i. » 

a b i l i t y of mutant s t r a i n s J:o synthes ize A-factor and concomitant ly 

' ' • i U " 

restored streptomycin production, streptomycin /resistance and sporula­

tion. A 3.8-kb fragment cloned in one recombinant plasmid contained the 

(') -hi v " 
'A-factor determinant. When th i s plasmid^yas.nick-translated and used as 
a probe, i t was found to hybr id ize with the t o t a l DNA from A-factor 
producing s t ra ins but not with DNA from A-factor nonproducing mutants, 

/\. ' 
many of which were obtained by treatment" with plasmid cur ing agents 

\ ' 
(Harra and Beppu, 1982a). This indicates* that loss of A-factor in these 
s t ra ins i s due to a deletion of DNA, most l ikely by .plasmid elimination. 

g. Chloramphenicol in Streptomyces venezuelae 

Evidence for plasmid involvement in chloramphenicol production in 

S_. venezuelae ISP5230 was presented by Akagawa e t a l . (1975). Chlor-

amphenicol nonproducers were derived at a frequency of 2-5% after t r e a t -

meat with a c r i f l a v i n . Crosses were c a r r i e d out using mul t ip ly auxo-

trophic producers and nonproducers but recombinant frequencies were too 

low to exclude the p o s s i b i l i t y t h a t progeny d i f f e r i n g from pa ren t a l 
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types i n only A mark'er were r e v e r t a n t s . A procedure was t he re fo re 

devised for the de te rmina t ion of marker sequences which allowed such 

genotypes to be omi t ted . Eight markers were arranged in a c i r c u l a r 

sequence such that the frequency of •> recombinants requiring a quadruple 

crossover was minimized. When the chloramphenicol production (cpp) 

marker was placed between each adjacent pair of markers, the frequency 

'of recombinants requiring quadruple crossovers increased s ignif icant ly . 

Moreover, the l o c a t i o n of cpp giving the minimum quadruple crossover 

frequency varied from cross to cross. Such resu l t s imply that the cpp 

marker i s not located on the chromosomal linkage map. As Akagawa et a l . 

(1975) pointed out , however, the p o s s i b i l i t y tha t the two might be 

nonal le l ic weakens t h i s conclusion. The cpp'1" marker transferred to cpp~ 

progeny only in crosses where ehromosomal markers also transferred but 

t h i s would be accounted for if the cpp markers were encoded by a non-

conjugative plasmid. 

In a l a t e r r e p o r t (Akagawa e t a l . , 1979), two of the apparent 

nonproducers 'used in the previous study were r epo r t ed t o a c t u a l l y 

produce chloramphenicol at low levels (up to 10 ug.mL ). New nonpro-

ducing s t r a i n s . w e r e t he re fo re der ived by t r e a t i n g an auxotrophic 

producer, SVM2, with a variety of a l te rna t ive agents: acr if lavin, high 

t empera tu re , u l t r a v i o l e t i r r a d i a t i o n or n i t r o soguan id ine . The Cpp -

derivatives obtained were^ divided* in to two groups: i ) those obtained 

with potent ia l plasmid curing agents and believed to be plasmidless (the 

two low producers from the previous study were added to t h i s group); 

and i i ) - those generated only at a low frequency using "curing" agents 

or obtained by the use of ni t rosoguanidine.-" Mutants in t h i s l a t t e r 

group were believed to harbour chromosomal mutations. Unfortunately the 
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probable loca t ion of the s t r u c t u r a l block could be i d e n t i f i e d in only 

one of these mutants . Crosses between "p lasmid less" s t r a i n s and an 

auxotrophic producing s t ra in failed toFindic/ te a chromosomal location— 

for the cpp marker, while crosses between mutants from the second group 

and the same producing s t ra in did indicate a discrete chromosomal loca­

t ion for -the cpp 'marker. Furthermore, c rosses between nonproducing 

mutants bearing assigned chromosomal mutations and a "plasmidless" low 

producer yielded high producers among th-e^progeny .whereas crosses 

Iretween pairs of "plasmidless" s t ra ins yielded only low producers. I t 
t 

was concluded, t he r e fo r e , tha t most of the s t r u c t u r a l genes for the 

chloramphenicol pathway are located on the chromosome while a plasmid 

plays a role in increasing production levels . However, no plasmid has 

yet been isolated from th i s s t ra in (Okanishi et al, . , 1980 ; Kirby et 

a l * 1982). ' 

Possible plasmid involvement in chloramphenicol production was also 

investigated by Michelson and Vining (1978) using S_. venezuelae s t ra in 

13s. Treatment with intercalat ing dyes accelerated the high spontaneous 

generation of low and nonproducing variants. When eight of the nonpro­

ducing derivatives were subsequently examined for the pre'sence of extra-

chromosomal DNA, a l l contained a plasmid with the same electrophoretic 

mobil i ty as tha t of plasmid pUC3 (Malik and Reusser, 1979), which was 

present in the paren ta l type (Ahmed and Vining, 1983). Furthermore, 

when a p la smid les s de r i va t i ve of s t r a i n 13s obta ined by p r o t o p l a s t 

formation and regeneration was tested for chloramphenicol production, i t 

produced t i t r e s comparable to those of the parent s t ra in . These resu l t s 

indicate that pUC3 cannot be involved in chloramphenicol production. 

' When r e s t r i c t i o n endonuclease banding pa t t e rn s o f , t o t a l DNA 
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extracts from four of the above nonproducing strains" were compared with 

those from s t ra in 13s,' one s t ra in showed a s l ight ly different pattern, 

suggest ing t h a t curing agents a f fec ted a n t i b i o t i c product ion in t h i s 

s t ra in by promoting chromosomal rearrangements. „ 

*> » 
V. Chromosomally-determined Synthesis pf Antibiotics 

a.„ Oxytetracycline production in Streptomyces rimosus 

One of the f i r s t well-documented examples of chromosomally-deter-

mined^antibiotic production was that of oxytetracycline biosynthesis in 

1 - « • 
S. r imosus (Rhodes e t a l . , 1981; Boronin and Mindlin, 1971j Alacevic , 

1973). F i f ty -seven mutants blocked in product ion of t h i s a n t i b i o t i c 

were grouped i n t o two c l a s s e s on the bas i s of cosyn thes i s t e s t s and 

the i r ab i l i t y to convert intermediates ' to oxytetracycline. One«class of 

mutants was unable to produce a cofactor (CSFI) esent ia l for the reduc­

tion of *kxydehydrotetracycline, the f inal step of the pathway. Mutants 

of the other, class were blocked in- the te t racycl ine biosynthetic path-' 

way. Crosses between auxotrophic oxytetracycline producers and nonpro-

ducers i nd i ca t ed t h a t the oxy t e t r acy l i ne and CSFI pathway genes wer*e 

clustered in two chromosomal locations. Mutations in the oxytetracycline 

pathway before the formation of 4-ami.nodedimethylaminoanhydrotetra-
V 

c y c l i n e .mapped to a s i n g l e region, and mutat ions in the pathway a f t e r 

t h i s in termedia te , and a l l CSFI mutations mapped to a second r eg ion -

"diametrically opposite to the f i r s t . No evidence of plasmid involvement 

was obtained. , . • * V 

" D ' Actinorhodin in Streptomyces coelicolor A3(2) ,. . 

In add i t i on to methylenomycin, S. c o e l i c o l o r A3(2) produces an 
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an t ib io t ic , actinorhodin, jdiich acts as a pH indicator (blue al alkaline 

pH, red at acid pH). Seventy-six actinorhodin-npnproducers were grouped 

in to seven types on the bas i s of the col,or rof d i f f u s i b l e pigments 

formed, an t ib io t ic ac t iv i ty and cosynthesis reactions (Rudd and Hopwood, 

19790. Crosses between multiply marked representatives', of each mutant 

class and auxotrophic producers, i nd ica t ed t h a t the ac t inorhodin genes 

are located in a short chromosomal segment between between hisD and guaA 

on the genetic map. The chromosomal location of the act genes has been 

confirmed by the r e c e n t c loning of genes for the e n t i r e b i o s y n t h e t i c 

pathway using S_. coe l i co lo r A3(2) as the source of DNA (Malpar t ida and 

Hopwood, 1984). . . j, 

c. Undecylprodigiosin in Streptomyces coelicolorA3(2) 
i r 

A second p i g m e n t e d ' ' a n t i b i o t i c , the b iosyn thes i s of'jwhich i s 

unre la ted to t h a t of ac t ino rhod in , i s a l so produced by S_. c o e l i c o l o r 

•A3(2) (Rudd and-Hopwood, 1980). % This has been tentatively'"identified as 

undecylprodigiosin (Feitelson and Hopwood, 1983). Because actinorhodin 

or r e l a t e d compounds obscured t h i s red pigment., nonprbducing mutants 

r (red) were isolate 'd from a c l a s s I ac t ino rhod in nonproducer in wtiich 

synthesis o f a l l pigments related to t h i s product i s blocked. 

The 37 fed mutants were grouped in to f ive c l a s s e s on the b a s i s of 

cosynthesis t e s t s . When multiply-marked representatives from each class 
"' ' 

were crossed with an ac t inorhodin-nonproducing, undecy lp rod ig ios in -
pf 

producing s t ra in , a l l five classes of red genes were located in a short 

chromosomal region between cysD and leuB. 

d. CDA. in Streptomyces coelicolor A3(2) 

A fourth a n t i b i o t i c , c a l l e d CDA (Calcium Dependent A n t i b i o t i c J , 
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produced by S. c o e l i c o l o r , A3(2) inibit>s Gram-pos i t ive bac te r i a by 

producing transmembrane channels that conduct monovalent cations in the 

presence of calcium (Lakey et al . , 1983) . Twenty-six CDA-nonprc-tyucing 

mutants were i s o l a t e d , seiveral of which were a lso de fec t ive i n the 

production of a e r i a l mycelium (Hopwood 'and Wright, 1983). Mapping 

studies indicated that a l l nonpleiotropic cda mutations were located in 

one region of the S_. c o e l i c o l o r map. Mutations-fehat r e v e r e d s t r a i n s 

aer ia l mycelium negative and CDA-nonproducing mapped to the same"chromo­

somal regions as previously studied bald mutations variously designated 

bid or amy (ae r ia l mycelium-less). i 

i 

VI. Genetic Recombination in Streptomyces 

1 Genetic recombination was f i rs t , shown to occur in Streptomyces by 

Sermonti and Spada-Sermonti. (1955). By growing two doubly-auxotrophic 

s t ra ins _of S. coelicolor in mixed culture, then harvesting and plating 

the resul tant spores on select ive media, prototrophs could be isolated 

as well as progeny wit;h mutant charac ter i s t ics of both parental s t ra ins . 

Reports of s imilar findings in S. rimosus (Alikhanian and Mindlin, 1957) 

and Streptomyces griseoflavus (Saito, 1958) soon followed. 

Hdpwood"(1959) was the f i r s t to demonstrate that quanti tat ive data 

obtained, from crosses between doubly auxotrophic strains*1 of S_. coe l i ­

color A'3(2) ( a c t u a l l y , an S_. v io l aceus - rube r s t f a i n and t he re fo re 

d i f f e r e n t from Sermont i ' s s t r a i n ) coul,d be used to e s t a b l i s h l inkage 
v. t* , 

r e l a t i o n s h i p s . 'In h i s procedure, spores from a mixed c u l t u r e of two 

mutant s t ra ins were plate"d oris four select ive media. The phenotypes- of 

recombinants that appeared on each medium were determined by r e p l i c a 
a 

p la t i ng to , d i agnos t i c media. In genera l t he re was good agreement 
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between e s t i m a t e s of the frequency of a given phenotype recovered on 

d i f f e r en t s e l e c t i v e m'edia. Also, where they could be recovered, both 

members of a pair of complementary genotypes had approximately the same 

frequency. The r e l a t i v e f requencies of each recombinant c l a s s were 

therefore considered to be free of possible bias caused by d i f ferent ia l 

v iabi l i ty , and could be used to determine the arrangement of the auxo­

trophic markers. 

Preliminary mapping data suggested two linkage groups in S_. coe l i ­

color A3(2) (Hopwood, 1959; Hopwood and Sermonti , 1962). These two 

groups were l a te r found to be linked, forming a single c i rcular linkage 

group (Hopwood, 1965 and 1966b ;. A detailed map of the chromosome of S_. 

coe l i co lo r A3(2) ha,c been cons t ruc ted (Hopwood and Sermonti , 1962; 

Hopwood, 1965, 1966 a i nd 1967). ' . ' 

Mapping studies were soon extended to other Streptomyces species. 

The linkage map\> of Streptomyces glaucescens (Baumann et al. , 1974), S_, 

rimosus (Friend and Hopwood, 1971; Alacevic et al . , 1973), Streptomyces 

bikiniensis var. zorbonensis (Coats and Roeser, 1971) and S_. venezuelae 

3022a (Francis et a l . , 1975) a l l showed notable s imi l a r i ty to 'that of S_. 

coelicolor A3(2). 
» 

Although d e t a i l s of the events underlying the process of gene t ic 

exchange in "Streptomyces remain obscure, Hopwood's work with S, coe l i ­

color A3(2).has es tabl ished,severa l points (Hopwood, 1967): . i ) mating 

occurs between hyphae and the process resembles conjugation in gram-

negative tjacteria in that i t r e su l t s in the transfer of long segments of 

linked genes; i i ) mating resu l t s in the production of merozygotes, each 

containing a complete chromosome from one parent and a chromosome £r0g-

ment from the o the r ; i i i ) when mating occurs , the formation of a 
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haploid recombinant can be i n t e r p r e t e d as the consequence of an even 

number of crossover events between the whole chromosome and the chromo­

some fragment within the merozygote. 

VII. 'Fertility Systems 

' Sermonti and Casciano (19b3) published the f i r s t d e s c r i p t i o n of 

d i f f e r e n t f e r t i l i t y types in S_. c o e l i c o l o r A3(2). In c rosses between 

aux t roph ica l ly marlced mutan ts , they observed a group of s t r a i n s (R~) 

which gave no recombinants when crossed with each other, but which were 

f e r t i l e when crossed with any other (R+) s t r a i n s . Crosses between R+ 

s t ra ins were also f e r t i l e . , ** 

Hopwood et a l . (1969) found tha t f e r t i l i t y v a r i a n t s of S. c o e l i ­

color A3(2) could be i s o l a t e d a f t e r t r ea tmen t with u l t r a v i o l e t l i g h t . 

When these variant u l t r a f e r t i l e (UF) s t ra ins were crossed with s t ra ins 

of the i n i t i a l f e r t i l i t y (IF) type ("corresponding to t ha t of the wild 

type S_. c o e l i c o l o r A3(2)), v i r t u a l l y a l l of the progeny were the IF 

type. Transfer of t h i s IF t r a i t occurred a t a frequency 10 000 t imes 

higher than that observed for chromosomal markers (Vivian, 1971). This 

led to the hypothesis that the factor responsible for the difference in 

f e r t i l i t y must be i n h e r i t e d independently of the chromosome. I t was 

proposed t h a t the change from IF to UF involved l o s s . o f a plasmid 

designated SCPl. ' / 

A third f e r t i l i t y type, called NF, was subsequently identif ied when 

crosses in which i t was mated with UF (SC^l-) s t r a ins gave Vi r tua l ly a l l 

recombinant progeny (Hopwood et a l . , 1969). In c o n t r a s t to previous 

crosses where the frequencies of complementary recombinant genotypes 

\ • 

\ 
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were equal ( t h a t i s , there was a s t a t i s t i c a l l y equal c o n t r i b u t i o n of y 

gene t ic ma t e r i a l by the two p a r e n t s ) , c rosses between NF and SCPl -

s t r a i n s were po l a r i z ed , the NF s t r a i n always donating a populat ion of 

fragments and the SCPl- s t ra in always acting as a recipient . Further-

more, a fragment from the 9 o'clock region erf the NF parent was 

ob l i ga t e ly i n h e r i t e d by a l l haploid progeny, NF marker f requencies 

declining in both clockwise and counterclockwise directions from the 9 

o'clock p o s i t i o n . Cro"sses between NF s t r a i n s and IF (SCP1+) s t r a i n s 

were' also polar, with the NF s t ra ins donating a nonrandom population of 

fragments to the progeny (Vivian, 1970). The segregation of f e r t i l i t y 

in NF X IF c rosses ind ica ted t h a t the f e r t i l i t y determinants in the 9 

o'clock map region were located on the chromosome. From these observa­

t ions, Vivian (1971) proposed that although ,KF s t ra ins harbour SCPl, the 

plasmid i s not autonomous but probably associated with the chromosome in 

the 9 o'clock position. 

Hopwood and Wright (1973) i s o l a t e d a s t r a i n of S. coe l i co lo r t h a t 

donated the marker cysB+ with a 'very high "f req'uency-. Donation of 

a l l e l e s a t l o c i known to be c lose ly l inked to cysB occurred at a much 

lower ra te . This s t ra in was taken to be a fourth f e r t i l i t y type wherein 

SCPl i s an autonomous plasmid that car r ies a region of the chromosome. 

Thus SCPl bear^s^Bome resemblance t o the F plasmid of E. c o l i K-12 

( C u r t i s s , 1969) in "that i t can be l o s t to y i e ld SCPl - s t r a i n s , i t can 

car ry a chromosomal i n s e r t i o n or i t can become in t eg ra t ed in to the 

'chromosome. 

» ' 

j An a*ttempt to i s o l a t e SCPl from an SCP1+ strain ga.ve a 31.6-kb 

plasmid (Schrempf et al., 1975) but the same plasmid was isolated from 

SCPl" strains as well as from strains in which SCPl appeared to have 

p 
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integrated into the chromosome or acquired a chromosomal insertion 

(Schrempf and Goebel, 1977). On the other hand, no plasmid DNA could be 

isolated from S. lividans strains into which SCPl had been transferred 

by conjugation. Consequently, the 31.6-kb DNA component was considered 

to be a second plasmid, SCP2-. I t was proposed that SCP2 accounted for 

the appreciable fert i l i ty of SCPl" X SCPl" matings. Repeated attempts 

to isolate SCPl have been unsuccessful. 

With one SCPl - strain an unusually high'frequency of recombinants 

was obtained in crosses with other SCPl - strains (Bibb et al . , 1977). 

This enhanced ferti l i ty could be transferred infectiously and was a t t r i ­

buted to a variant form of SCP2 designated SCP2.* SCP2* X SCP2+ "crosses 

produced about 500 times as many recombinants as SCP2+ X SCP2"*" crosses. 

SCP2 did not promote the exchange of any preferred region of the 

chromosome but simply enhanced generalized recombination. 
• f t 

By screening SCP2 colonies for spontaneous loss of their enhanced 

f e r t i l i t y when crossed with an 'SCP2 + t e s t e r s t r a i n , SCP2 - s t r a i n s 

lacking the autonomous 31.6-kb plasmid were isolated. SCP2- X•SCP2-

matings were almost completely steri le while SCP2+ X SCP2'- were more 

fert i le than SCP2+ X SCP2+ matings. Transfer of SCP2 or SCP2* to SCP2-

strains in mixed cultures was almost 100% efficient. 

Although plasmids appear to play an important role in recombination 

in S_. Goelicolor A3(2), the actual mechanisms by which they promote 

chromosome exchange remain obscure. The existence of fert i l i ty plasmids 

in other species has now been demonstrated (Hopwood et al., 1983; Bibb 

et al., 1981; Kieser et a l . , ' 1982) and i t may be that plasmids are 

necessary for gene exchange at significant frequencies in Streptomyces. 

Friend et al. (1978) attributed to plasmid loss the high ferti l i ty 

0 
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of certain S_. rimosus strains tha t arose spontaneously a t a ra te of 0.2 

to 0.8% from the wild type population. In crosses involving one highly 

fert i le parent, such as R559 (ade~ cy_s7 r ib") , and one of lo w. (normal/) 

ferti l i ty, such as R276 (h i s - ) , about 50% of progeny showing the auxo­

trophic phenotype of the R559 parent now had low fertili ty when tested 

again in a cross with R276. The fact tha t strain R559 was infectiously 

converted to low fertil i ty rather than strain R276 being converted to 

high fertility suggested t h a t ' t h e original high ferti l i ty of R559 resul­

ted from loss of plasmid that was retained in R276, rather than "mutation 

of a low fertil i ty plasmid to a high fertility varia'nt. Fertility in S_. 

rimosus was therefore proposed to be governed by a plasmid SRPl. The 

importaUce of this putative plasmid in promoting gene recombination in 

S.- rimosus was emphasized by the very low frequency at which SRPl" X 

SR PI~'crosses'yielded recombinants. 

I t is interesting to note that SRP1+ X SRE1" crosses were up to 

100-fold more fert i le than SRP1+ X SRP1+ crosses. In this, SRPl seems 

to resemble SCP2. Although the -phenomenon is as yet unexplained, Friend 

et al. (1978) have suggested that i t is an example of the surface 

exclusion described for eubacterial plasmids such as F, where F„+ X F 

crosses give few recombinants compared with F + X F" crosses (Hayes, 

1968). 

r 

•VIII, Lethal Zygosis 

* J-

i Bibb et aL (1977) observed tha t in SCP2* X SCP2- matings, transfer 

of the SCP2W plasmid was attended by retardation of growth of a portion 

of the plasmid-negative hyphae. This could be seen as a harrow zon-e of 

retarded development of*the SCP2 culture wh^n an SCP2 patch was 
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replicated to' a background lawn of spores of an SCP2- strain. This zone 

followed the contours of SCP2% patch suggesting a requirement for hyphal 

contact ra ther than diffusion of an exogenous inhibitor." In sporulating, 

lawns made by mixing a minority of SCP2 «- spores with a majority of SCP2" 

spores,- narrow circular zones surrounded each SCP2" colony and were 

referred to as- "pocks". The inhibition reaction was called "lethal 

zygosis" by analogy with the lethal zygosis reaction, observed in E_. coli 

(Skurray and Reeves, 1973). In the, l a t t e r organism lethal zygosis is 

thought to result from simultaneous mating between one F - cell and 
r * 

'several Hfr cells. 
r * » 

The phenomenon of, lethal zygosis appears to be widespread among,the 

s t r e p t o m y c e t e s and, al though i t s cause is t unc lear , i t h a s been 

correlated in, many instances with .plasmid transfer (Murakami, et al.,., 
, -#> -

1983; Ohnuki 'et, al., 1983). * Because of this, i t has been useful in 

detecting rransformapts in molecular cloning experiments (Thompson et 

al., 1982; Katz et al., 1983). 

Observations of lethal , zygosis have also led to the djfecov«ry 'of 

new plasmids. -Spores of S. lividans 66 isolated from mating mixtures 
. D t ^ 

with S. coelicolor A3(2) elicited lethal zygosis (i.e. were • Ltz+) \ on 

confluent lawns of Ltz-sensitive S_. lividans 66 (Bibb et al. , 1981)./ A 

-jy 
series of covalently closed circular DNA molecules', designated SLP1.1, 

f o •* 

SLP1.2, e tc . , ranging in size from 9.37 to 12,9„6 kb and sharing a large 

co'mmon fragment, could' be isolated from the Ltz+ S. lividans isolates 

whereas no DNA corresponding to-those plasmids could be detected in the 

original parental strains. Labeled probes of SLP1.1 detected homologous 

sequences in total DNA preparations of S_. co elic olor A3(2) but-not in S_. 
* c 

lividans 66. In addition to this, SLP1 plas*mids could be constructed in 
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vitro by digesting and religating to ta l DNA from S_. coelicolor A3(2) and 

transforming S. lividans 66 with the mixture. Mutations mapping to the 

S. coelic.olor A3(2) chromosome abolished the ability of SLP1 plasmids to 

elicit lethal zygosis and i t was .concluded tha t the SLP1 plasmids were 

excised from„ the S_. coelicolor chromosome during matin-g with S_. l iv i -

dans. The SLP1 plasmids acted- as ferti l i ty factors. 

.Pdcking has f requen t ly ' been co r re l a t ed with t h e t r an s f e r of 
m 

fertili ty plasmids in Streptomyces but this is not" always the case. 

