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ABSTRACT

0f eight chloramphenicol-producing Streptomyces screened for the pre-

. )
sence of cce DNA only Streptomyces phaeochromogenes NRRLB-~3559 was found
< 3

Bto harbour a plasmid. The elimination o{ this plasmid, pJV1, féom the host
strain had no effect on chloramphenicol production.

.
N [

Twelve Streptomyces venezuelae mutants blocked in chloramphenicol bio-

synthesis were isolated. Two of these appeared to be blocked in the con~
version of chorismic acid to p-aminophenylalanine and three accumulated

praminophenylalanine and may be blocked in the hydroxylation reaction that

converts this intermediate to p-aminophenylserine. One mutant. accumulated

D-threo-l-p-nitrophenyl-2-propionamido-1,3-propanediol and D-threo-1-p-

,qitrophenyl-Zlisobutyrémido—l,3—propanediol indicating that chlorination

of the déﬁ—acyl group of chlgramphenicol is blocked. Two other mutants
-

accumulated p-aminophenylalanine intracellularly but mot in culture .

"

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

mitro-compounds either extracellularly or intracellularly nor did they
. A .

¥
-produce any '"masked" aromatic amino—co%pounds. The possibility exists

Py

»

Eherefgre 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-
1 re \
sure to the antibiotic. Unlike that in the wild-type strain, this resisg-

B

ance was not reversible.

PO,
- 4

-+ v .
All of the cml mutations included in crosses mapped to the chromosome

. ’ -
of S. venezuelae in the arc between the markers his-6 and strA6 opposite
2. venezuelae

to the ade-10 region. It appears therefore that at least three of the

. .

’ ) " }
chloramphenicol biosynthetic genes, those coding for p-aminophenjylalanine
s
B-hydroxylase, arylamine synthetase and the enzyme responsible for chlo-

rination are located on the chromosome in the same arc.

(s
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Abbreviations

1

adenine

.

chlorampifenicol

-

cysteine

L

homoserine

¢

[}

) 4
lethal zygosis (1tz" indicates the ability to elicit lethal

- zygosis, 1tzS indicates sensitivity to lethal zygosis) -
> '3 - .

lysine \

methioﬁine '

nicotinamide "

resistance N

sensitivity

. str / streptomycin

# o

thr
trp

ura

’

L]

threonine ,

tryptophan

uracil
L]

“

-

B

*When ¢he three 1etter'abbreﬁiations are underlined and the first

letter is not capitalized the designation refers to a mutant allele

1

unless it 1s followed by a superscript + in which

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

.

1

case the wild type

-

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

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

amphenicol nonproducer.
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Chloramphenicol is a broad-spectrum antibiotic used-in the treat-
. ¥

»
o 4

ment*of a variety of bacterial and Rickettsial infections. It inhibits

*protein synthesis by binding to the 50-S fibosomél subunit and blockin’g‘

the fox.'mation of peptide bonds (Pongs et al., 1973)" Chlor.afnphénicol

was d1$covered 1ndependently in three laboratories (Ehrlich et al.,

1947 Gottlieb et al., 1948; Umezawa et al., 1948) and is produced by

- L

Streptomyces venezuelae (Okami et al., 1948); Streptomyces omiyaensiS
¥

(Umezawa et al., 1949) and Streptosporangium viridogriseum (Tamura et

al., 1971)\. Its simple chemical struc\ture, first described by Rébstock

* s

et al. (1949), is unusual iy that it contains a nitro and a dichloro-

I3

acetyl group (Figure "1). Corynebacterjum hydrocarboclastus produces a

2

group of compounds called ‘coryneci_ns (Figure 1) which differ from chlor- %

.

4 N N LN
amphenicol only in the N-acyl group (Suzuki et al.,, 1972). * e s

) Studies using radiolabeled ¢hloramphenicol precursors have provided

o

much information on the biosynthesis of this antibiotic. Vining and

Westlake (19645 demonstratdd that whilé neither phenylalanine nor

a

tyrosine act as direct precursors, chloramphenicpl is synthesized via
¥
t

th’e shikimate pathway-. Siddiqueulliah et‘al. (1967) established that p-
aminophenylalan;.ne is a direct precursor, as are p—aminophenylserine and
N*di’chlorqacetyl—p_—aminophenyl—serlinol (McGrath ei' al., 1968). From
these and other data, it was proposed (Westlake and Vining', 1969) tpat‘:
the sequence of reactions in chlorampAhen‘icol biosynthgasis following the

formation of p-aminophenylalanine is as follows: hydroxylation at the
:B-carbon, subseitition at the o -amino group, prfdut_tion of the
* by

carboxyl to a hydrWgymethyl group, and oxidation of the p-amino tb a p-

]

nitro g}oup (Figure 2). Although studies using labeled precuyrsors have

3

- -

7 .

.

-
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-“provided ‘constderable’ information on%the biosynthesis ¢of chlox-

L]
, PN &

amphenicol, much remains to be learned conce

L3

» 4+ 2 a
antibiotic and the spegific enzymes involved in its biosynthesis. To, *

¢ -

ing the regulation of-this

“date only one such enzyme,,arylamine syn

conversion of chorismic acid to Jp-aminophenylelanige, has been deécribed W .
(Jones gnd’Virging, 1976). Mutants blocked in the chloramphenicol bio-
A4 v

-
] v

synthetié pathway would provide valuable ‘tools for further studw. .

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

. ] . .

lity of engineering industrial strains of microorganisms that produce

. L
increased antibiotic yields,or that synthesize new antibiotics. Since

* B

the md jority of antibiotics used clinically are produced by étrepto—
T . v
mycetes, most of the attention has turned to the study of their genetics

s}

and, in particular, the genetics,of antibiotic .production.

L3

In many early studies, it was noted that antibiotic-nonproducing

strains could be isolated at a high frequency following treatment of
" producefs with various ag'ents"known to eliminate plasmids. fﬁl;om- Escheri-—
_chia coli (Okanishi et al., 19707 Hotta et al., 1977; Omura et al.,:
' 197,9).* From this it was