Plasmid pJVl from Streptomyces phaeochromogenes N RRLB-3559 is*trans­

ferred at high frequency from plasmid"1" to plasmid - strains, and this 

transfer is attended by a le thal zygosis reaction. However, pJV 1 

..apparently does not promote chro-mosomal recombination (/losher, 1984). 

t Whether le thal zygosis is alwtays associated with plasmid transfer 

also remains to be determined. Two self-transmissible plasmids t en t a ­

tively identified in S_. Ijyidafls 66 by their lethal zygosis reactions^ 

could not be isolated (.Hopwood et al., 1.983). When protoplasts of S_. 

lividans 66 were regenerated (a procedure shown to eliminate plasmids, 

Hopwood et al. , 1981) numerous isolates were obtained on which the 

parejital strain could elicit le tha l zygosis. Two types of inhibition 

zones were attr ibuted t o ' t w o different plasmids, SLP2 and SLP3. As 

predicted, putative SLP2 - strains produced le tha l zygosis on SLP3 -

t 

strains while SLP3 - strains produced inhibition zones on SLP2" strains. 

Putative SLP2" SLP3 - strains were also isolated. These were sensitive 

to inhibition by both SLP3 - 'and SLP2- strains but did not elicit a 

lethal zygosis reaction. SLP2 acted as a sex factor but SLP3 did not 

, promote recombination. , • - • 

In several cases thus far , examined, plasmids associated with a 
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lethal zygosis reaction appear to encode genes associated with the Ltz 

phenotype. Kicsc-r et al. (1982) found that insertion into or deletion 

of a segment of the fertility plasmid'pIJlOl either abolished or recfofced 

the lethal zygosis reaction.- Similarly, Kobayashi et al. (1984) found 

tha t insertion of a resistance gene-into a Bell site of plasmid pTA4001 

abolished the Ltz phenotype. Clearly further study is required to 

explain this phenomenon. . -

/ 

/ ' 
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MATERIALS AND METHODS 

I. Strains 

Streptomyces venezuelae ISP5230 (ATCC10712J was originally 

received from E. Wellington (Stuttard, 1982). Stregtomyces venezuelae. \ 

strains NRELB- 902 and NRRL2277, Streptomyces phaeochromogenes strains 

NRRLB-3559 and NRRLB-2119, and Streptomyces omiyaensis NRRLB-1587 were 

received from the Northern Regional Research Laboratories, Peoria, Illi-

nois. Streptomyces venezuelae PD04828 dad PB05080 were psgyided by 

Parke, Davis and Co.* Detroit, Michigan. Streptomyces lividans strains 

3141 (erroneously sent instead of strain 3041) and 3041, containing 

plasmids pIJ701 (Kieser et al., 1983) and pIJ303 (Katz et al., 1983), 

respectively, were from the culture collection of the John Innes 

Institute, Norwich, U.K. In the following study, unless otherwise noted, 

S. venezuelae refers to strain ISP5230 and S. phaeochromogenes or SPl to 

strain NRRLB-3559. Strain HP-1 is a single colony isolate of 

S. venezuelae ISP5230 which produced up to 110 ug.mL of chloramphenicol 

on glucose-isoleucine medium. 

Mutant S. venezuelae strains VS113, VSI60, VS191, VS192, and VS19 

were received from C. Stuttard, as were strains VS99, VS130, VS141, 

VS143, VS144, VS146, VS153 and VS163, which' had all been obtained by 

mutagenizing spores of Cml" mutants with,long-wavelength ultraviolet 

light in the presence of 8-methoxypsoralen and selecting auxotrophic 

derivatives. Strain VS206 was derived as a spontaneous streptomycin 

resistant mutant by plating VS191 spores on MYM medium containing 

streptomycin sulfate (100 ug.mL- ). Strain EB116 was obtained from 

• / 
SPl by ethidium bromide treatment. 

A 
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I I . Chemicals 

Bacto-agar, bacto-peptone, casamino acid, yeast extract , nutrient 

broth and malt extract were purchased from Difco Laboratories, Detroit , 

Michigan; lysozyome (grade I ) , B a mill and p-aminophenylalananine were 

from Sigma Chemical Co., St. Louis, Missouri ; r ibonuclease A and 

pronase E were from Boehringer Mannheim Canada, Dorval, Quebec. Chlor­

amphenicol and D-threo-l-p-nitrophenyl-2-acetamido-l,3-propanediol were 

g i f t s from'Parke, Davis and Co.. 2(S_)-Dichloroacetamido-3-(£-acet~ 

amidophenyl)propane-l-ol (Wat et a l . , 1971), N-ace ty l~£-n i t rophenyl -

a l an ine , £-n i t ro phenyl a l an ine , p-aminophenyl[carboxyl- C]alanine, £-

aminophenyl[carboxyl- C]serine (McGrath e t a l . , 1968) and N-dich loro-

ace ty l -£ -n i t ropheny la l an ine (synthesized by K. Paramasigamani in th i s 

laboratory) were supplied by L.C. Vining. 

D-threo-I-p-Nitrophenyl-2-propionamido-l ,3-propanediol was syn­

thesized as described by Shirahata et al . (1972). The crude product in 

e thyl a ce t a t e was freed of unchanged D-threo-l-p-nitrophenyl-2-amino-

1,3-propanediol by e x t r a c t i o n with 2 Mhydrochloric, acid. I t was 

p u r i f i S l by p repa ra t ive t h i n - l a y e r chromatography and crys ta l l iza t ion 

from dichloroethane to give colorless needles, m.p. 108-110°C; Rf ( th in-

layer chromatography, system 'A), 0.24. The -"-H-nuclear. magnetic 

resonance (NMR) spectrum, recorded in chloroform-^d a t 80 MHz on a Varian 

model FT-80 spectrometer with t e t r a m e t h y l s i l a n e as the i n t e r n a l 

reference., showed s igna l s at <5 1.04 ( t , 3H, CJLJ.JQT; Qp 7.6 Hz), 2.15 

(q, 2H, CH2,JCL c n 7.6 Hz), 3.00 (bs , 1H, OH,), 3.78-4.30 (ABC, 3H, H-. 

1', H-2'), 5.21 (d, 1H, H-3 ' ,J2 t3 ."3.3 Hz), 6.15 (bd, 1H, NH, J M 2^ 7.6 

Hz},, 7.88 (AA'BB', 4H, H-2, H-3, H-5, H-6, Av AB 51.1 Hz, N=JAB*+ J ^ , = 



8.8 Hz). ' ' 

D- threo-1-p-Nit rophenyl -2-isobutyramido-l ,3-propanedioL was 

synthesized as follows: isobutyric acid (88 mg) in dry acetone (2 mL) 

containing . t r ie thylamine (0.14 mL) was cooled to -10°C in an i c e - s a l t 

bath. Ethyl chloroformate (0.7 mL) was added slowly with s t i r r ing and 

was followed, 25 min l a t e r , by a solution of D-threo-^l-p-nitrophenyl-2-

amino-l ,3-propanediol (212 mg) in acetone (4 mL). The mixture was 

allowed to come to room temperature and, a f te r 4 h, was evaporated to , 

dryness. The residue was dissolved in a mixture of e thyl ace ta te (25 

mL) and water (5 mL). The product in the e thyl ace ta te layer was 

recovered and c r y s t a l l i z e d from water to givlTcolorless needles, m.p, 

130-131 °C; Rf (thin-layer chromatography, system A), 0.30. vThe %-NMR ' , 

spectrum, recorded as above, showedrSignals at 5 1.01 (d,a3H, CH3,. 

JcjJ H 6.9 Hz), 1.06* £d, 3H, CH3, JCR jj 6.9 Hz), .1.62 (bs,-1H, OH), 

2.27 (qn, 1H, C f , ' j H ) C F 6.9 Hz), 3.8-4.3^(ABC, 3H, H-l', H-2'), 5\22 (d't 

iH, H-3', J 2 , 3 , 3.4 ,Hz), 6.06 (bd, 1JI, NH, JNH 2t7.5 Hz), 7.88 (AA' BB', 

4H, H-2, H-3, H-5, H-6, Av AB- 51.1 Hz, N = JAB + J ^ , = 8.8 Hz% 

> a 

I I I . Media ' * ' < . ' , , \ - '> 

All media were h e a t - s t e r i l i z e d in an autoclave at 121 °C ahM 15 

pounds per square inch for 20-25 min. • S1 

Complex (GNY) liquid medium contained: ,. 

Glycerol » 20 mL 
Nutrient broth e ' 8.0 g 
Yeast extract ' ^ v 3.0 g 
Dipotassium hydrogen phosphate 5.0,g 
Disti l led water, 1000 mL 
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Complex (KYM) medium contained: 

Maltose " 4.0 g 
Yeast extract ' 4.0 g 
Malt extract 10.0 g » 

5 Agar . " 20.0 g , •* ** 
Distilled water - 1000 mL 

Chloramphenicol-production (glucose-isoleucine) medium (Ghatterjee 

et al., 1983) contained: 

Glucose ' * 30 g 
Magnesium sulfate heptahydrate 0.2 g 
Potassium dihydrogen phosphate 4 4,5. g _ i 
Dipotassium hydrogen phosphate 10.'5 g f ><• 
Isoleucine ' ' < 7.5»g - J -' 
Sodium chloride ' ... ' 90 mg 
Calcium chloride ' < 90 mg -
Ferrous^ sulfate heptahydrate 9.0 mg t » 
Zinc sulfate-heptahydrate 4.0 mg 

' Cupric sulfate penta"hydrate 0.18 mg 
Boric acid ' 26 yg 
Ammonium mol^bdate tetrahydrate 17 yg . 
Manganese sulfate tetrahydrate 27 yg 
* Distilled water ( 1000 mL " 

To determine which of eight amino acids supported the best chloram-
i. -

phenicol production, cultures of S. venezuelae and"S. phaeochromogenes 

were grown in the production medium modified by subst i tut ing each of the 

following amino acids in turn for isoleucine: proline (6.6 g), DL-serine 

-•(6.0 g) , l euc ine (7.5 g), a l an ine (5.1 g), g lyc ine (4.3 g) , th reonine 

(6.8 g) , and val ine (6.7 g). v -

Minimal medium (MM) (Hopwood, 1967), used to t e s t for 

prototrophy'and, supplemented with var ious growth f a c t o r s , for 

auxtrqphic requirements, consisted of: 

HMaltpsei (instead of glucose) 10.0 
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Asparagine , 0.5 g 
Dipotassium hydrogen phosphate 0.5 g 
Magnesium sulfate heptahydrate 0.2 g 
Ferrous sulfate heptahydrate * 9.0 mg 
Agar * 15.0 g* 
Distilled water ' 1000 mL 

> • .' 

Gro.wth fac to r s were s t e r i l i s e d by f i l t r a t i o n and were added to a u t o -

claved minimal medium as required. The concentration were as- follows: 

Amino ac ids , 56 U g . m L , except h i s t i d i n e , 75 Ug.mL , nuc le ic ac id 

bases , l l .25Ug.mL-. , ,vi tamins 0.f5ugi.mL . Streptomycin s u l f a t e was 

added to a f inal concentration of 50 Ug.mL . 

Defined GGC medium in which S^ phaeochromogenes• was grown 

for plasmid isolat ion (Okanishi, 1980) contained: 

Glycerol > 
Glycine 
Casamino acid 
Magnesium sulfate heptahydrate 
Potassium dihydrogen phosphate 
Disodium hydrogen phosphate 
Trace element solution 
Distilled water 

4.0 mL 
4.0 g 
4.0 g 
1.0 g 
2.0 g 
3.1 g 
4.0 mL 

1000 mL 

The trace element solution consisted of: 
/•"> 

Zinc chloride * 40 mg 
Ferric chloride 120 mg » , 
Cupric chloride dihydrate - 10 mg 
Manganous chloride tetrahydrate 10 mg 
Boric acid _ 1.6 mg , 
Ammonium molybdate tetrahydrate 10 mg 
Distilled water. ' . 1000 mL , * * 

This trace element solution was also used in medium R2,, R3 and P: 

Medium S (Okanishi et al/, 1974) in which S. phaeochromogenes and 

S. venezuelae strains were grown to prepare protoplasts consisted of: 

http://ll.25Ug.mL
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Gluro.'St? ' , " » 10.0 g 
Peptone • 4.0 g 
Yeast extract * __ 4.0 g 
Magnesium sulfate heptahydrate 0.5 g 
Potassium dihydrogen phosphate 2.0 g 
Dipotassium hydrogen phosphate 4,0 g „ . 
Distilled water 1000 mL 

After the solution had been autoclaved'-, glycine was added to a final 

concentration of 3% for S. phaeochromogenes and 1% for S^ venezuelae 

cultures. 

Pro top la s t regenera t ion (R2) medium (Okanishi et a l . , 1974), on 

which protoplasts of S. pha'eochromogenes s t ra ins were plated, consisted 

»of: 

Sucrose 103 g 
Glucose^' " ' 10.0 g 
Casamino acid 0.1 g 
Potassium sulfate 0.25 g 
Magnesium chloride hexahydrate 10.12 g , 
Agar 22.0 g 
Dist i l led water 8 800 mL . f 

i • t 

After the solution had been autoclaved the following s t e r i l e solutions 

were added to each 800 mL: 

Trace element solution , 2 mL 
Potassium dihydrogen phosphate (0.5%) 10 mL 
Calcium chloride dihydrate (3.68%) 80.2 mL 
Proline (20%) ' 15 mL 
N-tris-(Hydroxymethyl)methyl-2-amino- . * 

ethane su'lphonate' (0.25 M, pH 7.2) 100,mL 
Sodium hydroxide (1 N_) 5 mL 

Pro top la s t r egenera t ion (R3) medium (modified from Shirahama e t 

a l . , 1981), on which p r o t o p l a s t s of S. venezuelae s t r a i n s were p l a t e d , 

consisted of: 
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Sucrose 
Maltose 
Peptone _, 
Magnesium chloride hexahydrate 
Agar 
Distilled water 

100 g 
10.0 g 
4.0 g 
8.0 6 
22 g 
700 mL 

After autoclaving, the following sterile solutions were added^to each 

700'mL: 

Potassium chloride (5.0%) J*t 10 mL 
Calcium chloride dihydrate (2v^) 100 mL 
Dipotassium hydrogen phosphate (2.0%),- lp mL 
N-tris-('Hydroxymethyl)methyl-2-amino-

ethane sulfonate (0.25 M, pH" 7.2) 100 mL 

^Medium P (Okanishi et al., 1974), used to prepare protoplasts of S. 

"phaechromogenes and S.. .venezuelae strains, consisted of: 

Sucrose • 103 g 
Potassium sulfate . ' Q.25 g 
Trace element solution 2 mL 
Magnesium chloride .hexahydrate 2.03 g 
Distilled water 800 mL 

After autoclaving the following sterile solutions were added: 

Potassium dihydrogen phosphate (0.5%) 10 mL 
Calcium chloride dihydrate (3.68%) 80.2 mL 
N-tris-(Hydroxymethyl)methyl-2-amino-
ethane sulfonate (0.25 M, pH 7.2) 100 mL 

IV. * Culture Conditions 

a. Maintenance 

/ Spores of S_;_ v e n u e z u e l a e , i t s mutant s t r a i n s ' , and S. 

phaeochromogenes were preserved as 20% aqueous glycerol suspensions at -

20°C. Micrococcus l u t e u s yas maintained on GNY agar s l a n t s s tored a t 

5°C. - • 
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b. Glycerol spore suspensions 

Ster i le water was added to the surface of well-sporulated cultures 

growing on« MYM agar plates . The surface was scraped with a s t e r i l e loop 

to dis lodge the spores . The f l u i d was then removed, f i l t e r e d through 

s t e r i l e cotton wool to remove mycelial fragments and centrifuged. The 

supernatant fluid was decanted and the spore pel le t was resuspended in 

20% (v/v) aqueous glycerol . 

c. Vegetative inocula 

Vegetat ive mycel ia l suspensions used as c u l t u r e inocula were 

prepared by t r a n s f e r r i n g a loopful of spores from a s tock spore 

suspension in g lycero l to 50 mL of GNY medium in a 250-mL Erlenmeyer 

flask. Cultures were grown for 48 h at 27°C on a shaker with a platform 

rotat ing at 220 rpm describing an arc Q$B-8 cm. 

d. Chloramphenicol production in liquid culture 

A 1% (v/v) v e g e t a t i v e inoculum was a s e p t i c a l l y added to 50-mL 

por t ions of chloramphenicol-product ion medium i n 500-mL Erlenmeyer 

flasks and incubated with shaking for 7 d a t 27°C. When large volumes 

of c u l t u r e f l u i d s were r equ i red to i s o l a t e chloramphenicol-.pathway 
4 

intermediates or shunt products from mutant s t r a i n s , vegetative inocula 

(1%) were added to 500 mL of chloramphenicol-production medium in 2-L 

Erlenmeyer f l a s k s which were incubated a t 27 °C on a ro t a ry shaker for 

7 d. 

x 

e. Cultures for plasmid' isolation (Streptomyces phaeochromogenes) 

A 1% inoculum was added to 100 mL of GGC me'dium in a 500-mL 

Erlenmeyer flask and the culture was incubated overnight with shaking at 
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27°C. 

f. Cultures of Streptomyces phaeochromogenes and Streptomyces 

venezuelae s t ra ins for protoplast formation 

'Mycelium of S. phaeochromogenes or s t r a i n EB116 to be used for 

protoplast formation was obtained by transferr ing a loopful of spores to 

25 mL.of medium S (3% glyc ine) and incuba t ing for 5 d with shaking a t 

27°C. Mycelium of S_. venuezuelae s t r a i n s to b^ used 'for p r o t o p l a s t 

formation was prepared by transferring a loopful-of spores to 25 oL of 

medium S (1% glycine) and incubating the culture for 24 h with shaking 

at 27°C. 

g. Growth -

Growth was es t imated as inc rease i n - o p t i c a l dens i ty at 64Q, nm 

( O D ^ Q ) of samples having a 1.2-cm l ight path. 

V. "Assays * < , 

/ 

a. p-Aminophenylalanine 8 -hydroxylase 

The r e a c t i o n mixture for p-aminophenylalanine 2 -hydroxylase 
/. 

\contained the following in a 3.0-mL final volume:/ 
p-Aminophenylfcarboxyl- C]alanine (2.7 mM) 1 mL 
Phosphate buffer (0.1 M) ' 1 mL 

Cell extract •> 1 mL 

The mixture was incubated with shaking at 27°C for 30 min. To prepare 

c e l l e x t r a c t s , mycelium from a 3-d c u l t u r e grown in ch loramphenicol -

production medium was collected and washed twice with 0.1 M KCl, then 

resuspended in 4 volumes of lys i s buffer (10 mM. potassium phosphate, pH 

7i0, 7 mM mercaptoethanol and 1 mH disodium EDTA). After cool ing t o 

4°C, the c e l l s were d i s rup ted with a sonic o s c i l l a t o r at i n t e n s i t y 7, 



using six 30-s burs ts . The lysate was cleared by centrifugation. 

b. Chemical assays 

i . Aromatic amino- or nitro-compounds i 

* Aromatic amino- or n i t r o - compounds were assayed according to a 

modif ica t ion of the procedure of Levine and Fischbach (1951). Sodium . 

hydroxide (1 mL of a 0.3 M s o l u t i o n ) and a f resh s o l u t i o n of sodium 

di th ioni te (1 mL containing 25 mg) were, added to 1 mL of culture super­

natant fluid. After mixing, the reactants were kept at rooni temperature 

for 15 min, then t r e a t e d success ive ly with 0.5 mL of 5% (w/v) sodium* 

nitrite,M).l mL of concentrated hydrochloric acid and, 'after 5 min with 

0.1 mL of a 50% (w/v)-aqueous solution of urea. After 10 min, 2.5 mL of 

a 2% (w/v) s o l u t i o n of sulphamic ac id in sodium dihydrogen phospate 

buffer (2.2 M) was added and the solution was allowed to stand for 5 min 

before mixing with N-1-napthylethylenediamine^dihydrochloride (1 mL of a 

0.2% (w/v) s o l u t i o n ) . After 15 rain, absorbance a t 550 nm was measured 

and compared with a standard curve prepared using authentic chloramphen­

i c o l . 

To assay for aromatic amino compounds following acid hydrolysis of 

c u l t u r e b r o t h s , the above (.procedure was followed except t h a t 3.0 M 

sodium hydroxide (1 mL) was added as the f i r s t step and the addition of 

sodium di th ioni te was omitted. 

i i . p-Aminopheny[carboxyl-C]serine 

Sodium hydroxrde (200 uL of a 1 M so lu t ion ) and s a tu r a t ed sodium 

metaperiodate (500 yL) were added to a 3-mL enzyme incubation mixture. 

After vortexing, the mixture was allowed to stand for 1 min, then 500 rag 

of activated charcoal was added artd the mixture was f i l t e red through a 



48 

medium porosi ty s in te red g lass f i l t e r . A 25-Q-pL por t ion of the 

f i l t r a t e was added to 15 mL of sc in t i l l a t ion fluid (2,5-diphenyloxazole 

' (4 g) in a mixture of to luene (600 mL) and ethanol (378 mL)), Radio­

ac t iv i ty was measured with a liquid ' s c in t i l l a t i on spectrometer (model 

1215, LKB-Wallac, Helsinki). * ' ; 

c. Bioassay for chloramphenicol 

Spores from the colonies to be tested were spread in patches on MYM 

agar (five equally spaced patches per 9.0 cm-diameter plate). The 

patched colonies were grown at 27°C until they sporulated (3-4 d): the 

plates were then carefully overlaid between the patches with soft (0.5%, 

w/v) GNY agar seeded with M. luteus. The overlaid plates were incubated 

overnight and inhibition zones were examined. " 

VI. Plasmid Detection, Isolation and Elimination 

a. Buffers 

TES buffer (Okanishi, 1980) used in the l a r g e - s c a l e i s o l a t i o n of 
' * • ' 

plasmid DNA from S_. phaeochromogenes contained t r i s - (hydroxymethy l ) 

aminomethane' (Tris)-hydrochloride, dis'odium ethylenediamine te t raace t ic 

acid (EDTA), and sodium chloride, each at a 25 mM concentration. The pH 

was adjusted to 7.4. 

Digestion buffer (Malik, 1979) in which DNA was digested with Bam 

HI contained: 

Tris-hydrochloric acid, pH 7.4 10 mM 
Magnesium chloride 5 mM 
Dithiothrei tol - 1 mM 
Sodium chloride 50 mM 

T r i s - a c e t a t e buffer , used both for making agarose ge l s and as a 
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running buffer for electrophoresis, consisted of: 

Tris-base . '40 mM 
Sodium acetate f 5 mM 
Disodium EDTA 1 mM 0 

The, pH was adjusted to 7.8. 

b. Plasmid detection 

Spores of Streptomyces strains were spread in patches on MYM agar 

o-
and incubated overnight at 27 C. A loopful of mycelium from each patch 

was then examined for the presence of plasmid DNA^using the rapid 

alkaline extraction procedure of Birnboim and Doly (1979). 

c* Large scale isolation of plasmid DNA 

PlaSmid DNA was isolated by centr if ligation in cesium chlor'ide-
c 

'ethidium bromide*of sodium lauryl sulfate-cleared lysates using a '* 

procedure based on that of Okanishi et al. (1980). Cells (l-'2 g wet 

weight) from an overnight culture igt. GGC medium were washed with TES 

buffer, resuspended in 30 rn^i of 0.1 N"ammonium hydroxide containing 10 

mM-disodium EDTA, and incubated at 37 C for 20 min. • The cells were then 

washed and resuspended in 38 mL of double-strength TES buffer. Lysozyme 

(1.mL of a 40 mg.mL solutio\) and ENase (0.5 mL of a 5 mg.mL " i • 

solution) weres added and the mixture was incubated for 1 hr at 37 C. 

Sodium lauryl sulfate (6 mL of a 10% (w/v) solution) was added and the . 

m a t u r e was incubated another 20 min to obtain a cleared lysate. Sodium 

chloride (5 M) was added to a final concentration of 1 M and the mixture 

was kept in an ice bath for 2.5 h, then centrifugated for 15 min at 0 G 

and 1200xg. The supernatant --fluid was mixed with pronase E (incubated for 

1 h at 37 C in advance) at a final concentration of 100 ug.mL and the 

solution was held at 37°C for 20 min. Polyethylene glycol -6000 (40% w/v) 

was added to a final concentration of 10% and kep1>«.t 5°C for 16-18 h. It 
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was then centrifuged a t 2000xg for 20 min and the sedimented material 

r ed i s so lved in 2.5 mL of TES buffer and dialyzed aga ins t 1 L of TES 

buffer for 3-4 h. 

After d i a l y s i s , the DNA so lu t ion was d i lu ted to 10.6 mL with TES 

buffer. ^Ethidium bromide (0.2 mL of a 10 mg.mL solution) and cesium 

chlor ide \10.4 g) were added to give a f i na l volume of 13.5 mL, The 

solution was centrifuged at 100,000xg and 17°C for 24 h, af ter which the 

plasmid band was removed and the p lasmid-conta in ing so lu t i on was 

ex t rac ted with isoamyl alcohol*>to remove the ethidium bromide. The 

so lu t ion was then dialyzed for 24 h aga ins t a buffer containing 1 mM 

Tris-hycrochloride, pH 7.0, and 0.01 mM disodium EDTA, and freeze dried. 

d. Agarose electrophoresis 

Samples of digested DNA were loaded on to horizontal slab gels of 

0.7% (w/v) agarose in Tris-acetate buffer and subjected to electrophore­

sis for 16 h at,15 mA using Tris-acetate funning buffer. 

e. Staining of agarose gels 

After electrophoresis the gels were stained by soaking in ethidium 

bromide s o l u t i o n (0.1 ug.mL- )' for 15 min in the dark, then des ta ined 

in an excess of water for 30 min. The DNA fragments were loca ted by 

viewing under u l t rav io le t l ight of 300-nm wavelength. 

15 k ' 
f- Photography of agarose gels • ' ,* 

I-
Gels were photographed using Polaroid type 55«Positive/Negative 4x5 

Land film, with a Polaroid M-P4 Land camera. 

file:///10.4
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g. Ethidium bromide treatment of Streptomyces phaeochromogenes 

Spores.of S. phaeochdmogenes were inoculated into 50 mL of GNY 

— 1 —1 — 1 

medium containing either 10 yg.ml , 15 pg.mL A or 20 ug.mL A of 

ethidium bromide and the cultures were grown for 2-3 d. Samples were 

removed, vortexed vigorously to break up mycelial fragments, diluted, 

and plated on MYM agar. Single colonies were screened for plasmid using 

the rapid alkaline extraction technique (Birnboim and Doly, 1979). 

VII. Probing of Total Cellular DNA with JZP-Labeled pJVl. 

a. Buffers 

SSC (20x) consisted of: 

Sodium chloride 
Sodium citrate, pH 7.0 

Neutralization buffer consisted of: 

Tris-hydrochloride, pH 7.5 1 M 
Sodium chloride 0.6 M 

Prehybridization buffer consisted of: 

0.75 M 
75 mM 
0.1 M 
0.02% 
0.02% 
0.02% 
0.005% 
10 mM 
0.5% 

Nick translation buffer consisted of: 

Tris-hydrochloride, pH 7.5 
,Magnesium chloride 
Dithiothreitol 
dGTP 
dCTP 
dTTp 

3 M , 
0.3 M 

Sodium chloride 
Sodium citrate, pH 7.0 
Sodium phosphate, pH 7.0 
Polyvinylpyrolidone 360 
Bovine serum albumin 
Ficoll 
Salmon sperm DNA 
EDTA 
Sarkosyl 

50 mM 
5 mM 
1 mM 
1 uM 
1 yM 
1 pM 
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b. Isolation of total cellular DNA 

A small quantity of mycelium from patches of S_. phaeochromogenes 

strains grown overnight on MYM agar was added to 475 yL of TES buffer. 

* Lysozyme (25 yL of a 50 mg-mL"-1 solution in TES buffer) was added and 

the mixture incubated for 1 h at 37°C. Sarkosyl (25 yL of a 10 mg.mL--'-

solution) was added and the resulting lysate treated sequentially with 

RNase A (5 uL of a 10 mg.mL solution, 1 h) and pronase (5 uL of a 

0.02 mg.mL , solution, 1 h). It was then extracted twice with phenol. 

The aqueous phase was reextracted twice with chloroform and the DNA was 

.precipitated with 2 volumes of cold ethanol. 

c. Nick t rans la t ion 

Nick t rans la t ion buffer (50 yL of double-strength buffer) was added 

to approximately 1 ug of pJVl DNA, prepared according to the large-scale 

i so la t ion procedure, in 45 uL of 10 mM Tris, pH 7.5. 3 2P-labeled dATP (3 

yL of a IfyCi.yL s o l u t i o n ) , DNase I (1 yL of a 0.5-yg.mL s o l u t i o n ) , 

and DNA polymerase I (2-4 u n i t s ) were added and the mixture was 

incubated at 37°C for 35 min. I t was then incubated at 100°C for 5 min 

and stored a t -15°C unt i l required. 

d. Hybridization 

Bam HI d i g e s t s of t o t a l c e l l u l a r DNA and pJVl DNA were 

electrophoresed in a 0.7% agarose gel, then*irradiated for 90 min. using 

a 30W germicidal lamp a t a distance of 30 cm. The DNA was denatured by 

soaking the gel in 500 mL of denaturant (0.2 M sodium hydroxide and 0.6 

_M sodium c h l o r i d e ) for 40 min. The gel was n e u t r a l i z e d by soaking in 

500 mL of n e u t r a l i z a t i o n buffer and the DNA .was t r a n s f e r r e d to a 

n i t r o c e l l u l o s e f i l t e r using the method of Southern {1975). After 
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drying, the f i l t e r was soaked in 10 ir.L of prehybridization solution for 

24 h at 65°C, then 5 raL of the solution was removed and the labeled pJVl 

probe was added. The f i l t e r was hybr id ized a t 65°G for 24 h, then 

washed twice for 30 min with 4x SSC buffer, once for 60 min with 2x SSC 

buffer and once- for 30 min success ive ly with lx SSC, 0.3x SSC and O.lx 

SSC buffer. The ' ' f i l ter was then dried overnight and exposed for 20 h to 

Kodak X-Omat XAR5 film at -70°C. 

i 
VIII. Transformation of Protoplasts JL 

a. Formation of Protoplasts 

P r o t o p l a s t s were prepared by the method of Hopwood and Wrights 

(1978). Mycelium from 5-d cultures of S_. phaeochromogenes- or of s t r a in 

EB116 in medium S was washed twice with 20-mL volumes of 0.3 M sucrose 

and suspended in 1.5 mL of a l y t i c mixture which consisted of lysozyme 

(10 mg) in 10 mL of medium P, s t e r i l i z e d by passing through a 0.45pm 

f i l t e r . The mycelium suspension was incubated a t 37°C for up to 2 h. 

Medium P (4 mL) was then added and the mixture was dr^awn r epea t ed ly 
f 

through the o r i f i c e of a 10-mL p i p e t t e and f i n a l l y f i l t e r e d through 

s t e r i l e co t ton wool. The p r o t o p l a s t s were d i l u t e d with medium P and 

plated on R2 medium. The proportion of unpfo toplas ted colony-forming 

u n i t s in the mix ture was es t ima ted by making p a r a l l e l d i l u t i o n s i n 

s t e r i l e d i s t i l l e d water and plating on R2 medium. , -' 

P r o t o p l a s t s of S. venezuelae and' s t r a i n s VS160, VS144, VS130, aitd " 

VS143 were prepared as above,'with the exception that mycelium from a 24 h 

culture in medium S containing 1% glycine was used. Protoplasts* were 

regenerated r. on R3 medium.. 
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b. Transformation * 

i . DNA iso la t ion 

Plasmids pIJ701, pIJ702 and pIJ303 were isolated from cultures of 

S_. l i v i d a n s grown overnight i n l i q u i d MYM medium* The method of 

Birnboim and Doly (1979) was used with the fol lowing m o d i f i c a t i o n : 

a f t e r the f i r s t e thanol p r e c i p i t a t i o n , DNA p e l l e t s grom 4 tubes were 

combined and resuspended -in 400 yL of TES buf fe r . The s o l u t i o n wa's 

extracted once with an equal volume of phenol saturated with TES buffer. 

Plasmid DNA was precipi ta ted twice with ethanol and resuspended in 50-

100 yL of medium P. 

i i - Transformation 

J Approximately 10 p r o t o p l a s t s in 100-200yu.L of medium P were 

combined with 1 yg of plasmid DNA in 50-100 yL of medium P and 0.5 mL'of 

a 20% s o l u t i o n of po lye thylene glycol 1000. The mixture was l e f t a t 

room temperature for 1 min then 0.5 mL of a 10% solution of 'polyethylene 

glycol 1000 was added. . The mixture was l e f t for 3 min. Medium P (4 mL) 

was then added and the suspension cen t r i fuged a t a low speed. The 

r e s u l t i n g p e l l e t was resuspended in a smal l volume of medium P then 

p la ted on medium R3. The r e s u l t i n g lawn of growth was allowed to 

s p o r u l a t e . The spores were harves ted and approximately 10" spores 

plated on MYM medium containing 200 ug/mL of thiotrepton. 

IX. Isola t ion and characterizat ion -of chloramphenicol nonproducing 

mutants of Streptomyces venezuelae $> 

a. Mutagenesis ^ ' i * 

i . Mutagenesis with u l t r av io le t l igh t in the presence of 
8-methoxysporalen • ^ P> 

Spores were suspended in 0.015 M" phosphate buf fe r , pH 7.0, 
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containing 8-methoypsoralen ""(0.1 mg.mL ji for 30 min. The spore 

\ .suspension was then exposed to long wavelength .(366*nm) u l t r a v i o l e t 

l ight (7.5 J.m 4) from a Blak-Ray 13-100A ul t raviole t lamp (Ultra-Violet 

Products, Inc . , San Gabriel , Ca l i fo rn ia ) for 15 min. The spore 

suspension was ser ia l ly diluted and plated on MYM agar. This procedure 

gave about 1% surv iva l of .colony-forming un i t s ' when v i ab i l i t i e s were* 

compared before and after i r radiat ion. 

i i . Mutagenesis with short-wavelength u l t raviole t l i gh t . 

Spore s u s p e n s i o n s in 0.1 M phospha te b u f f e r , pH 7.0, were" 

irradiated for 4 min at 0.8 J.m ^ using a 254 nm' germicidal lamp (Ultra-

Violet Products, Inc. , San Gabrie l , Ca l i fo rn ia ) . The i r radia ted" 

suspension was ser ia l ly diluted and plated on ( i ) MYM agar or ( i i ) MYM 

agar containing caffeine (500 ug'.mL ) . 

i i i . Mutagenesis with ethyl methanesulfonate (EMS) 

To a.suspension of spores in 0.1 M phosphate buffer , EMS ( f i na l 

concentration 70 m,g.ml""1)was added and the mixture was shaken for 2 h at 

27°C. Spores were collected on a membrane f i l t e r , washed with 250 'mL of 

phosphate buffer and resuspended in a small volume'of "the buffer. 

Finally, they were plated to obtain isolated colonies on MYM»agar. 

\. * 
b. Isolation -of chloranip'henicol-nonproducing mutants 

Colonies t h a t grew from mutagenized spores were allowed to 
\ • 

s p o r u l a t e , s t r e a k e d in p a t c h e s on -MYM agar and t e s t e d for 

chloramphenicol production using the bioassay procedure. Inocula from 

patches thkt. did not inhibit the indicator bacteria were restreaked on 

MYM agar to obta in s i n g l e so lon ies which were again t e s t e d using the 
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bioassay procedure. Isola tes that s t i l l failed to inhibi t the giowthyji 

"I M» luteus were grown in chloramphenicol-production medium for 7 d aid 

m iVcelia were removed by c e n t r i i u g a t i o n . The superna tan t t l u i d s weile 

\ \ 

examined for the presence of aromatic n' i tro- or amino-compounds by the 

colorimetri^-. procedure. Thos'e giving posit ive t e s t s were extraeted wit|h 

ethyl aceta te , i n i t i a l l y at neutral pH and again after acidif icat ion to_ 
pI3 2.0. The extracts w"ere concentrated separately and examined by th in-

\ 
layer chromatography. 

c. Compounds A,B,, and C from mutant Cml-2 

The supernatant fluid (2 L) fKom culture's of mutant Cml-2 grown in 

"chloramphenicol-production'-.medium was. extracted with three half volume^ 
'* i t 

> . „ > » . . »j, 

of ethyl ace.tate; the combined extracts were washed once with water and 
* \ . ' i 

then evaporated. 'The r e s idue was d i sso lved in chloroform (40 mL) and 

applied to a s i l i c i c acid column (1.4x15 cm). The column was developed 
\ »" * « , 

with successive 40-mL \ portions of chloroform-ethyl acetate mixtures in 
\) i ' " , ( ' 

the r a t i o s ( 9 : 1 , v /v ) , (4,:1, v / v ) , ( 1 :1 , -V/v), e t hy l ° ace t a t e , e thy l 
^ , 

a c e t a t e - a c e t o n e mixtures in the r a t i o s (9 :1 , v / v ) , - ( 4 : 1 , ' v /v) , ( 1 : 1 , 

-v/v), and acetone. The dluate was Collected in 10-mL fractions. Exam­

ination of the fractions by thin-layer chromatography (system A) showed 

three aromatic n i t r o - compqunds A, B, and C. Fractions containing each 

compound were pooled and chromatographed again* on preparative thin-layfer 

p la tes . From each plate the. predominant fluorescence-quenching band was 

removed; the product"was extracted in to acetone and recovered by evapo­

ra t ion. The s t ructures of compounds A and B» were examined using H-NMR 
-* i 

spectroscopy. • • \ , 
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d» Compound D from mutants Cml-4, Cml-5, and Cml-8 

The supernatant f lu id from a 750-mL cu l t u r e of the mutant was 

applied to a column (2.5x30 cm) of Dowex 50x8 (H+) 50-10C| mesh (Bio-Rad 

Laboratories, Richmond, California) and the resin was washed with water 

(300 mL). Amino' ac ids were e lu t ed with 2*M ammonium hydroxide and 

f r a c t i o n s t h a t gave a pos i t i ve reac t ion for aromat ic amines were 

combined and evaporated. The residue was applied in water (80 mL) to a 

column (1.5x20 cm) of^Sowex-SO (pyridinium). The column was developed 

(200 mL), j J . J^M^yridine (100 mL) and 0.5 M 

pyridine-(100 mL) while 5-iiiiKfractions were collected. Aromatic amines 
4 " V ' / 

- -' ( 
were detected by placing a" drop X.rora e ach .fraction on f i l t e r paper and 
spraying with p_-dimethylaminobenzaldehyde. ( Pos i t ive f r a c t i o n s were 

grouped as a s i n g l e "peak. The r e s idues w&re examin*4-by t h i n - l a y e r 

chromatography using systems C and D. The res idue from Cml-4 was 
k 

• examined using H-NMR .spectroscopy. 
m 

\ " . ' 

e. Ethanol extraction.of mutant ce l l s 

/ C e l l s were grown in chloramphenicol-production medium for 7 d, 

harvested by centrifugation and washfed with 0,1-M'phosphate buffer, pH 

7.0. They were then resuspended in 70% e^t'hanol and heated in a water 

«bath at 80°C for 10 min. The r e s u l t i n g e x t r a c t was f i l t e r e d and 
" i • a ft •?> 

examined by thin-layer'•chromatography- in system C. „ 

f. > Hydrolysis of .culture supernatant 'f luids • iM 

Concentrated hydrochlor ic acid (0.3 mL) was added to 10-mL t e s t 
/ ' 

tubes containing c l a r i f i e d bro ths (2 mL)-f.rom cu l t u r e s of each mut'ant 

grown in ^chloramphenicol-production medium. The t e s t tubejs were sealed 
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and placed at 100°C for 4 h. After cooling, 1-mL portions wfere assayed 

for aromatic amines using 'the colorimetric procedure. The jwilidity of 

the method for measuring N-acylated aromatic amines in milture super­

natant f luids was established with known amounts of 2-dichloroacetamido-

3-(p_-acetoamidophenyl)propan-l-ol. 

g. Feeding with p-aminophenylalanine 

An aqueous solution,,of. _p_-aminophenylalanine was s t e r i l i z e d by 

f i l t r a t i o n and added a t a f i n a l concen t ra t ion of 1 mM to 50 mL of 

chloramphenicol-product ion medium. The medium then received a 

vege ta t ive inoculum (0.5 mL) of a mutant s t r a i n and the c u l t u r e was 

incubated for 7 d. The c lar i f ied broth was extracted with ethyl acetate 

and the extract was examined for chloramphenicol using the colorimetric 

assay. 

h.» Crossfeeding 
4 

- To observe c ross feed ing on s o l i d medium, spores from p a i r s of 

mutant s t r a i n s were used to i nocu la t e mixed patches on MYM agar. The 

cultures were grown un t i l sporulation occurred and the plates were then 

over la id with M. lu t eus as descr ibed e a r l i e r to d e t e c t a n t i b i o t i c 

product ion. To t e s t for crossfeeding in l i q u i d medium, a v e g e t a t i v e 

inoculum (0.25 mL) of each member of a mutant pair was added to 50 mL of 

.production medium. The cultures were incubated for 7 d and assayed for 

chloramphenicol production colorimetrical ly. 

i . Thin-layer chromatography 

Samples of chloramphenicol , i t s analogues and the e t h y l a c e t a t e 

extracts of cul tures -before or after column chromatography wc-re applied 

to th in l aye r s of s i l i c a gel F254 on g ldss p l a t e s (Macherey-Nagel and 

* * % 



59 

^ .Co., tDuren); the chromatograms were developed in chloroform-methanol 

(9 :1 , v /v; system A) or n - b u t a n o l - a c e t i c a c i d - w a t e r (12:3:5 , by v o l . ; 

system B) and sprayed in turn with aqueous stannous chloride and with a 

s o l u t i o n of _p_-dim e th yl am in 6b en z-aldehyde in 2 M hydrochlor ic ac id . 

Zones containing aromatic n i t r o - or amino-compounds became yellow. For 

preparative chromatograms, 20x20-cm p l a t e s of s i l i c a gel F254 (0.2 mm 

th ickness ;* Mach'ery-Nagel and Co., Duren) were used. The so lven t was 
! 

again chloroform-methanol ( 9 : 1 , v/v) but chromatograms were1 developed 

twice . Samples of p_-amino phenyla lan ine and p o l a r f r a c t i o n s from 

c u l t u r e s were chromatographed on t h i n l a y e r s of c e l l u l o s e MN300 

(Analtech Inc., Newark, JJelaware). The chromatograms were developed in 

n -bu t ano l - e thano l -4 M ammonium hydroxide (8 :1 :3 , by vol ; system C) or 

with n-butanol-acetic acid-water (12:3:5, by vol; system D). 

j . H-Nuclear magnetic resonance spectroscopy 

' Spectra were recorded using a Varian model FT-80 nuclear magnetic 

resonance spec t romete r with t e t r a m e t h y s i l a n e in chloroform-jd as the 

external reference. * • 

V . 
"W"* Chloramphenicol Resistance in Strain HP-1 and Nonproducing Mutants 

' \ . 
To t e s t for chloramphenicol r e s i s t a n c e a t t he beginning of the 

V 

growth phase, 500-mL flasks containing chloramphenicol-production medium 

(50 mL) with and without chloramphenicol at a f inal concentration of 150 
1 * » 

Ug.mL rece ived 1% inocula from 48-h GNY c u l t u r e s of s t r a i n s HP-1 or 

Cml-9t Cu l tu re s were grown for 6 d and the ODg^g of each c u l t u r e was 

measured periodically. To t e s t for chloramphenicol resis tance in 4 d-

» c u l t u r e s of s t r a i n s HP-1 and each Cml mutant in ch loramphenicol -
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production medium, a s t e r i l e aqueous solut ion of chloramphenicol was 

added to a f i n a l concent ra t ion of 150 yg.mL . Control c u l t u r e s 

received no chloramphenicol. After 12-13,d, 1% inocula were transferred 

from chloramphenieol-supplemented cultures of the Cml mutants to fresh 

f l asks of production medium with and without chloramphenicol. These 

c u l t u r e s were grown for 7 d. To t e s t for r eve r s ion of the mutants to 

the chloramphenicol-producing phenotype,- c l a r i f i e d broths of the 

unsupplemented c'ultures were then t e s t ed for the presence of the 

an t ib io t ic using the,colorimetric procedure. In the case of s t ra in HP-

1, 1% inocula : from 7-d chloramphenicol supplemented c u l t u r e s were 

transferrred to fresh production medium with and without chloramphenicol 

as wel l a's t o GNY"medium (25 mL in a 125-mL f l a s k ) . After 24 h the GNY 

culture was. tested for chloramphenicol s ens i t i v i ty ' by inoculation into 

production medium with and without chloramphenicol. 

Reversibility, 'of chloramphenicol resis tance in mutants Cml-1, Cml-8, 

' Cml-lO and-Cml-12 was examined by transferring 1% inocula.'from res i s tan t 

c u l t u r e s grown for 7 d in the absence of chloramphenicol to f lasks of 

production medium with and without chloramphenicol. The cultures were 

a 
grown for 7 d. 

v 

XI. Genetic Mapping in Streptomyces venezuelae 

a. Crosses between differentially-marked strains 

Crosses were performed by the procedure of Hopwood (1967). Spores 

of parental strains were mixed and spread on MYM agar and allowed to 

grow until sporulation occurred. Progeny spores were harvested, diluted 

and plated on selective media. This consisted of minimal medium supple-



mented with appropriate growth factors, chosen to allow growth of recom­

binant types but not the parental strains. Patches of parental strains 

were replicated on to each selective medium-as controls. After sporula-

tion, recombinant colonies were picked from the initial selective media 

and patched on agar media of the same composition. After sporulation 

these patches were replica plated to diagnostic media. ' Alternatively, 

the selective plates on which recombinants first arose were sometimes 

replicated directly to diagnostic media. 

b. Mapping the chloramphenicol locus 

Recombinant progeny from crosses between chloramphenicol-prpducing 

and nonproducing mutants were picked from d i a g n o s t i c p l a t e s and 

res t reaked on MYM agar to obtain s i n g l e co lon ies . After s p o r u l a t i o n , 

these colonies were again repl ica plated to diagnostic media to confirm 

t h e i r phenotypes. Single co lon ie s were patched on to MYM agar and 

tested for chloramphenicol production using the bioassay procedure. 

\ 
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I . Growth and Chloramphenicol Production on Various Amino Acids 

To select a suitable chloramphenicol-production medium, eight amino 

acids were t e s t e d as n i t rogen sources for t h e i r a b i l i t y to support 

synthes i s of the a n t i b i o t i c in cu l tu res of S_. phaeochromogenes and S. 

venezuelae. Chloramphenicol production closely paralleled the growth on 
t 

each amino acid. However, lower concentrations of chloramphenicol were 
*. 

accumulated by cultures growing on those amino acids such ais alanine or 
* 

glycine tha t supported rapid growth than on-amino ac ids such as i s o ­

leucine or leucine that supported very slow growth (Table 1). Overall, 

i so leuc ine was the best n i t rogen source for obtaining maximum c h l o r ­

amphenicol production. 

I I . Screening of Chloramphenicol-producing Strains for" 
Plasmid DNA 

Eight chloramphenicol-producing s t r a i n s were examined for the 

presence of ccc DNA using the rapid alkaline-extraction technique. Of 

these eight, five were s t ra ins of S. venezuelae (ATCC10712, NRRLB-902, 

NRRL2277, PD04828 and PD05080), two were s t ra ins of S_. phaeochromogenes 

(NRRLB-2119 and NRRLB-3559),and one was a s t r a i n of S_. omiyaensis 

(NRRLB-1587). Only in S. phaeochromogenes NRRLB-3559 could ccc DNA be 

detected. Density-gradient centrifugation of a cleared lysate of th i s 

s t ra in yielded plasmid DNA with corresponding electrophoretic mobility 

on agarose gels. The plasmid has been designaBp pJVl. I t has a mole­

cular weight of 10.8 kb and conta ins th ree cu t t i ng s i t e s for the 

r e s t r i c t i o n enzyme BamHI, . four for Smal and one s i t e for EcoRI. 

De ta i l s of the c h a r a c t e r i z a t i o n of pJVl, have been repor ted (Doull e t 
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Table 1. 'Effect of nitrogen sources on growth and chloramphenicol 

production in-cultures of S. venezuelae and S. phaeochro­
mogenes* 

Nitrogen 
Source 

Isoleucine 

Leucine 

Valine 

Proline 

Threonine . 

Serine 

Glycine 

Alanine 
& 

S.venezuelae 
t ## v **£ 
;max Jmax j 
(days) ( yg.mL x) 

7 

7 

6 

5 • 

5 

5 

5 

5 

63 

76, ' 

48 

56 

23 

"36 

48 

'27 

( 
-

S.phaeochromogenes 

^max *max i 
(days) (ug.mL x) . 

7 

7 

,6 

'-5 

5 

' 5 

5 

3 
i 

57 

38 

64. 

27-

33 * 

32 

27 

22 

' 

18 

a 

<> 

? 

• 

• 

. 

* 

• 

*Cultures were grown for 7 days in chloramphenicol-production 
H medium with each amino acid as the sole n i t rogen source. 

Samples were taken each day and the ODĝ Q and chloramphenicol 
t i t r e s 'measured. 

"max 
the 

**tma'x = ^ay o n W u i c n cultures reached thei r maximum OD^A' 
Y„a x = maximum concentration of chloramphenicol accumulated Iby 

e cul ture . 

i 
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a l . , 1983). No plasmid DNA' could be detected a f t e r . dens i ty -g rad ien t 

centrifugation of cleared lysates of S_. Venezuelae \ ATCC10712. 

III- Elimination of pJVl 

t 

y/To determine whether pJVl had a role' in chloramphenicol bios'yn-n 

t h e s i s , a t t emp t s were made to e l i m i n a t e i t fr,om c u l t u r e s of S. phaeo-

\ « . \ ii 

chromogenes. Fpr t h i s purpose, pro toplas t formatibn and regeneration 

wis s e l e c t e d as the method of choice s ince i t has been repor ted t o 
. * * 1< ' * 

eliminate plasmid DNA from up to 25% of regenerant colonies of S. coe l i -

~co lor A3(2) (Hopwood, 1981). Furthermore, i t" was thooig'ht ' tha t p r o t o -
m ' \ \ 

p l a s t for-mation and r egene ra t i on would be l e s s l i k e l y t o proihpte DNA 
•V < . 

- rearrangements or mutations than t rad i t iona l curing agents such a s ' t h e ; 

acridines and ethjidium bromide (Shrempf.and Goebel, 1979). ••*' 

When mycelium of S-. phaeochromo-genes was t r e a t e d i t o f6rm p r o t o -

p l a s t s and p l a t ed on regenerat ion* medium, approximately 70% of the 

r e s u l t a n t co lonies : wer.e'derived'from osmotifcally f r a g i l e u n i t s . Of 

"sixty siich colonies screened for- the presence*>o^, plasmid DNA usiiig the 
•* " V 

stapid alkaline-extraction" tachnique, a l l harboured ccc\DNA ident ica l in 

electrophoretic mobility to pJVl. ^ 

In a fu r the r a t tempt^ to e l i m i n a t e pJVl, S. phaeochro,moftenes 

cultures were jfrown in GNr medium in the presence of ethidium ^rontide"at 

concentrations of 10, 15 and 20 yg.mL- . Sixty s ingle colony i so la tes 
• ; ' . ' . . • , » , 

" obta ined ' f rom these-cul tures" a l l contained plasmid DNA of the same 
i * » . * - , * . * '• - . 

' >̂ 
n o b i l i t y in 'agarose g e l s as pJVl. Howeve'r, oire of the i s o l a t e s , EB116, 
whi'cli was obtained frpm-a c u l t u r e grown for 3'd in the pre'sence of 10 

1 • * - * .. * > . f 
, Ug.mL ethidium bromide, consistently yielded less plasmid DNA 'than did 
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the p a r e n t a l s t r a i n ("Figure 3). Single-colony i s o l a t e s of s t r a i n 

EBll'6»all yielded re la t ive ly small amounts of pJVl DNA. Protoplasts of 

EB116 were prepared and regenera ted and the r e s u l t i n g colonies again 

tested for the presence of plasmid DNA. One out of 25 colonies screened 

contained no detectable plasmid DNA (Figure 4). 

The poss ib i l i ty that pJVl had become integrated into the chromosome 

o f ' t h i s apa ren t ly pJVl - s t r a i n was t e s t e d by Southern h y b r i d i z a t i o n . 

Tota l DNA vas d iges ted with BamHI, e lec t rophoresed , t r a n s f e r r e d to a 

.n i t rocel lulose f i l t e r and exposed to a P-labeled probe of pJVl. The 

probe did not hybridize with DNA from the pJVl" s t r a in ; it* did hybridize 

with fragments from the wild-type s t ra in . (Figure 5) 

IV». Chloramphenicol 3iosynthesis in Strains SPl, SP2 and EB116. 

Streptomyces phaeochromogenes (henceforth referred to as SPl), i t s 

y 
pi asm i d - less d e r i v a t i v e (SP2) and the ethidium bromide-treated s t ra in 

EB116, were grown for 6 d in chloramphenicol-product ion medium. No 

signif icant differences, were found when growth and chloramphenicol broth 

t i t r e s were, compared. (Figure 6) Comparisons of s,porulatipn and of 

s e n s i t i v i t y t o t e t r acyc l ine - , ampic i l l in , and streptomycin between* SPl 

and SP2*also failed to show a*ny appreciable differences. (Doull et a l . , 

' 1983). Al-so, examination of SPl ahd SP2 for r e s t r i c t i o n endonuclease 
° \ 

SphI activity showed it to be present in- both cultures. 
. . '- . i ' "' 

V? Isolation of Cnloramphenicol-nonproducia^ Mutants ' * 

To'determine whether genetic markers« for chl'oramphenipol .production 

and chromosonrflly-located 'genes for primary pathways are linked, 'chlor-' 
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"Figure 3. Plasmid DNA isolated from Streptomyces phaeochromogenes 

using the rapid alkaline-extraction technique. Lanes 1 and 

r- 4 - strain SPl; lanes 2 and 3 - strain EB116. Band a re­

presents the open circular, band b the linear and band c 

the covalently closed circular (ccc) form of the plasmid. 

k 
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Figure 4. Rapid alkaline-extraction of strain EB116 and the pJVl--

"* cured strain, SP2.^Lanes 1 and-4 - strain EB116; lanes 2 

and 3 -.strain SP2. ' 
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5. Total DNA from strains SPl and SP2' grobed with? 32F-lab,eled 

. pJVl DNA. Left - agarose gel showing BamHI•digests of: pJVl 

DNA (lane 1), total DNA from,SPl (lane 2)"and total DNA from 

SP2 (lane 3). DNA from this gel was transferred-to a-nitro-

. cellulose filter. Right - autoradipgraph of nitrocellulose 

filter prob.ed with 32P-labeled pJVl DNA: lane 1 - pJVl DM, 

lane 2 -SPl total DNA, lane 3 - SP2 total DNA. 

\ 
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gure 6. Growth and chloramphenicol biosynthesis in Stgeptomyees 

phaeochromogen.es strains SPl, SP2 and EB116. Top panel -

. chloramphenicol production in glucose-isoleucine medium; 

' bottom panel - growth (ODg^g) in glucose-isoleucine medium. 

# — - # strain SPl (pJVl+); A — * strain EB116 (plasmid copy 

v number mutant) ; Q — 0 strain SP2 (pJVl-) . 

http://phaeochromogen.es
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amphenicol-nonproducing s t r a i n s were i s o l a t e d for use in mapp/ng 

s t ud i e s . All nonproducing s t r a i n s were derived from s t r a i n HP-1, 

p ro to t rophic s ing le -co lony i s o l a t e of S. venezuelae s e l e c t e d for i t s 

a b i l i t y t o produce up to 110 yg.mL of chloramphenicol on g lucose -

i so l euc ine medium. S t ra in HP-1 was mutagenized by four d i f f e r e n t 

procedure*: in two of these, spores were i r radia ted with short-wave- ^ 

length u l t r av io le t l ight ; th i s was followed by plating on ei ther ( i ) MYM 

agar or ( i i ) MYM agar-^containing caffeine (500 u g.mL ). In the third 

procedure, spares were i r radia ted with long-wavelength'ultraviolet l ight 

in the presence of 8-methoxypsoralen; in the four th they were t r e a t e d 

with ethyl methanesufonate (EMS). Approximately 25,000 colonies ar is ing 

from the mutagenized spores were screened for chloramphenicol production 
* 

using the bioassay technique. Twelve mutants sjhowdng abso lu te ly no 

i n h i b i t i o n of M. lu t eus were i s o l a t e d . Nonproducing s t r a i n s were 

i s o l a t e d at a r a t e of approximately 3/4500 (0.072) from the s h o r t -

wavelength u l t rav io le t i r rad ia t ion treatment in the' absence of -caffeine, 

1/3000 (0.03%) from theMshort-wavelength u l t r a v i o l e t i r r a d i a t i o n and 
> 

caffeine treatment, 5/^000 (0.06%) from mutagenesis by long-wavelength 

untraviolet i r rad ia t ion in the presence of 8-methoxypsoralen, and 3/8000 

(0.04%) after EMS mutagenesis. Table, 2 gives the mutagenic treatment by 

which each mutant was derived. Leaky mutants^ producing small amounts 
t 

of. chloramphenicol , were obta ined at a r a t e of approximately 0.3% for 

' . - . , . [ 
each mutagenic.treatment. ' . 

- '• - "•'.' v. •-
VI. Mutant characterization 

* ' i ' «. ' ' , . > „ 

1 'Al l twelve "mutants were s t i l l prototrophic".and grew well on minimal 
* ' v. 

agar, thus l e s i o n s ija t h e " h i k i m i c acid.pathway common t o the biosyrf-
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Table 2. Aromatic amino*-- or nitro-compounds in, and bioactivity 
of, -clarified broths from chloramphenicol-nonproduclng. 
strains of S. venezuelae 

T # -

* ' Mutant 

Cml-1' 

Cml-2 

Cml-3 

Cml-4 

Cml-5* 

Cml-6 

Cml-7 • 

Cml-8 

Cml-9 

Cml-10 

Cml-11 

Cml-12 

Mutagen 

" EMS' 

* EMS 

' ' EMS • 

uvsc 

livs 

•MOP-UVL 

MOP-UVL 

1*VS 

UV§» ;' 

.MOP-UVL 

MOP-UVL 

MOP-UVL 

Colorimetric Assay 
(ug.mL"""*) 

„ . * . . > ' • ' ' 

32 

<2 

70-100 

.56 

.'0 

<2 

17 * 

• ' 3.5 

' 4.5 

*, J * 3 

<2 

#* Bioassay * * 

* The mutagens were: 
EMS - ethyl methanesulfonate 
UVS - • short-wavelength u l t r av io le t l ight 
UVSC - short-wavelength u l t r av io le t • l igh t in the presence of 

caffeine 
MOP-UVL - long-wavelength u l t r a v i o l e t l i g h t in the presence of 

8-methoxypsoralen. .. » 

**Each mutant was grown for 7 d in ch loramphenicol -aroduct ion 
medium and the c la r i f ied broth was examined for chlor%mphenicol 
pathway intermediates using the colorimetric assay. Absorbance 
a t ODgcjo nm of the chromogen formed in the colorimetric assay 
was compared to a standard curve prepared using chloramphen­
i c o l . Cul ture f l u i d s were then e x t r a c t e d with e thy l a c e t a t e 

.and*the e x t r a c t s were concen t ra ted . Absorbent paper assay 
d i sk s soaked with the concent ra ted e x t r a c t s were t e s t e d for 
bioact ivi ty against" M. luteus. 
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t h e s i s of a romat ic amino ac ids and chloramphenicol can be ru led ou t . 

The specific lesions in the chloramphenicol biosynthetic pathway respon­

s i b l e for Ahe absence of a n t i b i o t i c a c t i v i t y were i n v e s t i g a t e d by 
9 yS-'t 

y growing each mutant in chloramphenicol-production medium for 7 d and' 

examining the culture f luids for chloramphenicol pathway intermediates. 

Cul tures of e igh t mutants showed no r eac t ion for a romat ic amino- or 

nitr.o-compounds when the c l a r i f i e d f l u id s were analysed c o l o r i m c t -

r ica11y, (Table 2). In a d d i t i o n , concen t r a t e s of the e thy l a c e t a t e 

e x t r a c t s <of these c u l t u r e f l u i d s gave no zones t h a t reac ted with p_-

dimethylamjnobenzaldehyde when they were chromatographed on thin layers 

of s i l i c a gel. Absorbent paper assay disks soakea with the concentrated 

extracts fai led to shov. an t ib io t ic ac t iv i ty against M. luteus. 

a. Characterization of Cml-1 and Cml-12 

To determine w.hether any of the eight s t ra ins that did not excrete 

chloramphenicol or i t s p recursors was blocked in the conversion of 

chorismi'c ac id to£ -aminopheny la l an ine ( the a roma t i za t i on s tep t h a t 

i n i t i a t e s chloramphenicol b i o s y n t h e s i s , (Figure 2 ) ) e a c h mutant was 

grown for 7 d ,in chloramphenicol-production medium containing 1 mM jy-

aminophenylal'anine. Two of the s t ra ins , Cml-1 and Cml-12, then produced 

an aromatic n i t ro compound (Table 3) which was extractable into ethyl 

acetat 'e and which had the. same Rf value as t h a t of a u t h e n t i c c h l o r ­

amphenicol on a thin-layer chromatogram "in system A. These two s t ra ins 

» 
are therefore presumed to be deficient in arylami.ne synthetase ac t iv i ty . -

V / 

b. Hydrolysis of Culture supernatant fluids 

The possibility was considered tthat some ol 

3,-6,-7,-9,-10,-11) that; did not excrete" chloramphenicol nor any of its 

The possibility was considered tthat some of the six strains (Cml-



Table 3. Chloramphenicol production by backed mutants in 
cul tures supplemented with p^alir^KpK-phenylalanine 

( 
Mutant Colorimetric Assay 

(-pg.mL-1)* 

Cml-1 

Cml-3" 

Cinl-6 

Cml-7 

Cml-9 

Cml-10 

Cml-11 

Cml-12. 

77 

<1 

,<1 

4.5 

<2 

<2 

<1 

57" 

•^Each mutant was grown for 7 d in chloramphenicol-product ion 
medium containing 1 m^ j)-amino-L-phenylalanine. Clarified broths 
were extracted with .ethyl acetate and the extract assayed color-
imetr ical ly for aromatic amino- or nitro-compou&ds. The absor­
bance of the chromogen a t 550 nm was compared to a s tandard 
curve, prepare'd using chloramphenicol. 
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aromatic precursors might accumulate an intermediate~-that was modified 

by shunt metabolism* so that" i t escaped detection as an aromatic amino-

or .hflcro-compound. ^Such a compound, in which the p_-amino group «.s 

acy la ted , was i s o l a t e d by Wafc et a l . (1971) and i d e n t i f i e d as 2 -

dichloroacetamido-3-(£-acetamidophenyl)propan-l-ol . Bioassays showed 

tha t i t has no Inh ib i t o ry a c t i v i t y aga ins t M. l u t e u s : To remove acy l 
/ 

groups which might prevent an aromatic aitfine from being de tec ted , 

culture, f luids were heated under acid_ cond i t i ons . Subsequent cfolori-

metric assay .of the hydrolysate failed to detect any aromatic amines in • 

t!he six mutants' (Table 4). Mixing the culture f i l t r a t e from Cml-12 with 

, 2-dichloroacetamido-3-(£-acetamidophenyl)propan-l-ol before hydrolysis 

did net a l t e r the colorimetric yield of aromatic amine from the l a t t e r 

compound. ' " • 

* C Characterization of Cinl-3 and Cml-10 *> 

To determine whether any of the mutant s t ra ins Cml-3, Cml-6, Cml-7, 

'• ' J 
Cml-9, Cml-10 or Cml-ll were blocked a t a step where an in/ermediate was 

accumulated but not excre ted , e thanol e x t r a c t s of washed c e l l s were . 

examined by thin-layer chromatography. Cel^/s from two mutant s t r a in s , 

Cml-3 and Cml-10, contained smal l amounts of an arylamine with an Rf 

value similar- to that of authentic p-aminophenylalanine. Accumulation 

•of th i s compound and i t s fa i lure to promo,te chloramphenicol production 
when added as a medium supplement suggests a pathway lesion after the 

* - / 

arylamine synthetase step. Cell extracts of the four remaining s t ra ins 

did not contain any aromatic amino- or nitro-compounds. » 



Table 4. Effect of acid hydrolysis on. aromatic amine content 
oi solutions^of 2-dichloreacetamido-3-(p-acetamido-

' phenyl)prop'an-l-ol (DAPP) and clarified broths from 
• . . cultures of blocked mutants* 

' > J 'Before After 
Ihydrolysis hydrolysis Increase 

Sample - ' ' 0 / 

DAPP . ' 
3.125 Ug.mL-1 in. H26 

12.5 ug.mL A in H2O* 

* 25 ug.mlT^in-^O 

• 50 , ug.mL-1"in H20 . * 

12..5 pg.mL-1 intml-2 broth^ 

50 ug.mL in Cml-2 broth 

Cml-1', 

Cml-2 • , 

.Cml-3 

Cml-4 

Cml-5 

Cml-6 

Cml-7. .* 

Cml-8 . ' 

Cml-9„ „ 

Cml-10 '_ 

Criil-11 

Cml-12 

^ C o n c e n t r a t e d HCl (0 .3 mL) was added t o s a m p l e s (2-mL) and t h e 
m i x t u r e s were h e a t e d a t lOO^C for 4 h ; 1-mL p o r t i o n s were 
assayed for a romat ic .amines . c o l o r i m e t r i c a l l y . Solut ions^of DAPP 
s e r v e d a s c o n t r o l s . ArSmat ic amine coii te 'nt i s e x p r e s s e d a s 
i nc rease i i j absorbance a t 550 nm. •,• ',.'''"*> 

0 

0 , • 

0 

0 

0 . 0 1 . 

0.61 

0.06 

0.19 

0.02 

1.38 -

0.55 

' 0 . 0 3 

"0.02 

«0.05 

0.04. ' 

0.07 

0-.02 

0.01 

, 0.02 

0.06 

0.20 

x 0 . 3 * 

0.0? 

0 .33 

*0.09 

• » 0.16 

0.05 ' 

1 .38 . 

0.69 

- 0.Q7 

6^06 ' 

0.10 

0.07 

. 0 . 1 2 ' 

0.03* 

-0.03 

, 0.02 

0.-06 

0.20 

0;34 

0.08 

0.32 1 

. 0-.03 

*** _ 

(T.03 

* s _ 

•0 .14 
• -0.04 

0 .64 ' ' 

' 0 . 05 / 

0 .03 " 

• 0.05 

- 0 . 0 1 , 

0.02 ' " 



d. . Characterization of Cml-2 

SO 

Blocked mutant Cml-2 gave a posit ive response when culture f luids 

were examined colorimetrioal ly for aromatic n i t r o - or amino-compounds 

(Table 2). 'Disks permeated with a concentrated" ethyl acetate extract of 

clarified* broth from a Cml-2 culture showed very weak inhibi t ion o*f M. 

l u t e u s . Thin-laye,r ehromatography.of the extracts showed three zones 

that reacted with"p_-dimethylaminobenzaldehyde only after 'treatment with 
# » . * • . ' \ 

/ ' - - v - « 

stannous . ch lor ide , and had m o b i l i t i e s different from chloramphenicol. 

These aroma-tic n i t r o compounds were i s o l a t e d by s i l i c a - g e l . column 

chromatography of the e x t r a c t s . Compound A was e lu ted wi th a'.1:1 

mixture of ,e thyl acetate and chloroform,' compound E> with ethyl ace ta te , 

and compound C with a 9:1 mixture of ethyl adetate and acetone. . s ° 

The s t r u c t u r e s of compounds A and B were e s t a b l i s h e d f rom t h e i r 

chromatographic behaviour (Tablg 5) and XH-NMR spectra, which corres- •» 

ponded to ,those of authent ic specimens of D - t h r e o - 1 - p - n i t r o p h e n y l - 2 -

isobutyramido-l,3-propan%diol and D-threo-l-p-ni t ropn-enyl-2-propion-

amido-l,3-propanediol, respectively. Compound C was identical? cfaroma-

t o g r a p h i c a l l y wi th D-threo-l-p-nitrophenyl-2-acetamido-l,3-propanediol 

(Table .5) but thd - s i ze and p u r i t y of the 'sample were i n s u f f i c i e n t for 

v ^ -
.NMR s p e c t r a l i d e n t i f i c a t i o n . Since i t accumulates these t h r e e non-

chlo 'f inated chloramphenicol analogues , mutant Cml-2 appears to be 

blocked in the r e a c t i o n tha t chlorinate-s the N-a,cyl group of chloram- . 
if 

phenicol (Figure 2)- " 

• Culture f luids of Cml-2 also contained an aromatic amine that could 

not 'be e x t r a c t e d in to e thy l a c e t a t e , ev^n ' a f t e r a c i d i f i c a t i o n of the 

culture f luid to pH 2.0. This compound was isolated by._ chromatography 

on Dowex 50. I t was r e t a i n e d on the hydroge^form of the ca t ion 



Table [>. Thin-layer chromatographic comparison of compounds 
* A, V>, and C frrom Cml-2 with corynecins-1,' I I , and IIT. 

Compound / 

Compound C 

D-threo-l-pMMtrophenyl- \ 
"*2-acetamido-l,3-propanediol 

< • * 

Compound B °* ' 

D-threo-1-p-Nitrophenyl-
""^-propionamido-1-, 3*propanediol 

f 

'Compound A 

D-three^lsp^Nitrophenyl- * 
2-idobutyramido-l, 3-propanediol 

•* 

\* 

'Sy 

i 

* " 

• m 

-

i 

'/ 

1 "̂̂  

stem A* 
Rf " 

. £ 1 7 

0.18 

* 

0.24 „ 

* 
0.24 v 

t 

0/31 

0.30 

/ 
t 

System B** 
Rf 

' 0.60 . 

0.60- * -

" . n v 
<•* 

I 

";'rSilica gel plated developed in chlorofoirm-flfethanol (9:1). 
> * ' I 

^ S i l i c a g-el p l a t e s developed in b u t a n o l - a c e t i c . acid-wat<£r 
(12:3:5) 
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exchange r e s i n and e l u t e d w i t h - 2 M ammonium h y d r o x i d e . T h i n - l a y e r 

chromatography of the product showed i t to have an- Rf value i d e n t i c a l to 

• - , 
that of authentic £-aminophenylalanine. 

* . '• . < 

e . Charac te r iza t ion of Cml-4, Cml-5 an'd Cml-8 

Cul ture f i l t r a t e s of Cml-4, Cml-5 and Cml-8 a l so contained a polar. 

arylamine (compound D) tha t could not be ex t rac ted i n t o e thy l a c e t a t e , 

even a f t e r a c i d i f i c a t i o n . In each case the compound could be e lu ted in 
/ 

a s i n g l e peak w i t h 2 M ammonium h y d r o x i d e from a column of Dowex 50 

<H+). . ; ' 

' F i g u r e 7 g i v e s t h e e l u t i o n p r o f i l e for compound D from c u l t u r e 

f l u i d s of Cml-4. Pos i t i ve f r a c t i o n s were pooled and p u r i f i e d - f u r t h e r by 

chromatography OH a column of Dowex 50 i n ' t h e pyridiniura form. Stepwise 
* 

e l u t i o n w i t h ' 0 . 1 M and 0.5 M p y r i d i n e gave f r a c t i o n s t h a t e x h i b i t e d a 

s i n g l e r e s p o n s e peak when t e s t e d c o l o r i n e t x i c a l l y for a r y l a m i n e s . 
i * 

Arylamine-posi t ive f r ac t ions were pooled and l y o p h i l i z e d . Compound ,D 

i s o l a t e d in t h i s way from c u l t u r e f l u i d s of Cml-4 was i d e n t i f i e d from 

i t s NMR spectrum and chromatographic comparison with an a u t h e n t i c sample 
> . * , 

as £-aminophenylalanine. ' I t s H-NMR spectrum, recorded i n deu te r i a t ed 

water, a t 80 MHz with . t e t r amethy l s i l ane in chloroform-d -as the**external 
1 

r e f e r e n c e , ' c o n t a i n e d s i g n a l s match ing t h o s e given»b*y jjj^-aminophenyl.-
\ '•' " ' ' * * " 

a l a n i n e a t 5 2.90, 3.06 and 3.80 (ABM-," 3fiS^H-2'a, H-2'b., H-**3*, 

' i-2'a, 2'.b _ 1 . 5 - 0 ' i 2 ' b 3 ' 5 - 1 . H z ) and a t 6 - 8 8 <AA ' BB '> 4 H ' H - 2 » H - 3 ' ' 

H-5," H-6,AvAB22.2^Hz", N = J A B + J ^ t = 8.5 Hz). . *• 

The p r o d u c t s i s o l a t e d from Cml-5* and Cml-8 were of i n s u f f i c i e n t 

s i ze and pur i ty for s p e c t r a l i d e n t i f i c a t i o n . However, t h e i r chromato­

g r a p h i c p r o p e r t i e s c o i n c i d e d w i t h t h o s e 'of a u t h e n t i c _p_-am i no phenyl -

f 

«: 

t 



\ > 

/ '. 

Figure 7. Elution profile for compound D*from"culture fluids of 

Cml-4. The supernatant fluid from a 750-m^ culture was 

applied to a. column (2.5 x 30 cm) of Dowex 50x8 (H+) 50-
. o*^ ' ' '• . * -. ' 

m 100 mesh. Amino acids xwere eluted with'-.2 M.ammonium hy-

droxide. Fractions (10, mL),'were*collected and assayed for 

aromatic amines, using the colorimetric procedure. . * 
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alanine; Rf values for compound D'were 0.23 and 0.27 in systems C and D, 

• respect ive ly . Rf values for authentic" jj-aminophe.nyla^anine were 0.24 

and 0.28 in 'systems C and D, respectively. ,,No _p_-aminophenylserine (Rf 

va,llie - 0.19 in system C) could be detected in the cu l t u r e f lu ids of7 

these mutants. Thus they are probably blocked in the hydroxylation of 

£-aminophenylalanine to j3-aminophenylserine (F igare2) . 

Broths of mutants Cml-4 and Cml-5 adjusted to pH 2.0 a f t e r t,be 

i n i t i a l ex t r ac t ion with e thy l a c e t a t e and r eex t r ac t ad under a c i d i c 

conditions yielded an aromatic n i t ro compound (compound E). The .thin- y 

layer chromatographic,properties of compound E were-compared with those 

of th-ree^potential metabolites, N-dichloroacetyl -£-ni t rophenyla lanine , 

N-acetyl-p_-nitrophenylalanine and j>-nitrophenylalanine, using systSms B 

and C (Table 6). Compound E was tentat ively identif ied as^ N-acetyl-p_-

n i t ropheny la lan ine . Attempts to i so l a t e th i s aromatic ni t ro compound 

from broths of Cml-4 to allow for more rigorous ident i f ica t ion"fa i led -

due to the small'amounts accumulated by the mutant. 

C l a r i f i e d bro ths of Cml-5 showed an -increase in aromat ic amine 

content a f t e r a t i d hydro lys i s (Table 4), sugge'sting t h a t an acy la ted 

aromatic amine was also present. Examination of broth extracts by th in-

ire sc 

quenching zone corresponding in mobi l i ty to tha t given by a sample of 

2(S_)-dichloroacetam ido-3-(p_-acetamidoph,enyl)propan-l-ol. * I t was 

concluded that the mask-ed aromatic amine accumula'ted -by Cml-5 might be 

j3-N-acetylaminopherfylalanirie. . 

layer chromatography (system A) f a i l e d to r-eveal any fluorescence-,, 

v 



Table 6. Thin-layer chromatographijc comparison of compound E 
from mutants Cml-4 and Cml-5 with standard aromatic 
nitro-compounds 

„ • -II .. Ill—»...!• • Jt .II.I...I.HII.IH.I 

Compound . System B* System C** 
Rf- Rf 

jg-Nitrophenylalanine 

,* N-Acetyl-£-nitrophenylalanine 

Compound E 

N-Dichloroacetyl-p_-nitrophenylalanine 

Chloramphenicol 

*S i l i ca gel p l a t e s developed in n -bu tano l - ace t i c ac id -wate r 
(12:3:5) 

« ' * 
**Cellulose p l a t e s developed in n-butanol-ethanol-4fl ammonium 

hydroxide (8:1:3) 

0. 

0. 

0, 

0. 

0. 

.37 

,55 

,55 

,66 ' 

,73 

0. 

0. 

0. 

*• 0. 

,53 

-51 " 

,50 

,69 
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VII. Cosynthesis 
\ * . # 

Attempts" were made to detect cosynthesis of chloramphenicol by 

growing mixtures of mutants in a l l possible pairwise combinations on MYM 

agar or in chloramphenicol-prod-u€tion medium. In agreement with the 

preceding findings," mutants Cml-4 and Cml-5 (which accumulated-^-amino-

phenylalanine) promoted chloramphenicol synthesis- when grown with 

mutants Cml-1 and Cml-12 (blocked in the conversion of chorismic acidfc to ' 

_gf-aminophenylalanine). No other instances of cosynthesis were observed. 

i •* 

VIII. p-Aminophenylalanine B -Hydroxylase 

a. Development of an assay 

One of the early steps in the chloramphenicol biosynthetic pathway 

, is hydroxylation at the £ -carbon of _p_-aminophenylalanine to form jp_-

aminophenylserine (Westlake and Vining, 1969) . To-detect enzyme activity 

catalysing the reaction in cell extracts of S. venezuelae, e^ method for 
* " " " " • ' ' ' • 

distinguishing substrate from product was required. Since these differ 

only s l i g h t l y in t h e i r chromatographic p rope r t i e s , di f ferences in 

* chemical ^reac t iv i ty due to the hydroxyl group at the 3 -carbon of £ -

aminophenylserine were explo i ted . The presence of a v i c ina l \mino 

alcohol renders t h i s compound susceptible" to oxidat ion with sodium 

metaperiodate. If _p_-aminophenylalanine labeled at the carboxyl carbon 

were converted to £-ami no phenyl se r ine , per iodate oxidat ion of the, 

mixture should yield radiolabeled glyoxy-lic acid derived only from the 

product (Figure 8) . To es t imate the amount present , the. r eac t ion 
t , 

mixture could then be f i l tered through activated charcoal which would 

adsorb unconverted jp_-aminophenylalanine while allowing the [ C]gly-

# 

file:///mino


A ' 

% 

* % 

f 

Figure 8 . Periodate oxidation of p_-aminophenylserxrie.. 
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oxylic acid to pass through. -The amount of jj-aminophenylalanme 'con-
* * jt * 

verted to ^-aminophenylserine, shoulti thus be represented" by the amount^* 
, . ' . T - * . ' « • , ' ^ - . * - . .. . 

of radioactivi ty recovered in the chareoaL f i l t r a t e . u- Wm 

' l a p re l iminary experiments using a r eac t ion mixture conta in ing 

per iod ic ac id , ^.pprcrftimatelv 3,0% of the i n i t i a l radiosj:tivit»y. in p_-
V " * '. . " " T 4 i " aminophenyl[ carboxyl - -Clser ine was present in the f i l t r a t e recovered 

aftjer charcoal treatment. Radioisotope yields decreased with extenfed , 

reaction times,,suggesting that overoxidation of [ €]glyoxylic acid" was 

responsible, at least in par t , for thelo.w recoveries. In addition,~~an—. 
* ' ' ' " ' " &jk ' 

appreciable and time-dependent amount of radlo'activi£y' appeared in the 
1 / - ' 

'charcoal f i l t r a t e when p-antino phenyl [ car bo xy-l-^j C] a lan ine was t r e a t e d 

under .these icona i t ions , ind ica t ing tha t the intended enzyme substrate, 
* ' " 

was slowly oxidized by p e r i o d i c agid in acudi.c reac t ion mixtures . 

Better d i s c r i m i n a t i o n was obtained by mixing ,a so lu t i on of p_- -" 

aminophenyl[carboxyl- C]serine in^ 0.1 M phoj£ph#td ,buf£er,' pH 7.0." wl£h 

sa tu ra t ed so lu t ion of sodium meta-periodate ( f i n^ l pK of«7.5) and, 

1 min, f i l t e r i n g the so lu t i ons through a c t i v a t e d charcoal . The 

f i l t r a t e then contained 73% of the t o t a l i n i t i a l r a d i o a c t i v i t y of the 

sample. When the reaction was carried out at final pH values of'2.5. «id,, 

5.5,. only 15.% and 37%, r e s p e c t i v e l y , of the i n i t i a l r a d i o a c t i v i t y of 

the sample was recovered i n the f i l t r a t e , demonstrat ing the pH 
i * 

dependence of the r eac t i on . A,control s o l u t i o n to which sodium meta-

per ioda te was not added gave* a f i l t r a t e with only 10% of the t o t a l 

i n i t i a l r a d i o a c t i v i t y . A second cont ro l in which sa tu ra t ed sodium' 

metaperiodate so lu t ion was mixed with a 0.38 mg.mL"" so lu t i on of p_-
14 * 

aminophenylfearboxy1- C]alanine and the solution was f i l te red after 1 
min through charcoal , gave a f i l t r a t e conta in ing only 5.5% of the 

' 9 ' 

8 

j » * 
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i n i t i a l / r a d i o a c t i v i t y in the sample. These r e s u l t s confirmed t h a t 

under su i t ab l e cond i t i ons , p_-amig.ophenyserine i s r ap id ly oxidized by ' 

^periodate whereas p_-aminophenylalanine reacts very slowly. ' 

b. Hydroxylation by ce l l extracts 

p-Aminopheny[carboxyl- ^C 1 alanine was added to incuhatrion mixtures, 
* f „ • — '- ' • 
' con ta in ing l'OOlt., 500uL, and lOOOyL o-f ce j . i . ex t r ac t of £ . venezuelae . , m 

After incubation, sodium meta-periodate was-added and the mixtures Were 
* ' '' . ' > <• * 

f i l t e r e d through charcoal . Increased amounts of c e l l e x t r a c t in the 

incubation mixture gave an' increase in' f i l t e rab le radioact ivi ty (Table 
a 

7)., -'Contrdls< r ece iv ing boi led c e l l e x t r a c t s gave " s ign i f i can t ly l e s s 

f i l t e rab le radioact ivi ty. The resul ts indicate that ce l l extracts of S.' 
* V ' 
venezuelag^c-ontain an enzyme that_converts p_-amihophenylalarfine to a 

product, probably p_-aminophenylserine,' which i s susceptible to periodate 

oxidation. 

IX. Chloramphenicol Resistance in Strain HP-1 and the,.Cml Mutants 

Cultures of "strain HP-1 growing in chloramphenicol-product ion 

medium were s e n s i t i v e to chloramphenicol ea r ly in the growth phase 

before chloramphenicol production began, but became'resistant with the 

"• production of endogenous a n t i b i o t i c ; ^addition of chloramphenicol to a 

final concentration of 150 ug.mL at the beginning of growth extended 

the lag phase for an add i t iona l 24 h whereas addi t ion a f t e r 4 d had no 

affect (Figure 9 and 10). 

Cultures of mutant Cml-9 showed g rea t e r s e n s i t i v i t y to chloram-

phenicol compared -to those of s t ra in HP-1. Addition of the an t ib io t ic 

at the beginning of growth extended" the lag phase for 2 d (Figure 9 )• 



Table 7. p-Aminophenylalanine S-hydroxylase activity (dprn-mL" ) 
in cell extracts of S. venezuelae* 

-1, 9 2 

Cell extract 
added (uL) 

' . 

100 

500 

1000 

Charcoal 

Cell extracts 

(dpm-mL- ) 

378 
' 

472 

638 

filtrate 

Boiled extracts 

(dprn-mL ) 

366 

346 

530 

4 

Net 
activity** 

14 ' 
' f> 
. 151 

130 

*Various amounts of cell extract,or boiled^extract were mixed with 
" p-aminophenyl[carboxyl-l-4cIalanine solution (1 mL) and 0.1 M phos­
phate buffer, pH 7.0 (1. mL)., and the volume was adjusted to 3 mL 
with water. The mixture was shaken at 27°C'for 30 min and samples 
were.analyzed as.described in Materials and Methods. 

** Net activity as dpm per mL of incubation mixture. 
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Figure 9. Effect of chloramphenicol^on Streptomyces venezuelae strains 

at .the beginning of- growth in chloramphenicol production me-
- . -*, 

dium. 'Tpp panel - strain Cml-9; bottom panel,- strain HP-1. 

ft — M controj. cultures receiving no chloramphenicol supple-

ment; A — A cultures receiving chloramphenicol supplement 

'"* -1 5 

to a final concentration of 150 AS'mL x> ' ' 
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10. Effect -of chloramphenicol on growth of Streptomyces .vene»\elae 

' .' - "" \ 
in chloramphenicol production -medium. Top panel - strain HP-1;, 

bottom panel -'composite of results for WL1 Cml mutants. • — # 

control cultures receiving no chloramphenicol supplement;A—A 
• . e • - -

cultures receiving chloramphenicol supplement -to a final con-
v '- •. ' V ' '- ' , 

-centration of. 150 /»g»mL~-
L. In the case of strain HP-1, grpwth 

curves for cultures with and without chloramphenicol were su-

perimposable. ' '' 
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Furthermore, add i t ion of' chloramphenicol to c u l t u r e s of-each nonpro-
. • ' • • " ° ' t 

ducing Autant af ter 4 d of growth (at which time s t ra in HP-1 had become 

res i s tan t ) temporarily arrested growth for 3-4 d (see "appendix). All 12 

Cml mutants were - sens i t ive to chloramphenicol . Figure 1'fl gives a \ . 
generalize'd growth curve demonstra t ing the e f fec t of chloramphenicol 

addition on the growth of nonproducing s t r a ins . 

When mycelium from cultures of"mutants'Cml-1, Cml-2, Cmlr3, Cml-8, 

Cml-9, Cml-10 and Cml-12 grown for 12-13 d in the presence of chloram­

phenicol was used t o i nocu l a t e f l a s k s of> product ion medium with and 

without chloramphenicol , the chloramphenicol-supplemented c u l t u r e s 

lagged only s l igh t ly behind the unsupplemented cultures (Figure 11 and 

appendix). Broths of the unsupplemented c u l t u r e s were tesyfend for the 

presence of chloramphenicol using the colorimetric method to asefer£ain 

whether these "res is tant" mutants had reverted to beceme chloramphenicol 

*—producers. Only with Cml-12 was chloramphenicol "detected in the broth 

and i t was present 'only at the very low concentration of 6 ug.mL . 

Resistant cultures of Cml-1, Cml-8, Cml-9, Cml-10 and Cml-12 were 

tested for r eve r s ib i l i t y of the ohlbramphenicol-re^sistant phenotype by 

growing them, for 7 d i n the absence of chloramphenicol and then us'inj 

them,to inoculate chloramphenicol- supplemented medium. These cultures 

re ta ined, thei r an t ib io t i c r e s i s t a n c e (Figure 11 and appendix) On the 

other hand, r e s i s t a n t "cu l tu res of. s t r a i n HP-1 grown for 24 h in the 

absence of chloramphenicol in a medium (GNY) supporting only low levels 

of an t ib io t i c synthesis returned to a sensi t ive s ta te . (Figure 12). 
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ure 11. Effect of chloramphenicol on growth of resistant Cml mutants. 

Top panel - composite figure: mutants transferred to medium 

with and without "chloramphenicol after growth for 1 week in 

r the absence of chloramphenicol; bottom panel - composite 

figure: mutants transferred directly from chloramphenicol-

"containing medium to medium with the same concentration of 

chloramphenicol and to medium without chloramphenicol.'© — •% 

control cultures receiving no chloramphenicol supplement;. 

A r— 4 cultures receiving chloramphenicol supplement to a 

final concentration of 150 kig-mL~l-«. All curves show growth 

i 
in chloramphenicol production medium. 
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Figure. 12., Loss ̂ f chloramphenicol" resistance in'strain HP-1 during growth 
< -

in a mediVufi lacking chloramphenicol. Top panel - culture trans-

ferred to a medium with and without^chloramphenicol after growth 

for 24 h in GNY'medium; bottom panel - culture transferred di-
! 

rectly from chlorampheniool-containing medium to medium with and 

I .' ' without the same, concentration of chloramphenicol. © -"" • con-
> , • 

trol cultures receiving no» chloramphenicol supplement; A — A 
> a. 

cultures receiving chloramphenicol supplement to a final coucen-

' " tration of 150 ug -101-1-. All curves show growth in chloramphen-

col production medium. 
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X. F e r t i l i t y in Streptomyces venezuelae , 

Crosses in which each of the- auxotrophically marked Cml'mutants; 

VS146 ( n i c - 6 , cml-7) , VS163 (hom-5, cml -4 ) , °VS130 (cys-13', em 1.-4) and , 

VS99 (his-9, cml-4) was mated with the t r i p l y auxotrophic chloram phen­
yl 

ico l producer, VS160 (ura-1, t h r - 1 , t r p -1 , cml+) gave "threonine-indepen-

dent progeny "at a frequency of only 1 per 10 ' pa ren ta l c.f.u. or l e s s . 

This was a frequency not significantly, higher than that for reversion to 

wild-type of the nic-6 , hom'-5,. cys-13, his-9 and thr-1 markers. 

A very low frequency of recombinat ion was not l i m i t e d to" c rosses 

involving the Cml mutants and VS160. Crosses between s t ra in VS113 (his-r 

6, ade-10, cml*) and the Cml derivatives VS144 (met-15, cml-7) and VS143* 

'(met-14, cml-7) yielded prototrophic, h is t id ine-requir ing and adenine-

r e q u i r i n g recombinants a t a freq-uency of only 1 per 10 c.f.u. of the 

minority parent. ' The frequency of reversion to wild type was 4 per 10 

c.f.u. for ade-10, 6 per 10° c.f .u. for h i s - 6 , 2 per 10' c.f .u. for met-

15 and 1 per 10 c.f.u. for met-14. 

In an e f fo r t t o acqu i re f e r t i l e s t r a i n s for use in mapping, 

attempts were made to transform protoplasts of mutants VS130, VS143, and 

VS144 with the S. l ividans derived f e r t i l i t y plasmid pIJ303. 

These attempts were unsuccessful. However, a derivative of VS160 that 

d i sp layed increased f e r t i l i t y in some crosses was obtained following 
•y 

transformation with another S. l ividans derived plasmid, plJ701. Recom­

b ina t ion f requencies using t h i s s t r a i n v a r i e d markedly in d i f f e r e n t 

crosses and were often unrepeatable;- therefore th i s s t ra in was aban-

doned for use, in mapping studies. 

F e r t i l e s t r a i n s (VS191 and VS192) of S. venezuelae were obta ined 

fo l lowing p r o t o p l a s t formation and r egene ra t i on of VS113 ( S t u t t a r d , 
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personal communication). VS113 elicitSH le tha l zygosis on both of„.these 

s t r a i n s and VS191 and VS192 el ici te/fo t h i s r e a c t i o n on efech o ther . A 

third f e r t i l e s t ra in , VS194 was .def ied from VS191 by protoplast forma'-/ 

"' - '} 

t ion and regeneration. VS113,' VS191, VS192, and VS19.4 produced chloram-

phfnicol at c o n c e n t r a t i o n s ' o f approximately 170, 130, 13j0 and 1219 

ug.mL "̂ after 7 d in chloramphenicol-production medium. In crosses with 
. \ ' " P ' 

auxotrophic d e r i v a t i v e s of Cml mutants , VS191, VS192 an&VS194 a l l 

yielded recombinants at frequencies ranging from 1 per 10 to 1 per 10 
k 

c.f.u. of the minor i ty paren t . 

XT.. Genetic Mapping \ i 
' • i r 

Four crosses were initially carried out using strain VS206 (his-6 

ade-10 strA6) and singly auxotrophic'derivatives of three"different Cml 

mutants?. For ea'ch cross the relative locations of the.three auxotrophic 

markers and the streptomycin resistance marker were determined by the 

propedure of Hopwood (1972). The Cml marker was not considered in this 

initial procedure. Spores trom a mixed culture of mutant strains were 
* n , 

plated on to four select ive media. The phenotypes of,recombinants-tliat 

appeared on each medium were determined by repl ica plating to diagnostic 

media, as demonstrated below for c ross I . In t h i s manner, n ine 

different phenotypes r e f l e c t i n g the genotypes of ' recombinant progeny 

could be .de tec ted , inc luding two r e c i p r o c a l p a i r s . As Hopwood (1972) 

pointed out, subsequent analysis depends upon t/he data satisfying two 

i n t e r n a l checks: ' i ) in severa l i n s t a n c e s , the frequency of a p a r t i ­

cular, recombinant*, class (c.f.u. per unit volume of the spore suspension 

at a standard dilution) should be estimated on more than one medium. To 

exclude the p o s s i b i l i t y of b i a s in the frequency with which a p a r t i -

/ 

v 



s. 

• ' 164. 
, « - €"*sv* . ^ ' 

cu la r c l a s s i s , recovered under d i f f e r en t s e l e c t i v e c o n d i t i o n s , these 

estimates must be similar; i i ) /In cases where both members of a pair 
. .. » ' 

of complementary genotypes can be recovered, both members of. the pair Jdb 

should have approximately the same frequency, indicating a s ta t i s t ica l ly^ 

equal contribution.of genetic material by the.two parents. The cross i s 

then s a i d a t o be balanced. In a l l c rosses using VSJ206 as one p a r e n t / 

th i s was achieved by mixing VS206'spores with spords o'f'the other paren-

t a l s t ra in in a ra t io of approximately 20:1. Mixing of spores in a 1:1 

J * ( ' ' .- " ' 
r a t i o r e s u l t e d i n unbalanced 'outputs of progeny s p o r e s . 

, -
Consistently unbalanced crosses could r e f l e c t po la r ized gene t r a n s f e r 
with one parent functioning predominantly as a DNA donor and the other 
as the recipient, as. in, <F- mediated con jugatidn in E. col i . 

L a. Cross I : VS143(met-14 cml-TTx VS206(his-6 ade-10 strA 6) 

Spores from the mixed culture were i n i t i a l l y plated on the„follow-

f 
ing media, each of/ whidh was counterselective for the parental spores: 

1. MM + adenine ' 

2. MM + methionine, adenine, and streptomycin 

3. MM + methionine, histidine, and streptomycin 

4. MM + his tg to te ' 

Medium 1 selected Met and His+ phenotypes and allowed growth of 

the .following fqur phenotypes of recombinant progeny: 

% " 
(a) * 
(b) 
(c) • 
(d) 

Ade 
+ 

i 

+ 
-

His 
+ 

Met 
+ 

-ir*s+ 
+ 
+ 

+ 
+ 

St r 
+ 
+ 
-
-
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Note: S t r + I n d i c a t e s s e n s i t i v i t y to s t reptomycin, S t r " i n d i c a t e s 
'„ resistance . 

"" To distinguish between progeny differing in the unselected markers 

"ade and s t r , colonies on medium 1 were r e p l i c a t e d to the fol lowing 

media: , 

Medium Phenotype selected 

MM • . _ (a), (c) 

MM + streptomycin * (c) 

MM + adenine and streptomycin (c), (d)' 

MM + adenine (a), (b), (c), (d) 

Medium 2'selected for His+and Str" phenotypes and allowed growth of 

the following four types of recombinant progeny: 

( a ) 
(h) 
Cc). 
(d) 

Ade 
+ 
-
-
+ 

Met 
+ 
+ 
-
' - ' 

His 
+ 

' + 
+ 

• + 

St r 
-
-
-
-

To distinguish between progeny differing in the unselected mafkers ade 

and met, colonies were .replicated to the following media: ' 

Medium Phenotype Selected, 

MM + streptomycin ' " (a) 

MM + adenine and streptomycin (b), (a) , • 

MM + methionine and streptomycin * (a), (d) 

MM + adenine, methionine and streptomycin ' (a), (b), (c), (d) 

Medium 3 s e l ec t ed - fo r the Ade+ and S t r " phenotypes and alldwed' 

growth of the following four types of recombinant progeny: ' 
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(a) 
(b) 
<c} 
(d) 

Ade 
+ 
+ 
+ 
+ 

Met 
+ 
+ 
-
-

His 
+ 
-
-
+ 

Str 
-
-
_ 
-

To distinguish between progeny differing in the unselected markers 

met and*his, colonies were replicated, to "the following media: ' 

Medium „ Phenotype Selected 

MM + streptomycin ' (a) 

MM + histidine .and streptomycin f (a), (b) 

MM + methionine and streptomycin - (a), (d) 
f 

MM + histidine, streptomycin and methionine (a), (b), (c), (d) " 

Medium A selected for Met + and Ade+ phenotypes and allowed growth 

of the following four types of recombinant progeny; 

\ 
\ \ (a) ' 

(b) 
(c) 
(d) 

Ade 
+ 
+ 
+ 

• + 

Met 
+ 
+ 
+ 
+ 

His 
+ 
-
-
+l 

Str 
-
-
+ 
+ 

To distinguish between progeny differing in the unselected markers 

his and str, colonies were replicated to the following media: 

1 ML 

Medium Phenotype Selected 

MM -(d), (a) 

MM + histidine + streptomycin (a), (b) 

MM + streptomycin ^s^ -(a) 

MM + histidine _ (a), (b), (c), (d) 

Frequencies for each inferred genotypic class of recombinants from 

cross I are given in Table 8 . As can be seen from this table, the 



Table 1. Analysis'of a four-factor cross (Gross I: met-14 cmj-7 X his-6 ade-10,strA6)" 

Genotypes of 
selectable 
progeny 

•. 
+ + + 
-+ *+ + 
met + + 
+ his + 
+ + ade 
+ his + 

4 

+ 
str 
str 
str 
str 
+ 

met + ade str 
+ + ade + 
met his + str 

A 
2 
9 

58 

7 

ade 

B 
8 
34 

224 

27 

Selective media 
met, ade 
str 

A B 

8 25 
11 , 35 

83 261 

' 0 0 

supplements 
met, his 
str 

* A 

24 
-31 
8 

7 

B 

24 
31 
8 f 

7 

his 

'A 
20 
51 

4 

0 

-

B 
11 
30 

2 

0 

Average frequency 
of complementary 
genotypes 

-
10 
28 
33 
5 

242 

>0 

>17 

/ 

Sample size: 
Total recombinants 
per plate: 

76 102 70 75 

293 321 70 43 

Relative'recombination frequencies in each interval 

Total 

met-ade 
10 
28 
5 

*" 0 
43 

ade-his 
5" 

242 
0 
17 
264 

met—his 
10 
28 
242 
17 
297 

his,-str 
28 
33 
242 
0 

303 

afle-str 
28 
*33 
5 
17 
83 

met-str 
10 
33 
0 
17 
60 

/ 

~*"kh sample of r e c o m b i n a n t s from each s e l e c t i v e medium was c l a s s i f i e d i n t o t h e f o u r p o s s i b l e p u t a t i v e 
genotypes. The frequencies a r e s h o w n i n column A.. Column.B gives adjus ted f requencies as a propor t ion 

- of t he t o t a l recombinants per p l a t e . The ad jus t ed frequencies averaged to g ive the frequency of each 
complementary pa i r of recombinants per un i t volume of spore suspension a re shown in the far r ight -hand 
column.- * Jm? 

**Relat ive recombination f requencies in e a e h ^ h t e r v a l were obtained by summing the average f requencies for 
each recombinant c l a s s produced by a crossover i n t h a t i n t e r v a l . # 
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above-mentioned internal checks were sa t is f ied . The frequencies of each 

genotypic c l a s s could there fore be used to c a l c u l a t e the r e l a t i v e 

frequencies of recombination between each pair of markers in the cross. 

Pairs that showed the highest crossover frequencies were considered to 

be the farthest apart while those that showed low crossover frequencies 

were probably closer together, The resul ts from Table 8 suggest that 

the pairs met-14 and ade-10 are closer together and likewise met-14 and 

strA6 are ' dose together while met-14 and his-6 are far apart and strA6 

and his-6«are, far apart. 

The next s t ep in the ana lys i s was assignment of the four l oc i t o 

r e l a t i v e pos i t i ons on the map. The chromosome was assumed t o be 

circular . ,The four loci could.therefore be'arranged in three different 

sequences, ignoring mirror-images. These th ree arrangements and the 

crossovers required to produce the nine genotypes are shown in Table 9 . 

>Models"in whieh genotypes requirinp quadruple crossovers were not the 

rares t class wereidiscarded. The data arevmost consistent with model 3. 

A further analysis of linkage relat ionships was made by examining 

the segregation of each pair of unselected markers when arranged in 2X2 

tables. A chi-square t e s t "can be applied to verify the null hypothesis: 

tha t tSere are no a s soc i a t i ons among members of each pair of markers 

when d i s t r i b u t e d to recombinant progeny. At the 0.05 s igni f icance" 
s 

l e v e l , the nu l l hypothes is i s accepted if X <. 3.841, and re jec ted i f 

X\>3.841, P gives the p r o b a b i l i t y tha t the d i f fe rence between the 

observed and expectedN^alues i s due to chance. •Since only one degree of 

freedom e x i s t s in analysing these 2X2 t a b l e s , the Yates c o r r e c t i o n 

factor was used (Stansfield, 1969). Hop wood has pointed out that when 

two unselected markers are ad jacen t , t h a t i s , l i e on the same arc of a 



Table 9. Comparison of genotype frequencies with the crossover regjfons required by the three 
possible marker models (cross I: met-14 cml-7 x his-6 ade—10 strA6)* 

his' 

ade :£r , ade 

-
Medium 

MM 
+ ade 

-

MM 
+ ade * 
,met-
str 

MM 
-h his 
met 
str 

MM 
+ "his 

Gei 

+ 
+ 
+ 
+ ' 

+ 
met 
+ 

met 

+. 
met 
+ 

met 

+ 
+ 
-K 
+ 

notype 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 

+ 
• + 
his 
"+ 

+ 
+ 
his 
his 

+ 
+ 
ade 
ade 

+ 
+ 
ade 
ade 

+ 
+ 
+ 
his 

+ 
+ 
+ 
+ 

Fr 

+ 
str 
str 
+ 

str 
str 
str 
str 

str 
str 
str 
str 

+ 
str 
str 
+ 

equency 

2 
9 
58 
7 

8 
11 
83 ' 
0 

24 
31 
8 
7 

20 
51* 
4 
0 

str 

JL 
3,4 
2,4 
1,4 
1,2, 

.2,4 
" 2,3 
1,4 
1,3 

2,4 
2,3 
1,2 
1,2: 

3,4 
2,4 
1,2 
1,3 

3,4/ 

-

-

,3,4, 

ade 
Crossovers 

_2_ 

,3,4 
1,2,3,4 

'1,4 
2,4 

1,2,3,4 
1,2 

M -1,3 

1,2,3,4 
1,2 
2,3 
2,4 . . 

- 3,4 
1,2,3,4, 
2,3 . 
1,3 

_3_ 

2,3 
1,3 
1,4 

' 2,4 

1,3 
• 1,2 
1,4 
X J /r J J J T" 

1,3-
1.2- "-
3,4 . 
2,4. 

2,3 
1,3" 

' 3,4 -
1 , £ , -3 9 H , 

str ° ~^x 

Indicated Model 

I or 3 

1 or 3 

•"-Each model gives a possible arrangement for the four, markers. Listed'under each model are the crossovers 
required to> form each genotype. Models in which genotypes requiring quadruple crossovers were not the 
rarest class were discarded, - * ' 

r • 
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ci rcular chromosome between two selected markers,«they will demonstrate 

dependent segregation. When the unselected markers are separated by a 

marker and are t he re fo re nonadjacent, t h e y V i U demonstrate indepen­

dent segregation. " 
f< 

( - Analysis of the ,segregation of unselected a l l e l e s on each medium 
* 

for cross I is given_in Table 10 and suggests that: 

ade-10 and strA6 are nonadjacent 

met-14 and ade-10 are adjas ent 
————- —-——— ,, ^ 

A 

met-14 and his-6 are nonadiacent 
. , J „ 

his-6 and strA6 are apparently nonadjacent' 

\ 

Again, the data are most consistent with model 3. 

After ordering the auxotrophic and streptomycin resistance markers, 

the segregation of the cml-7 marker in cross I was analysed by examining 

chloramphenicol production in approximately 100 progeny. The r e s u l t s 

a re given in Table 1 1 . These da ta - ind ica ted t h a t -cml-7 was loca ted 

between h i s - 6 and strA6. The assignment of cml-7 to t h i s arc did not 

require that any of the recombinants be formed J>y quadruple crossovers. 

No i n f e c t i o u s t r an s f e r of the Cml « phenotype to the n($*producing 

parent was observed. 

Three additional crosses were nerformed and the resu l t s analysed as 

• above. 

f 

6. Cross I I : VS146 (nic-6 cml-7) X VS206 (his-6 ade-10 strA6) 

Table 12 gives the frequencies for the recombinant classes in cross 

I I . From the r e l a t i v e recombination f requencies i t can be seen t h a t 

ade-10 and strA6 are -more c lose ly l inked than any o ther p a i r s of 



Table 10. Segregation of unselected 'alleles (cross I) 
111 

(met-14 cml-7) X (his-6 ade-10 strA6) 

Medium 1 (MM + ade) 

j • 

Selected alleles: hisymgt • f / m n ^ 

Medium 2*̂ (MM + ade met and str) 

Selected alleles: his+/str 

str 
str4 

ade+ 

9 
2' 

Chi-square =0.57 
0.50<P<.30 

ade" 
58 
7 

- ade 
ade" 

met1 

- 8 
83 

met 
11 
0 

Chi-square = 45.23 
P<.001 

N Medium 3 (MM + "met his and str) 

Selected alleles: ade+/str 

Medjum 4 (MM + his) 

Selected alleles: met+ade' +<=Ac+' 

met+ 
his+ 24 
his" 8 

Chi-square =0.13 
0.80<P<.70 

met-
31 

7 

his+ hijs-
s t r 51 ~4 
s t r +

r 20 0 

Chi-square =0.'043' 
wO.70<P<0.50 

Conclusions: 

1. ade-10 and strA6 are nonadjace'nt 
2. met-14.and ade-10 are adjacent 
3. met-14 and his-6 are nonadjacent 
4. his-6 and strA6 are apparently nonadjacent 

' " " • " • " ' • • ' " - " • — — — — ^ 

*Values for each genotype frequency on each medium are taken from column 
A in Table 8 ' . P r o b a b i l i t y va lues were obtained from S t a n s f i e l d , 
1969% , ' ' " 



Table 1J.. Chloramphenicol production in progeny from cross I 

(met-14 cml-7) X (his-6 ade-10 strA6) 

^ 

Genotype Number Chloramphenicol producers* 
screened. Number % 

+ 

met 

+ 

+ 

+ 

met 

his 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

ade 

ade 

+ 

str 

str 

str 

str 

+ 

+""""" 

10 

21 

* 25 

27 

2 

36 

. 10 

1 

0 

4 

0 ° 
0 

100 

5 

vl| 

0 

0 

•;:'A sample, of progeny from the cross was screeneld for 
chloramphenicol production using the bioassay. 

""̂ Parental Type 

* 



-6 cml-7 X his-6 ade-10 sterA6)j;-
t 

Genotypes6 -
of selectable 
progeny 

+ + + + 
+ + + str 
nic + + str 
+ his + str 
+ + ade str 
+ his + + 
nic + ade str 
+ + ade + 

nic his + str 

sample size: 
total recombinants 
per plate :-

Relative 

nic-ade 
181 
0 
23 
210 . 

« 

* 

_. 

Selective media 
ade 

A 
196 
0 

4 

0 

200 

B 
196 
0 

4 

0 

_ 

200 

his 

A 
165 
0 

25 

310 

500 

B 
165 
0 

25 ' 

310 

-

500 

recombination frequencies in 

ade--his 
23 
6 
210 
0 

nic*--his 
181 
0 
6 
0 

his-str 
0 
52 
6 
210 

supplements 
nic 
str 

A 

0 
67 

7 

109 

183 

each 

ad 

,ade 

B 

0 
67 

7 

109 

r-

183 

• 

nic,his 
str 

A 

0 
89 
49 

1 , 

139 

: interval ** 

,e-str 
0 
52 
23 
0 

nic-sl 
181 
52 
210 
0 

• 

B 

,0 
37 
20 

0 

57 

tr 

Average frequency of 
complementary -
'genotypes 

• 

' * 181 
0 
52 
23 •* 
6 

* >210 " " 

>0 

c " <. 

, 

• 

-
• 

Totals 414 239 187 268 75 443 

.* See Table 8. 
** See Table 8. 
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markers. The data from Table 13 suggest that model 2 is 'the most likely 

relative order of markers. This is consistent with the segregational 

analysis presented in Table 14, which suggests that: 

ade-10 and strA6 are adjacent 

t his-6 and strA6 are adjacent 

P°'i?' ' » 

nic-6 and ade-10 are apparently nonadjacent 

nic-6 .and his-6 are adjacent 

Table 15 gives an analysis of chloramphenicol production in progeny 

from cross I I . The data again suggest othat cml-7 i s located in the arc 

between his-6 and strA6. 

c. Cross III:VS141(lysA7 cml-1) X v"S206(his-6 ade-10 strA6) ' 

' Table 16 gives the frequencies for the recombinant classes in cross 

I I I . From the r e l a t i v e recombination frequencies i t can be seen t h a t 

ade-10 i s c lose to strA6 and lysA7 i s c lose t o strA6 while lysA7 and 

his-6 and are further apart, as also are his-6 and strA6. The data from 

Table 17suggest t h a t model 1 i s the most l i k e l y r e l a t i v e ord'er of 

markers. This i s consistent with the segregational analysis presented • 

in Table 18 , which suggests that: (%-

ade-10 and strA6 are adjacent 

* his-6 and strA6 are nonadjacent• / 

ade-10 and lysA7 are nonadjacent 

his-6 and lysA7 are appare^fly nonadjacent 

Table 19 gives an analysis of chloramphenical production in progeny 

from c ross I I I . The data suggest t h a t cml-1 i s located in the a rc 

between his-6 and lysA7. 



Table 13. Comparison of the genotype frequencieŝ with the cross-over regions required by the three 
possible chromosomal marker models (Cross II: nic-6 cml-7 X his-6 ade-10 strA6)";:" 

ade 

str 

tr ade 

ade 

str 

Medium 

MM 
+ ade 

MM 
+ his 

MM- • 
+ nic 
ade 
str 

MM 
+ nic 
his -
str 

* See 

Genotype 

+ 
+ 

». + 
+ 

+• 
+ 
+ 
+ 

+ 
nic 
+ 
nic 

+ 
nic 
+ 
nic 

+ 
+ 
+ 
+ 

+ 
+ 
his 
his 

+ 
+. 

+ 

+ 
+ 
his 
his 

Table 9. 

+ 
+ 
ade 
ade 

+ 
+ 
+ 
+ 

+ 
+ 
ade 
ade 

- + 
+ 
+ 
+ 

+ 
str 
str 
+ 

+ 
str 
str 
+ ' 

str 
str 
str 
str 

str 
str 
str 
str 

Frequency 

196 
0 
4 
0 

165 ' 
0 
25 
310 

0 
67 
7 

109 

0 
89 
49 
1 

1 

1,2 
1,3 
1,4 
1 y Z , Jj 

1,2 
€,3 • 
3,4 
2,4 

1,3 
2,3 
1,4 
2,4-

1,3 
2,3 
3,4 
1,2,3, 

,4 

"=3 

,4 

Crossovers 
2 " 

3,4 . " 
1,2,3,4, 
1,4 
2,4 

3,4 
1,2,3,4 
2,3 / 
1,3 / 

1,2̂ 3,4 
1,2 
1,4 
1,3 

1,2,3,4 
1,2 
2,3 
2„4 

* 

3 

2,3 
1,3 
1,4 
2,4 

2,3 
1,3 
3,4 
1,2,3,4 

1,3 
1,2 
1,4 
1,2,3,4 

1,3 
1,2 * 
3,4 
2,4 

Indicated'Model 

1,2,3 

1 or 2 

1 or 2 

2 or 3 



Table 14. Segregation of unselected alleles (cross II) 

* 

• t 

(nic-6 cml-7) X (his-6 ade-10 strA6) 

Medium 1 (MM. + ade») Medium 2 (MM + his) 

Selected alleles: his4"/nic4" Selected alleles: ade+/nic+ 

116 

str 
str4 

ade4" 
0 
196 

ade" 
4 
0 

Chi-square = 198.1 
PC 001 

str 
str4 

his4" 
0 
165 

his 
25 
310 

Chi-square = 11.43 
P<.001 

Medium 3 (MM + nic ade str) Medium 4 (MM + nic his str) 

Selected alleles: his4"/str Selected alleles: ade4"/str 

nic4" .nic" 
ade+ 0 67 
ade" 7 109 

Chi-square =2.72 
P=.10 

Conclusions: 

1. ade-10 and strA6 
2. his-6 and strA6 i 
3. nic-6 and ade-10 
4. nic-6 and his-6 i 

are 
are 
are 
are 

TP c nir 

his+ 0 89 
his" 49 1 

Chi-square = 102.15 
P<.001 

i adjacent 
adjacent 
: apparently nonadjacent * 
adjacent 

* See Table 8 for procedure. .Values for each genotype frequency are 
taken from column A in Table 12. 

* 



Table 15. x 

Chloramphenicol production in ""progeny from cross II* ^ 

117 

(nic-6 cml-7) X (his-6 ade-10 strA6) 

Genotype Number * Chloramphenicol producers 
screened Number % 

4. 

+ + 

nic + 

nic + 

+ ' nj-s 

• + his 

•nic + 

+ 

+ 

ade 

+ j 

+ 

+ 

+ v 

str 

str 

str 

+ 

+ 

28 

i9 

21 

12 

,5 

76 

0 

0 

4 

1.2 

1 

0 

V 
'* 

v 

0 

0 

19 

100 

20 

0 

• 

01 

*See Table 11. 

•^'Parental type 



Table 16, Analysis of a four-factor cross (Cross III: lysA7 cml-1 X his-6 ade-10 strA6). 

Genotypes of 
selectable 
progeny 

-
+ " + + + 
+ + + str 
lys -+ + str 
+ his + str 
+ + ade str 
+ his + + 
lys + ade str 
+ + ade + 
lys hijy + str 

Sample Size; 

A 
. 5 

1-

47, 

0 

53' 

Selective media 
ade his 

B 
5 

• 1 

47 

0 

A 
68 
19 

1 

7 

95 

B 
7 
2 

1 

1 

supplements 
- lys,ade 
str 

A 

1 
1 

38 

4 

. '44 

B ' 

1 
1 ' 

38 

4 

-

lys, 
str 

A 

23 
29 
4 

0 

56 • 

his 

B 

2 
3 
1 
* 

o 

Average frequency 
of complementary 
gemotypes 

6 
2 

, 2 * • 
»• 1 

• n 
>0 

• . « . 

Total Recombinants 
per plate: 53 1 0 44 

Sf 
Relative Recombination Frequeticies in Each Interval** 

lys-ade ade-his lys-his his-str ade-str lys-str 

¥ 

Totals 

6 
2 
0 
3 

11' 

0 
43 
3 
0 

46 

6 
2 
43 
3 

54 

2 
2 
43 
3 

50 

2 
2 
0 
0 

2 
2 
3 
0 

\ 

s 
J 

*See Table 8. 
**See Table 8. 

00 



Table 17. Comparison of the genotype frequencies with the crossover regions'required by the three possible 
chromosomal marker models (Cross III: lysA7 cml-1 X his-6 ade-10 strA6) * , 

his 

ade 

str 

his 

tr ade 

ade 

his 

str 

Medium 

MM 
+ ade 

MM 
+ his 

• 

• 

MM 
+ lys 
ade 
str 

MM 
+ lys 
his 
str 

*See TabUe 

Genotype 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 

t"~ 
lys 
+ 

+ 
lys 
+ 

. i y s 

9. 

+ 
' + 
+ 
+ 

+ 
+ 
his 
his 

+ 
+ 
+ 

+• 
+ 
his 
his 

' 

+ 
4-
ade 
ade 

+ 
+ 
+ 
+ 

+ 
+ 
ade 
ade 

+ 
+ 
+ 
+ 

+ 
str 
str 
+ 

+ 
str 
str 
+ 

str 
str 
str 
str 

str 
str 
str 
str 

Frequency 

5 
1 

- 47 
0 ' 

• 68 
19 
1 
7 

1 
1 
38 
4 

23 
29 
4 
.0 

Crossovers' 

1 
1,2-
1,3 
1,4- v 
1,2,3,4 

1,2 
1,3 
3,4 
2,4 

1,3. 
2,3 

2,4 . 

1,3 
2,3 
3,4 
1,2,3,4 

3,4 
1,2,3,4 
1,4 
2,4 

3,4 
1,2,3,"4 
2,3 -
1,3 

1,2,3,4 
1,2 ' 

!>4 * 
1,3 

1,2,3,4 
I,2 

2,3 
.2,4 

s 

2,3 
1,3 
1,4 
2,4 

Indicated Model 

1 05 3 

2,3 
1.3 ' 
3.4 ' 
1,2,3,4 -

1,3 
1,2 
li 
"1,2,3,4 

1,3 
1,2 
3,4 
2,4 

1 or 3 

I-1 



120 
Table is. Segregation of unselected alleles (cross III) * 

(lys.A7/ cml-1) X (his-6 ade-10 strA6) 

Medium 1 (MM + ade) 

Selected alleles: his^/lys4" 

Medium 2 (MM + his) 

Selected alleles: ade+/lys+ 

str 
str4 

ade4" ade" 
1 47 
5 0 

Chi-square = 33.76 
P<.001 

s t r 
s t r 4 

his4" 
19 
68 

Jrisj-
1 

Chi-square = .027 
0.70<P<0.50 

Medium 3 (MM + lys ade str) Medium 4 (MM + his lys str) 

Selected alleles: his47str 

ade 
lis* 1 
lys 1 

ade" 
38 
4 

Chi-square = 0.3; 
0.70<P<0.50 

Conclusions: 

# 5 — ^ 

Selected alleles: ade4"/str 

lys 

his"1 

23 
29 

his" 
4 
0 

Chi-square =2.66 
0.20<P<0.10 

1. ade-10 and strA6 are adjacent 
2« his-6 and strA6 are nonadjacent 
3' ade-10 and lvsA7 are nonadjacent 
4. his-6 and lvsA7 are nonadjacent 

/ 

* See Table 10 for procedure .Values for each genotype frequency on each 
medium are taken from column A In Table 16. 
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Table 19. Chloramphenicol production In progeny from cross III* 

(lysA7 cml-1) X (his-6 ade-10 strA6) 

Genotype Number Chloramphenicol producers 
screened Number .% 

+ • + .+ + % 

+ + + spr 

+ + ade gtr 

+" his + str 

** 
lys + + + 

*See Table 11. 

**Parental type 

\ 15 

36 

34 

5 

30 

* * 

- 0 
it 

" 1 

.12 
Jt 

5 

0 

' P" -J y 
\ 

• 

•-.? 
• i 

0 

6 

35 

i ^ IQO "' 

- | o . 
(.-. t c 

* 

• 

» 

p 

^ 

* 
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d. C r o ^ l V : VS153(trp-3 cml-5) X VS206(his-6 ade-10 strA6) 

Table 20 gives the frequencies for the recombinant classes of cross 

IV. From the r e l a t i v e frequencies i t can be seen t h a t t r p - 3 and h i s - 6 

a re very c lose ly l inked . Because t h e r e i s very l i t t l e c ross ing over 

between these two markers the data are ambiguous (Table 21 ) and consis-

tent with models 2 or 3. Chi-square analysis was applicable to only one 

pair of markers, t rp-3 and h is -6 , and confirmed that these are closely 

»l inked. (Table 22 ,) . Table 23 gives an ana lys i s of .chloramphenicol 

production in progeny from cross IV. The data suggest tha t cml-5 i s 

located in the arc between his-6 and strA6. " A summary of the resu l t s of 

the previous four crosses i s presented in Figure 13 . 

e». Crosses between prototrophic Cml mutants and VS206. 

Since auxotrophic derivatives of the remaining Cml mutants were not 

available, these prototrophs were crossed with VS206 and the following 

progeny were isolated: 

a)- 4- + s t r 
"b) + ade s t r 
c) his + s t r 

Approximately 100 pr6geny from each cross were t e s t e d ' f o r chloram­

phenicol product ion. The r e s u l t s a re given in Table ,24 . In a l l 

c rosses 1Q0% of the h i^ -fc, s t r progeny were chloramphenicol producers . 

This f inding sugges ts tha t the wild type a l l e l e s 'of a l l the cml 

mutations represented in these crosses are located in the arc between 

h i s - 6 and strA6, tha t i s , opposi te r a the r than adjacent to ,the ade-10 

region. * , '_„ 



Table 20. Analysis of a four-factor cross (Cross IV: trp-3 cml-5 X his-6 ade-10 strA6)* 

v Genotypes 
of selectable 
progeny 

Selective media supplements 
ade his his, trp ade, trp 

str str 

Average frequency 
of complementary 
genotypes 

B B B 

+ + 
+ + 
trp + 
+ his 
+ t 
+ his 
tip .+ 
+ + 
trp his 

+ + 
+ str 
+ str 
+ str 
ade str 
+ + 
ade str 
ade + 
-I- str 

Sample Size: 
Total Recom­
binants per 
Plates 

0 
0 

2 

0 

2 

0' 
0 

2 -

0 

0 
0 

1 

66-

67 

0 
0 

1 

66 

0 
92 
1 

0 

93 

0 
25 
0 

0 

"* 

0 
43 

0 

50 

93 

0 
23 

0 

26 

67 25 49 

Relative Recombination Frequencies in Each Interval 
trp-ade-
' 0 
0 
1 
46 

ade-his 
1 
1 
46 
0 

trp-his 
-0 
0 
1 
0 

his-str 
0 
24 
1 
46 

trp-str 
0 
43 
46 
0° 

aue-str 
0 
24 
1 
0 

0 

24 
1 
1 

>46 

>0 

Total 47 48 71 89 25 

*See Table 8. 
**See Table 8. 

-X- CO 



Table 21. Comparison of the genotype frequencies with the crossover TSgions re'quired by the three 
possible chromosomal marker models -̂ Cross IV IS 

Medium " G e n o t y p e F r e q u e n c y 

MM- + + + + 0 
+ ade + + + s t r 0 

+ .+ ade s t r <•' 2 

MM 
+ his 

MM 
+ trp 
ade 
str 

MM ' 
+ trp 
his 
str 

+ 

+ ' 
.•k 

+ 
+• 

+ 
t£E 
+ 
trp 

+ 
trp 
+ 
t££ 

*See Table 9, 

+ 

* + 
+ 
his 
his 

+ 
+ 
+ 
+ 

+ 
+ 
his 
his 

* 

•ade 

+ 
+ 
+ 
+, 

+ 
- + 
ade 
ade 

+ 
+ 
+ 
+ 
-

+ 

+ 
str 
str 
+ 

str 
str 
str 
str. 

str 
str 
str 
str 

0 

0 
0 
1 
66 

0 
43 
0 
50' 

0 
92 
1 
0 

^ 

s t r 

_L 
1,2 
1,3 
1,4 . , 
1 ,2 ,3 ,4 

1,2 
1,3 
3 ,4 
2 j4 

1 , 3 ' 
2 , 3 ' 
1,4 
2 ,4 

1,3 
2 , 3 
3 ,4 
1 ,2 ,3 ,4 

t r p - 3 cml -5 X h i s - 6 ade-10 strA6)' : 

h i s h i s 

s t r ade-

ade 

C r o s s o v e r s 

3 ,4 
1 ,2 ,3 ,4 
1,4 
2 ,4 

3 ,4 
1 ,2 ,3 ,4 
2 , 3 
1,3 

1 ,2 ,3 ,4 
I , 2 

1,4 
1,3 

1,2,3^4 
I , 2 

2 , 3 
2; 4 

I n d i c a t e d Model 

2 , 3 
*1.3 
1,4 

.2,4-. , 

2 , 3 
1,3 
3 ,4 • 
1 ,2 ,3 ,4 

1,3 
1,2 
.1.4 
1,2,3' , 4. 

1,3 
1,2 
3 ,4 
2 ,4 

1 ,2 ,3 

1 or 2 

1 or 2 

1, 2 or 3 



Table 22. SoBfogationiuf IhtspJpctod Alleles (Cross IV) * 

i 

(trp-3 cml-5) X,(hi:i~6 ade-10 strA6) 

125 

Medium 1 (MM + ade)'. , Medium.,2 (MM + -his) 

Selected alleles: his4"/"trp4* "Selected alleles:" ade'Vtrp4" 

ade4" 
str ̂  0 
str+ 0. 

ade 
2 
0 

Chi-square cannot be 
calculated 

his+ his" „ 
• str . 0 . 1 , 

str4" 0 -66 

Chi-square cannot be 
calculated 

Medium 3 (MM + his trp str) 'Medium 4 (MM "+ ade trp and str) 

Selected alleles: ade+/str» Selected alleles: his+7str 

M s ± his" 
trp4" ' 0 1 
trp 92 0 

Chi-square = 24.43 
P<.001 

. * adei ade~ 
trp+ 0 0 
trp • 43 50 

Chi-square cannot be 
calculated 

Conclusion: 

1, his-6 and trp-3 are adjacent * „ i 

*See Table 10. Values for each genotype frequency are taken from column 
A in Table 20. I 
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Table 23. Chloramphenicol production in progeny from cross IV*' 

(trp-3 cm>=5^X (his-6 ade-10 strA6) 

Genotype Number Chloramphenicol produces' 
screened Number ' % 

trp + + str 31 • .3 10 

+ his. + str 24 24 100 

+ his + + 9 2 22 

trp + ade str 10 0 0 

trp + + + ** 46 0 0 

'--See Table 11. 

«*Pa'rental type 
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Figure 13. Relative order of auxotrophic and cml markers from crosses 

,'I-IV. cml-1 lies in the arc between his-6 and lysA7 and 

eml-5 and cml-7 lie in the arc between his-6 and strA6. 

Due to the ambiguity of the data concerning its location 

the marker trp-3 "has not been included. 
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nic-6 

ade-10 

cml-1 

'cml-s 
cml-7 

strA6 



129 

Table 24. Chloramphenicol production in progeny from crosses between 
Cml mutants and VS206* 

• t 

Cml Progeny genotypes 
mutant + + + str + his + str . + + ade str 

Cml-2 

Cml-3 

Cml-6 

Cml-8 

Cml-9 

Cml-ll 

Cml-12 

Number 
tested 

£8 

57 

47 

48 

20 

39 

43 ' 

Cml+ 

2 

0 

1 

1 " 

0 

0 

3 

Number 
tested 

8 

7 

21 

13 

3 

13 

»19 

Cml+ 

8 . 

7 

' 21 _ 

13 

3 

13 

19 

Number 
tested 

31 

31 

29 

27 

20 > 

20 

11 

Cml" 

9 

2 

12 

10 

7 

11 

7 

* A sample of progeny from the three recombinant classes indicated was 
screened for chloramphenicol production. The number of colonies of 
each genotype screened and the number ̂of these that were chloramphen­
icol producers is listed for each genotype. In the far left-hand col­
umn the Cml mutant acting as the parent in each cross is listed. 
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DISCUSSION 

I . Growth and Chloramphenicol Production on Various Amino Acids 

When i n d i v i d u a l amino ac ids were used as the so l e source of 

nitrogen for growth of S. phaeochromogenes and S. venezuelae, chloram­

phenicol t i t r e s in cultures growing on amino acids that supported rapid 

growth were lower than in those that" supported slow growth. S imi la r 

r e s u l t s were obtained with c u l t u r e s of- S_. venezuelae s t r a i n 13s 

(Westlake et a l . , 1968; Shapiro and Vining, 1983). These observa t ions 

indicate a possible link between chloramphenicol production and primary 

metabolic pathways t h a t con t ro l n i t rogen u t i l i z a t i o n . The s i m i l a r 

r e l a t i o n s h i p between growth and chloramphenicol production in S. 

venezuelae and j3. phaechromogenes cultures with each amino acid suggests 

that the same reguldtory mechanisms function in both organisms. Control 

of a n t i b i o t i c b iosyn thes i s through n i t rogen metabo l i t e r e g u l a t i o n 

appears to be common among streptomycetes and has been reported in the 

b iosyn thes i s of nour seo th r i c in in Streptomyces noursei (Grafe et a l . , 

1977) cephalosporin in Streptomyces c l avu l ige rus (Aharonowitz and 

Demain, 1979), and tylosin in S. "fradiae (Omura et al.,' 1984). 

II. Screening of Chloramphenicol-producing Streptomycetes 
for Plasmid MA 

Of e ight chloramphenicol-producing streptomycetes screened using 

the rapid alkaline-extraction technique, only S. phaeochromogenes NRRLB-

3559 was found to contain ccc DNA. This may be an underestimate of the 

frequency with which plasmids occur as the technique may not have 

revealed large plasmids. However, a s imilar ly low (2/21) frequency of 
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piasmid-conta in ing s t r a i n s was repor ted by Orauxa e t a l . (1981) in a 

sample of macrolide-producing streptomycetes examined using a technique 

that allowed very large plasmids to be isolated. Also consistent with 

t h i s low frequency are the f indings of Daniel and Tiraby (1983) who 

found only 21 p lasmid-conta in ing s t r a i n s in 120 d i f f e r e n t s t r e p t o -

mycetes. Moreover, the proport ion of such s t r a i n s among a n t i b i o t i c 

projiucersjtas. no higher than the "proportion among nonproducers, leading 

tA the conclusion that plasmid-borne genes are not necessarily involved 

in a n t i b i o t i c b io syn thes i s . S l i g h t l y higher p ropor t ions of p lasmid-

containing s t r a i n s were found in screening s t u d i e s by Kirby et a l . 

(1982) and Okanishi et a l . (1980); however, both groups concluded t h a t 

plsmids are not ubiquitous in Streptomyces. 

Although gene t i c s t u d i e s (Akagawa e t a l . , 1979) had suggested 

possible plasmid involvement in chloramphenicol production in S. vene­

zuelae ISP5230, no plasmid DNA could be ^isolated from the S. venezuelae 

s t ra in used in the present studies, although i t i s derived from the same 

parental stock. Only the rapid-alkaline extraction and density-gradient 

cen t r i fuga t ion techniques were used, but the a p p l i c a t i o n of severa l 

other plasmid isolat ion techniques to a s t ra in of S. venezuelae ISP5230 

received from A. Seino, Kaken Chemical Co., as s t r a i n KCCS-0526 a l s o 

failed to reveal ccc DNA (Z.Ahmed, personal communication). Okanishi et 

a l . (1980) and Kirby e t a l . (1982) have recen t ly reported f r u i t l e s s 

•attempts to i s o l a t e plasmid from t h i s s t r a i n . I t seems t h a t , i f ]3. 

venezuelae ISP5230 harbours a plasmid, i t possesses unusual charac ter i s ­

t i c s , i .e . i t may be very l a rge or poss ib ly even l i n e a r (Hayakawa e t 

al. , 1979) so that i t s i sola t ion i s not possible by standard techniques. 
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I I I . Elimination ofpJVl 

r— c > f o > D 

Neither ethidium bromide t rea tment nor protoplast formation and 

regeneration alone proved effective in eliminating pJVl from cultures of 

S. phaeochromogenes. Ins t ead , a combination of both procedures" was 

used; ethidium bromide treatment generated a s t r a in , EB116,' carrying a 

putative low-copy-number plasWMd. Subsequently a plasmid-free deriva­

t i v e , s t r a i n SP2, was obtained a f t e r sub jec t ing s t r a i n EB116 t o 

protoplast formation and'regeneration. That ' s t ra in SP2 was indeed pJVl" 

a 
and did not harbour the plasmid in an integrated state was demonstrated 

by probing total DJfA of strain SP2 with P-labeled pJVl; no evidence of 

hybridization was seen, even after X-ray film was exposed to the nitro-

cellulose filter for 5 d. °, ' ',' 

. Although the copy number of pJVl was not determined in this study, 

the large amount of plasmid DNA extractable from S. phaeochromogenes 

mycelium suggests that the plasmid multiplicity is very high. This may 

explain why pJVl was difficult to eliminate from the wild type' strain 

whereas it could be eliminated from strain EB116 by protoplast formation ' 

and regeneration with relative ease. Ho.pwo'od (1981) considered the 

possible involvement of plasmid copy number in determining the effect­

iveness of curing by protoplasting. He reported that two low copy 

' number plamids, SCPl and »SCP2 could be eliminated, using this technique 

" while SCP2" could not. This he attributed to the higher copy number" of 
-ft - i 

SCP2 . However, in^ their work with Staphylococcus aureus, Novick et al.' 

'(1980) found that the curing effect of protoplast fprma-tiion and regen-

eration was not related to copy number as all of the curable plasmids 

they observed* had greater copy numbers than the noncurable ones. They 
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suggested that plasmids from the former group may be associated with the 

ce l l envelope while those from the l a t t e r might' be associated with the 

chromosome. Since the mechanism by which plasmids are eliminated from 

protoplast regenerants remains obscure and may differ in the mycelial 

Streptomyces from that operating in unicel lular G-ram^positive bacteria, 

the potent ia l conflict in these observations cannot be resolved without 

further study. The poss ib i l i ty tha t pJVl i s associated differently with 

ce l lu lar components of s t ra in EB116 compared with s t ra in SPl, making i t 

easier to 'e l iminate , seems unlikely but has not been excluded. 

The nature of the defect in s t r a in EB116 has not been inves t iga t ed 

in the present study; however, the observation that pJVl can be r e in t ro ­

duced in to a g e n e t i c a l l y marked d e r i v a t i v e of s t r a i n SP2 in mixed 

cul tures with s t ra in SPl and i s reestabl ished-at an apparently high copy 

number (R. Mosher, personal communication) i s c o n s i s t e n t with s t r a i n 

EB116 having an a l t e r e d / plasmid (pJVlOl) r a t h e r than a chromosomal 

mutation affecting plasmid maintenance. Any sxfch plasmid a l t e r a t i o n 

could not involve large changes in the amount of DNA as plasmid DNA from 
~ i 

s t ra in EB116 has the same electrophoretic mobility a s ' t h a t from s t ra in 

SPl . 

„IV. Chloramphenicol'Production in Strains SPl, SP2, and EB116 
•i 

To obtain/rlie pJVl-cured strain it was necessary to expose SPl to 

ethidium bromide before protoplast formation and regeneration. Treat­

ment with ethidium bromide 'has been known to produce DNA rearrangements 

and deletions in .streptomycetes (Schrempf, 1963). Even the process of 

protoplast formation and'regeneration, once regarded as a ge"ntle and 

"safe1.1 method of plasmid elimination, has been reported to cause pheno-
j 
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so* 

t yp i c a l t e r a ' t i o n s which cannot be a t t r i b u t e d s o l e l y to plasmid l o s s 

(Furumai et a l . , 1982; Ikeda et a J.., 1983). I t i s poss ib l e , t h e r e f o r e , 

tha t s t r a i n s SP2 and EB116 have^^^juwlergone d i f f e r e n t chromosomal 

changes. 

Despite this possibility no differences were found between strains 

SPl, SP2 and EB116 when growth and chloramphenicol production levels in 

glucose-isoleucine medium were compared. This strongly suggests that 

pJVl is not involved in chloramphenicol biosynthesis. A similar finding 

was reported by Ahmed and Vining (1983j): elimination of plasmid pUC3 

from S_. venezuelae0 strain 13s had no effect on chloramphenicol 

production. These results do not exclude the,possibility that an as> yet 

unidentified plagmid may be involved in antibiotic production in these 

two species. 

v* Isolation of Chloramphenicol-nonproducing Strains 

a. Mutagenesis 

Of the four mutagenic treatments employed, long-wavelength u l t r a ­

v i o l e t i r r a d i a t i o n i n the presence of 8-methoxypsoralen and s h o r t -

wavelength u l t r a v i o l e t i r r a d i a t i o n in the absence of caffeine yielded 

the h ighes t f requenc ies of nonproducing mutants from s t r a i n HP-1. 

Contrary to previous resu l t s with S. venezuelae s t ra in 13s (Francis e t 
. *• 

al . , 1975), "posttreatment with caffeine did not increase the mutagenic 

effect of shor t -wavelength r a d i a t i o n . However, s l ight differences in 

method a"s well as s t ra in differences may account for the discrepancy. 

The mutagenic methods used were chosen to maximize, the number of 

chloramphenicol nonproducers l ikely to bear only single point mutations. 
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Nitrosoguanidine, which i s an eff icient mutagen in Streptomyces (Dolic 

et a l . , 1970) was not used s ince i t produces "clustered mul t ip le 
' 4 

mutations in . bacteria'such as E. col i (Cerda-Olmedo et al . , 1968). Such 

mutations would hinder subsequent genetic analysis. < \ 

b . Mutant characterization 

i . Cml-1 and Cml-12f 

Of the twelve mutants isolated, Cml-1 and Cml-2 produced chloram-
i - ^ . • " 

phenicol when grown in production medium supplemented with _p_-amino-

phenylalanine and were therefore blocked in the i n i t i a l stage of chlor-
i 

amphenicol biosynthesis' - the conversion of chorismic acid to p_-amino-" 

phenylalanine (Jones and Vining, 1976). The poss ib i l i ty that either of 

these mutant's was blocked in the syn thes i s of chorismic acid can be 

ruled out because both s t ra ins were prototrophic and thus could produce 

chorismate-derived amino acids and cofactors. The conclusion that Cml-1 

was blocked in th i s i n i t i a l step i s strengthened by the finding that no 

arylamine synthetase ac t iv i ty could be found in ce l l extracts whereas 

ac t iv i ty was detected in extracts of the parental s t ra in , HP-1,--prepared 

under similar conditions (R. Bhatnagar, personal communication). "Cml-12 

has not yet been tested for arylamine synthetase ac t iv i ty . Furthermore 

chloramphenicol i s produced when Cml-4 and Cml-5 (which excre te p_-

aminophenylalanine) are grown in mixed cu l tu re s with e i t he r Cml-1 or 

Cml-12. The weak cosynthesis observed with another _p_-aminophenylalanine 

excretor, Cml-8, i s a t t r ibutable to the smaller amount released by th i s 

mutant. 

Jones and Vining (1976) and Jones et al, (1978) have suggested /that 
/* 

the conversion of chorismic acid to £-aminophenylalanine proceeds in at 
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l e a s t two s t e p s , namely a romat iza t ion producing p_-amin«phenylpyruvic 

acid followed by transamination t o y ie ld p_-aminophenylalanine. This 

proposal was consistent with the discovery in cultures of S. venezuelae 

•strain 13s of an aminotransferase that accepts £-aminophenylalanine as a 

s u b s t r a t e (Jones e t a l . , 1978). I t i s not known a t which s t ep mutants 

Cml-1 and Cml-12 are blocked and the in s t ab i l i t y of p_-aminophenylpyruvic 

acid prevents i t s use in feeding s t u d i e s to loca te the l e s i o n , but i t 

would be i n s t r u c t i v e to examine c e l l e x t r a c t s for aminotransferase 

ac t iv i ty . 

i i . Cml-2 

Mutant Cml-2 accumulated three aromatic nitro-compounds identif ied 

as: D-threo-l-p-nitrophenyl-2-isobutyramido-l,3-propanediol, •J2-threo-

1 -_p_-nitrophenyl-2-propionamido-l,3 -propanediol and D-threo-l-;p-nitro-

phenyl-2-acetamido-l,3-propanediol. ' * 

These same three derivatives of jwiitrophenylserinol are produced 

by S_. venezuelae in halide-free medium (Smith, 1958) and by Goryneba'q-. 

ter ium hydrocarboclas tus (Shi rahata et a l . , 1972). Trace amounts of) 

these compounds have also .been repor ted t o accompany chloramphenico.l. 

under conditions of ant ib io t ic synthesis in S, venezuelae (Stratton and 

Efebstock,1963)J'he f inding t h a t concentrated bro ths of Cml-2 gave weak 

inhibit ion of M. luteus i s consistent with the findings of Suzuki et 

a l . (1972) that thege compounds possess an t ib io t ic act ivi ty . 

Since i t produces th ree nonchlorinated chloramphenicol analogues, 

Cml-2 appears to be blocked in the reaction that chlorinates the N-acyl 

group of chloramphenicol. Simonsen et a l . (1978) proposed a model for. 

the.dichloroacylation reaction in which N-malonyl-p_-aminophenylserine i s 

the substrate for a chloroperoxidase enzyme. The finding that neither 
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N-malonyl-:j>-aminophenylserine nor i t s d e r i v a t i v e s were1 accumulated by 

Cml-2 sugges t s t h a t the acyl s u b s t i t u e n t might be ch lo r ina t ed before 

attachment to the phenylpropanoid Intermediate. In the absence of the 

h a l o g e n a t e d a c y l a t i o n subs t r a t e* , a low s p e c i f i c i t y t r a n s f e r a s e 

catalyzing the acylation reaction vmay accept less preferred substrates 

such as acetyl , propionyl and isobutyryl coenzyme A. 

* i 

i i i . Mutants Cml-4, Cml-5 and Cml-8 

' Three mutants, Cml-4, Cml-5 and Cml-8 accumulated a polar aromatic 

amino-compound that could be isolated using cat ion-exchange chromato­

graphy. This compound was identif ied from i t s H-NMR spectrum and by 

chromatographic comparison with an authentic sample, as _p_-aminophenyl-
t. . ^ _ ' „ • . 

alanine. I t i s a direct precursor of chloramphenicol (Siddiqueullah et 

al . , 1967) and has been detected -op the myce'lium of producing cultures 

/(McGrath e t a l , , 1968). I t has a l so been detec ted in c u l t u r e broths of 
*' , . \ .. . 

> • \ i > 

Cml-2, the producing s t ra in HP-1 (d|(ta not shown), and corynecin-produ-
i ..„ 

cing cul tures , of Corynebacterium hydrocarboclas tus (Nakano et a l . , 
u
 O B 

1976). 

No p_-aminophenylserine was de tec ted in the, culturev broths o"f 

mutants Cntl-4, -5 and -8." .;It«, is" likely, therefor^ tha t they are blocked 

in the conversion of £-a"mino phenyl a l an ine t o j ) -aminophenylser ine. 

Cohsistent with t h i s suggestion is„ the finding that no jj-aminophenyl-

alanine S-hydroxylase ac t iv i ty could be detected in Cml-4 (R. Bhatnagar, 

personal communication). Mutants Cml-5 and Cml-8 have not yet been 

tested' for th i s activity., A further confirmation that these mutants are 
? 

blocked in the hydroxylation reaction would be the demonstration that 

they produce chloramphenicol .when suppl ied with p_-aminophenylserine. 
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Unfortunately, th is compound was not available for feeding studies. 

Akagawa et a l . (1979) reported t h e ' i s o l a t i o n of a mutant of _S„ 

venezuelae ISP5320 which excreted deoxychloramphenicol and was puta-

t ively blocked in th i s same g -hydroxylation reaction. The* mutant acc­

umulated only one tenth as much p_-aminophenylalanine as the producing 

s t ra in from which i t was derived and ce l l extracts showed only abput one 

tenth of the arylamine synthetase ac t iv i ty . By contrast , mutant Cml-4 

had sl ight ly elevated arylamine synthetase ac t iv i ty compared with that 

found in HP-1 (R.* Bhatnagar, personal communication) and neither Cml~4, 
-. 

-5 nor - 8 accumulated deoxychloramphenicol. No explanation for these 
* <i - "* , 

differences can be offered at this time.-* , 
• t 

'Culture broths of "Cml-4 and Cml-5 also contained an aromatic nitro 

compound^ which could be extracted from acidified broths and was tenta-
t ' 

t ively identified*by i t s chromatographic "properties as N-acetyl-p_-nitro-

phenyla lanine . This compound accumulates in small amounts and i s 

presumably derived from j>-aminophenylalanine by; the ac t iv i ty of enzymes 

catalyzing the acylation and oxidation reactions .normally found in the 

pathway. That these enzymes should accept the nonhydroxylated substrate 

i s i l l u s t r a t i v e of t'he lo-w s u b s t r a t e s p e c i f i c i t y of many enzymes 

involved in secondary metabolism (Martin and Demain, 1980). The 

apparent ac t iv i ty of these enzymes diminishes the poss ib i l i ty that Cml-4 

and Cml-5 have blocks further on in the pathway indirect ly responsible 

for j*-amino phenylalanine accumulation. 

Ext rac ts of Cml-5, showed an inc rease in aromatic amine content 

following acid hydrolysis, suggesting that an acylated aromatic amine i s 

present . Such a compound; 2-dichloroacetamido-3-(p_*-acatamidophenyl) 

• propan-1-ol, has been isolated from chlofamphenico\lproducing cultures to 
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which £-nitrophenylserinol had been added (Wat et a l . , 1971). The l a t t e r 

compound, i t was suggested, i n h i b i t e d the hydroxyla t ion of js-amino-

phenyla lanine to £-aminophenylsorine.* The p_-aminophenylalanine thus 

accumulated was modified by dichloroacetylation and reduction but under­

went acetylat ion instead of oxidation at the jj^araino group. 2~DLchloro-

acetamido-3-(jj_-acetamidophenyl),propan-l-ol could- not b.e d e t e c t e d i n 1 

culture broths of Cml-5 and i t was c'oncluded that *the "masked aromatic 
- ' ' ^ ' . ' 

amine* accumulated might be p_-acetamidophenylalanine or N-acetyl-j_-ace-

tamidophenylalanine (or both). 

i v . Mutants Cml-3 and Cml-10 

nyls Mutants Cml-3 and Cml-10 accumulated p-aminophenylalanine i n t r a ­

ce l lu la r ly whereas no such in t r ace l lu l a r accumulation„could\bedetected 

in the jj-aminophenylalanine excretors, Cml-5 and Cml-8, using" the same 

technique. This observation ra i ses the poss ib i l i ty that mutants Cml-3 

and Cml-10 are somehow defective in excretion of chloramphenicol i n t e r ­

mediates . 

v. Mutants Cml-6, - 7 , - 9 , and-11 

Four m u t a n t - s t r a i n s (Cml-6, - 7 , -9 and -11) did not accumulate 

aromatic amino- or nitro-compounds e i ther ext racel lu lar ly or i n t r a c e l ­

lu lar ly , nor were any "masked" aromatic ' amino-compqunds formed. They 

also fai led to produce chloramphenicol whenaf ed* JJ-aminophenylalanine. 

Several pos s ib i l i t i e s might explain this.phenotype; i ) the mutants have 

suffered mult is i te mutations. This seems imp-rofiable because s i m u l t -

aneous a c q u i s i t i o n of ' two or more independent mutat ions would be a 

r e l a t i v e l y r a re event u n l i k e l y t o account for the high propor t ion of 

"nonexcre tors" found, i i ) they are de fec t ive i n the s n t h e s i s of p_-
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nminophenvlpyruvie acid which might act5 at* an inducer for the synthesis 

of other•chloramphenicol biosynthetic enzymes. This possibi l i ty could 

not be,tested since the-potential inducer i s too unstable to be synthe­

sized, i i i ) , the mutants accumulate enzyme-bound,intermediates, .as is 

the case with some of the peptide ant ib io t ics (Kurylo-Borowska, 1975; 

Kurahashi, 1974). i v ) they accumulate in t e rmed ia te s which act a s ' 

powerful feedback effectors and turn off ear l ie r steps in the pathway, 

v ) they are regula tory mutants. This l a s t suggestion r a i s e s the 

possibi l i ty that these mutants are blocked in the"production of a bio-

regulator such as A-factor, a substance which i s excreted by S. griseus 

and S. bikiniensis and i s essent ial for strep'tomycin production, s t rep­

tomycin r e s i s t a n c e , and spore formation in these species (Hara and 

Beppu, 1982a,b). however, the observation that none of the mutants in 

th is group (Cml-6, - 7 , -9 and -11) produced chloramphenicol when grown 

in any pairwise combinations with other mutants, including those that 

accumulated p_-aminpphenylalanine or corynecins and are thus unlikely to 

be lacking a bioregulator, tends to exclude th is suggestion. 

The fai lure to obtain mutants accumulating intermediates other than 

. p_-aminophenylalanine and the corynecins might be due to the low specif i-« 

c i t y of add i t iona l enzymes in the pathway. Mutants of Streptomyces 

aureofacieys blocked in early steps in the tetracycline pathway produced 

congeners which retained a high level of an t ib io t ic ac t iv i ty (VanSk et 

a l . , 1971)> A s i m i l a r s e r i e s of events in S_. venezuelae might y i e ld 

mutant s t r a i n s t h a t wou^d have escaped a t t e n t i o n s ince the i n i t i a l 
p 

screening was for absence of a n t i b i o t i c a c t i v i t y . Again, a fur ther 

poss ibi l i ty might be that some mutants accumulate enzyme-bound in te r -

'mediates. J 
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VI . p-Aminophenylalanine B-Hydroxylase 

Cell extracts of S. venezuelae converted _D_-aminophenylalanine to a 

product , probably D_-aminophenylserine, more susceptible tc^ periodate 

oxidat ion . Although conclusions from t h i s p re l imina ry evidence are 

necessarily tenta t ive , t h i s ac t iv i ty i s expected to be associated with 

the chloramphenicol pathwayyWzyme responsible for g-hydroxylation of £.-

aminophenylalanine (Figure 2 ). The "conclusion i s strengthened by the 

finding that ce l l extracts of Cml-4, a mutant thought to lack such an 

enzyme, did not convert p_-aminophenylalanine to a periodatc-oxidizable 

product (R. Bhatnagar, personal communication). 

VII. Chloramphenicol Resistance in Strain HP-1 and the Cml Mutants 

Cultures of s t ra in HP-1 were sensi t ive to chloramphenicol early in 

the growth phase before production of endogenous Sntfibiotic began, but 

became r e s i s t an t after the onset of an t ib io t ic biosynthesis. Resistant 

cultures of s t ra in HP-1 grown in the absence^of chloramphenicol returned 

to a more s e n s i t i v e s t a t e . Thus, chloramphenicol t o l e rance in s t r a i n 

HP-1 resembles that in ano'ther chloramphenicol producer, _S. venezuelae 

s t ra in 13s (Malik and Vining, 1972). 

All 12 Cml mutants^ ware s e n s i t i v e tb chloramphenicol added at a 

stage of growth in which the producer, s t r a in HP-1, had become tolerant . 

Furthermore, Cml-9 was more s e n s i t i v e than s t r a i n HP-1 to chloram-

phenicol added a t the beginning of growth. This i s in agreement wi th 

Akagawa et a l . (1979) whc/ reported that low and nonproducing mutants of 

S. venezuelae ISP5230ywere more sensi t ive to chloramphenicol than the 
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chloramphenicol-producing strains from .which they were derived. When 

chloramphenicolLsupplemented Cml- cultures eventually grew, the cells 

were then chloramphenicol resistant. However, mycelium transferred into 

fresh chloramphenicol-containing medium lagged slightly behind unsupple­

mented cultures in growth. 'This lag may be due to heterogeneity of the 

culture's, with, respect to resistance. Only in one of the Cml mutants 

tested was chloramphenicol resistance accompanied by reversion to a 

chloramphenicol-producing phenotype. . 

A surprising finding was that resistant Cml cultures grown for 7 d' 

in the absence of chloramphenicol did not return to a sensitive state as 

did the parent HP-1 strain and as also reported for S. venezuelae strain 

13s (Malik and Vining, 1972). This implies that the mechanism of resis­

tance in the Cml mutants is different from thatyin the producing strain. 

Malik and Vining (1972)' suggeste*djjHfct chloramphenicol tolerance in S. 

venezuelae strain 13s is established through the reversible development 

of a permeability barrier which excludes antibiotic from the site of 

protein synthesis. It is possible that this mechanism"is inextricably 

linked to chloramphenicol biosynthesis and that, in its absence, Cml 

mutants under selective pressure have acquired resistance by a different 

mechanism, possibly through modification of the 50s ribosomal subunit. 

Ribosomal modification through the action of specific methylases has 

been shown to-be the mechanism by which the erythromycin producer, 

Streptomyces erythraeus (Skinner and Cundliffe, 1982) and the thiostrep-

ton producer Streptomyces azureus (Cundliffe, 1978) protect themselves 

from the toxicity of products that they produce. As an alternative to 

target- site modification, the Cml mutants mayhave acquired changes 

altering the reversibility of the resistance mechanism normally found in 
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producing strains. Mutations causing constitutive rather than inducible 

resistance in producing strains to the macrolide, lincosamide and strep-

togramin type antibiotics have been described (Weisblum et al., 1982). 

•Clearly,' these suggestions require further study and might be exploited 

by examining the susceptibility of ribosomes from resistant Cml mutants 

to the inhibitory effects of chloramphenicol, as well as by examining 

uptake' of the antibiotic. ' 

VIII. Fertility in Streptomyces venezuelae 

Recombinants, were obtained at very low frequencies in crosses 

between Cml mutants and the auxotrophic chloramphenicol-producing 

strains, VS160 and VS113. However, fertile derivatives of S. venezuelae 

(strains VS191 and VS192) were obtained following protoplas 

and regeneration.of strain VS113 (C. Stuttard and K. Wong, personal' 

communication). In spot-patch tests on MYM agar.i spots of strain VS113 

/ 
elicited inhibition of growth (lethal zygosis) of both VS191 and VS192, 

and these latter strains elicited the reaction, in each other. A third 

fertile strain, VS194, was derived from VS191 after protoplast formation 

and regeneration. Both VS191 and VS192 as*well as strain VS113 elicited 

lethal zygosis in this strain." Subsequent tests showed that the proto-

i. 

plasting treatment was probably irrelevant in the generation of lethal 

zygosis-sensitive strains from strain VS113 as these could be isolated 

with the same frequency from spores of unprotoplasted single colony 

isolates (C. Stuttard and K. Wong, personal communication). 

Since lethal zygosis has often been shown to accompany plasmid 

transfer (Murakami et al., 1983; Ohnuki et al., 1983), it is possible 

that strains VS191, VS192 and VS194 have lost fertility plasmids which 
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a re as ye t un iden t i f i ed . The increased f e r t i l i t y oi: these s t r a i n s in 

c rosses with other d e r i v a t i v e s of S_. venezuelae, including the CmJ. 

mutants which are presumably f e r t i l i t y plasmid4", might be due to 
> , • * 

increased recombination in p lasmid - x plasmid"*" crosses compared with 

plasmid + x plasmid+ crosses. This would resemble the s i tuat ion with 

• f e r t i l i t y plasmids SRPl in S. rimosus (Friend et a l . , 1978) and SCP2 in 

S. co e l ic ol or A3(2) (Bibb et a l . , 1977). 
_ i , ^ 

Any explanation for the increased f e r t i l i t y of s t ra ins VS191*, VS192 

and VS194 can be only t e n t a t i v e a t t h i s t ime as very l i t t l e i s known 

a b d | t conjugat ional f e r t i l i t y in Streptomyces. In severa l o ther 

bacter ia l and fungal systems there i s considerable evidence for soluble 

f a c t o r s t h a t in f luence gene t i c exchange (Gooday, 1974 and Goldfarb e t 

a l . , 1973). In St reptococcus faecal i s , for example, plasmidless 

recipient s t ra ins excrete pheromones "(Durmy et al . , 1979). Conjugative 

plasmids in donor s t ra ins prevent the formation of endogenous pheromones 

but a l low these s t r a i n s to respond to exogenous pheromone by forming 

aggregating clumps of ce l l s . Plasmid and chromosomal gene transfer i s 

thus fac i l i t a ted . In several instances, plasmids appear to be involved 

In f e r t i l i t y i n Strept-omyces (Bibb e t a l . , 1977, 1981; Hopwood e t a l . , 

1983; Kieser "et a l . , 1982). Indeed, the f e r t i l i t y of some s t r a i n s has 

been increased by in t roduc ing plasmids from other species (Kieser e t 

al . , 1982; Hopwood, 1984). Whether plasmids are essent ia l for a l l gene 

exchange in Streptomyces and i f so what ro le they play i s yet unknown. 

Their possible involvement in the production of substances or structures 

that promote ce l l contact or fusion leading to gene exchange, or thei r 

involvement in chromosomal gene mobi l i za t ion or recombination i s an 

in teres t ing area of further study. 
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L X. Mapping the cml Genes 

All of the cml mutations isolated (except Cml-4 and Cml-10 which 

have not yet been included in crosses)" mapped to the chromosome of S_. 

venezuelae in the arc between h i s - 6 and strA6, opposi te the ade-ilO 

region. Furthermore, when, colonies a r i s i n g from unse lec ted spores 

harves ted from crosses between Cml and Cml - .parents were t e s t e d for 

chloramphenicol product ion, rione of those bearing the auxotrophic 

markers of the nonproducing.parent in each c ross were Cml+: This 

suggested t h a t t he re was no independent t r a n s f e r of chloramphenicol 

genes in the absence of chromosomal marker t ransfer . From the resu l t s 

of t h i s study i t appears t h a t at l e a s t th ree of the chloramphenicol 

bios 'ynthet ic genes - those coding for arylamine synthetase, p_-amino-

phenylalanine fj-hydroxylase, and the enzyme responsible! for chlorination 

- are located on the chromosome in the same arc. Mutations in s t r a ins" 

that did not accumulate ident i f iable intermediates, and in s t ra ins that 

accumulated p_-£aminophenylalanine in t r ace l lu la r ly , also mapped to th i s 

region.-' i In so far as elements regulating chloramphenicol biosynthesis 

are represented by the former- group, these a l l appear to be located in"" 

the same chromosomal region. 

Akagawa et a l . (1979) r epor t ed tha t f i ve chloramphenicol pathway 

muta t ions , one causing production of deoxychloramphenicol, ' and four 

o thers which were for the most par t uncharac te r i zed , mapped to the Ŝ . 

venezuelae chromosome between met and i l v markers . Assuming a 

s imi la r i ty between the S. venezuelae and S, coelicolor A3(2) maps, the 

met marker was thought to correspond to metA in S. c o e l i c o l o r and the 
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i lv marker to ilvH- (Akagawa et a l . , 1975). • If as we predict , the h is -6 , 

ade-10 and,strA6 markers used in t h i s present study correspond to a 

l es ion i n the hisA, ^ C_j_ F_j_ G^ 1̂  c l u s t e r , adeA or C and strA in Ŝ  

• coelicolor A3(2), then our Cml°mutations and those mapped by Akagawa et 

a l . would be" located in the same a rc . -

The three low-producing s t ra ins isolated by-Akagawa et a l . (1979) 

after treatment with "curing" agents carried mutations that showed no 

, l i n k a g e with chromosomal markers , and crosses between such s t r a i n s 

fa i l ed to y ie ld recombinants t h a t were high producers. These low 

producers were presumed therefore, to have los t a plasmid with a regula­

tory r o l e in i nc reas ing chloramphenicol" |ftroduc'ti on l e v e l s . Several 

, r e s u l t s presented in t h i s study r a i s e doubts about t h i s suggestion "of 

plasmid involvement: i ) plasmid DNA was not detected in the majority of 

chloramphenicol-producing s t ra ins ; i i ) pjyi , the only- plasmid isolated 

from the eight producers screened, does not appear to have'any role in 

chloramphenicol production;, i i i ) mapping studies using blocked mutants 

f a i l ed to provide any evidence'of extrachromosomal genes involved i n 

chloramphenicol production; iv) no physical evidence of a plasmid in 

£• venezuelae s t ra in HP-1 could be obtained. I t has been suggested (C. 

S tu t t a rd , personal communication) t h a t t h e l e tha l zygosis phenomenon 

seen when VS113 i s spot ted on lawns of the f e r t i l e s t r a i n s , VS191, 

VS192, and VS194 could r e s u l t from absence of one or more f e r t i l i t y 

plasmids in these l a t t e r s t ra ins . If th i s i s so, such plasmids appar­

en t ly have no ro le in chloramphenicol production as a l l t h r e e d e r i v a ­

t ives of VS113 produce bet ter than 100 ug.mL- of chloramphenicol. 

Although the mechanisms causing i t remain to be fully explained i t 

i s becoming Increasingly obvious that the ins t ab i l i t y of such features 
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as a n t i b i o t i c production in Streptomyces cannot usually be a t t r ibuted 

sole ly . tCLJ^asmid l o s s (Konatsu e t a l . , 1981: Ikeda e t a l . , 1981b; 

Noj i r i et a l . , 1980 and Yi-guang and Davies, 1981). Schrempf (1982), 

for example, demonstrated that although a large plasmid could be e l imi -
V 

nated from s t r a i n s of Streptomyces r e t i c u l i with a c r i d i n e orange or 

ethidium bromide and v a r i a n t s producing no a e r i a l mycelium , s p e r e s , •< 

a n t i b i o t i c substances nor melanin were thus obtained, these v a r i a n t s 

also contained amplified nucleotide sequences within thei r chromosomal 

DNA. The number and s i z e of the a m p l i f i c a t i o n s varied from s t r a i n to 

s t r a i n . I t was assumed t h a t the a l t e r a t i o n s in secondary metabolism 
f * 

were due to changes within both the chromosomal and plasmid DNA s of S. 

r e t i cu l i . Similarly amplified chrGmosomal sequences have been found to 

accompany spontaneous phenotypic changes (chloramphenicol sens i t iv i ty 

and a requirement for a rg in ine) in S. l i v i d a n s 66 (Altenbuchner, 1984) 

and chromosomal deletions have been shown to accompany a l te ra t ions in 

melanin production in S. glaucescens (Hintermann et al . , 1981). Future 

research may>well reveal that mechani$ms such as DNA rearrangement are 

the principal cause of the generally-observed in s t ab i l i t y of secondary 

metabolism in Streptomyces. 
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SUMMARY and CONCLUSIONS 

• 

Of eight chloramphenicol-producing streptomycetes screened for the 

presence of ccc DNA, only S. phaeochromogenes NRRLB-3559 was found to 

harbour a plasmid.* This plasmid, pJVl, could be e l imina ted using a 

combination of two techniques; . ethidium bromide treatment and proto­

plast formation and regeneration. The elimination of pJVl had no effect 

tin chloramphenicol production in S. phaeochromogenes. I t appears that 

plasmid DNA i s not found in most chloramphenicol producers and that pJVl 

in part icular plays no role in the production of th i s an t ib io t ic . 

Twelve mutants of S_. venezuelae ISP5230 blocked in the production 

of chloramphenicol were isolated following treatment of spores with EMS, 

long-wavelength u l t rav io le t l ight in the presence of 8-methoxypsoralen, 

or short-wavelfength u l t rav io le t l ight followed by plating on a medium 

with and without caffeine. One of these mutants accumulates D-threo-1-

p_-nitrophenyl-2-isobutyramido-l,3-propanediol, D-threo-1-p-nitrophenyl-

2-propionamido-l,3-propanediol, and .D- th reo - l -p -n i t ropheny l -2 -ace t -

amido- l ,3-propanedio l and i s presumably blocked in the reac t ion t h a t 

chlorinates the substi tuted a -amino group. Three others accumulated p_-

aminophenylalanine and are probably blocked in *the hydroxylat ion 

reaction that converts th i s compound to p_-aminophenylserine. Two other 

mutants produced chloramphenicol when fed p_-aminophenylalanine and are 

probably blocked in the conversion*of chorismic acid to p_-aminophenyl-

alanine. The above findings were consistent with the overall pathway 

suggested for chloramphenicol biosynthesis but the isolat ion of a mutant 

accumulating non halogenated acyl analogues, of the ant ib io t ic suggests 
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tha t the acyl s u b s t i t u e n t i s , c h l o r i n a t e d before at tachment to the 

r 
phenylpropanoid i n t e rmed ia t e . In the absence of the halogenated 

acylation substrate, a low-specificity acyl transferase catalyzing the 

acy la t i on r e a c t i o n accep t s l e s s p re fe r red substrates such as acetyl- , 

propionyl-, and isobutyryl- coenzyme A. 

Two mutants accumulated _p_-aminophenylalanine in t race l lu la r ly but 

not in culture broths, raising the poss ib i l i ty that they are defective 

iii exc re t ion of chloramphenicol intermediates. The f inal four mutant 

s t ra ins did not accumulate aromatic amino- or n i t r o - compounds e i t h e r 

e x t r a c e l l u l a r l y or i n t r a c e l l u l a r l y , nor did they produce any "masked" 

aromatic amino compounds. The poss ib i l i ty exis ts therefore that some or 

a l l of these are regulatory mutants. 

Cell extracts of S. venezuelae converted _p_-aminophenylalaniW to a 

product, probably £-aminophenylserine, more s u s c e p t i b l e to pe r ioda te bsKddation.* Although conclusions a t t h i s poin t are t e n t a t i v e , t h i s 

ac t iv i ty i s expected to be associated with the chloramphenicol pathway 

enzyme responsible for g-hydroxylation of p_-aminophenylalanine. 

Alitor the chloramphenicol-nonproducing mutants isolated were more. 

s e n s i t i v e to chloramphenicol than the wi ld - type s t r a i n but became 

r e s i s t a n t a f t e r exposure to the a n t i b i o t i c . Unlike t h a t in the w i l d -

type, th i s resistance was not reversible. The nonproducing mutants may 

thus haye acquired resistance by a different mechanism. 

All of the cml mutations included in crosses mapped to the chromo­

some of S. venezuelae in the arc between the markers h i s - 6 and strA6 

opposi te t o the ade-10 reg ion . From the r e s u l t s of t h i s s tudy, i t 

appears that at least* three of the chloramphenicol biosynthetic genes, 
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i .e . those coding for js-aminophenylalanine g-hydroxylase, arylamine 

synthetase, and the enzyme responsible for chlorination, are located on 

the chromosome and in the same arc. 
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APPENDIX 

Table 25.Effect of chloramphenicol supplement on growth (OD^.Q) of 
nonproducing mutants of S. venezuelae 

Culture Supplement* . Age of culture (days) 
2 4 6 - 8 10 12 

, 4 
Cml-1 . + 0.36 0.40 0.60 1.00 1.40 

0.34 1.64 3.20 

Cml-2 + 0.80 0.82 0.96 1.-32 
0.50 1.62 2.40 

Cml-3 + 0.46 0-.50 0.54 0.80 1.26 

Cml-4 + 0.40 0.50 -0.50 0.76 1.20 
0.50 1.50 2.40 

•» 

Cml-5 + 0.06 0.50 0.66 0.80 
0.06 0.40 1.64 2,60, 

Cml-6 + 0.10 0.48 0.60 0.64 , 1.00 
0.14 0.60 1.74 

Cml-7 + ' 0.20 0.66 0.74 1.00 1.64 
- " 0.24 0.80 1.44 2.64 

Cml-8 + 0.08 0.46 0.32 0.56 
0.06 "0.46 1.32 2.60 

Cml-9 + 0.04 0.60 0.80 0.90 1.08 " 1.94 
0.04 0.70 2.40 3.00 

Cml-10 + 0.04 0.46 0.44 0.44 0.45 0.70 
0.04. 0.40 1.36 2.48 

/ 
Cml-ll + 0.20 0.54 0.60 0.60 0.90 

0.08 0.40 0.96 3.00 

Cml-12 + 0.10 0.40 0.46 0.63 1.08 1.74 
0.10 0.55 - 1.50 2.60 • 

* Chloramphenicol (150,*.g.mL~ final concentration) was added where. 
Indicated after 4 d growth in glucose-isoleucine medium. 
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Table 26. Effect of chloramphenicol on growth. (ODg4oX of chloramphenicol-
resistant nonproducing*mutants of S \venezuelae* . ' ' 

Culture Supplement Age of cuff.tu.re (days) 

Cml-1 

Cml-2 

Cml-3 

Cml-8 

Cml-9 

' Cml-10 

CmU12 

* Inocula from cultures grown "In the presence of chloramphen­
icol (150 ug.mL-1-) for"8,r- 9 d were transferred to fresh 
glucose-isoleucine medium with and without chloramphenicol 

' (150 yg-mL-1). 

2 

0.12 
0-.20 

0.24 "' 
0.24 

0 . 1 6 ' 
0.20 

0.20 
o.32 

0.40 
0.70 

0 .20 ' 
0.34 

0.'24 
0.26 

4 

1.16 
1.30 * 

0.80; 
1.60 

- .0 .48 
0.-90 

0.80 
1.10 

1.20 t 

1.80 

1.86 
2.70 

0.60 
0.70 

6 

"2.10 
2.24 

3.60 
2.10 

1.40 
2.40 

1.60 
1.90 

1.80 
2'. 70 

" 3.00 
3.00 

2'.85 
2.85 

http://cuff.tu.re
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Table 27.Effect of chloramphenicol on growth (OD540) of ehloramphWiicol-
resistant nonproducing mutants of JS. venezuelae grown fop one 
week in the absence of chloramphenicol* 

\ 

Culture Supplement Age of culture (days) 

-*-

Cml-1 

Cml-8 

2 

0.10 
0.30 

0.34 
0.44 

0.14 • 
0.20 

0.20 
0.54 

1.08 
1.30 

4 

"l.OO 
1.70 

1.20 
1.54 

2.00 
3.80 ° 

1.80 
2.1Q ^ " 

2 .'80 
3.20 

6 

2.25 
2.85 

1.70 

' It1'95 

R 1.95 
i 

^ Cml-9. 1& 

Cml-10 - • + 

Cml-12 *•+ 

\ »' * • . 

* Chlorampjhenicoljresistant cultures were grown for 1 week iii 
glucose-isoleucine medium in"the absence" of chlpramphenicol. 
Inocula were then transferred from these cultures to fresh. -
glucose-isoleucine medium with,and without chloramphenicol 
supplement (150 ug-mL-l). . J. „ 
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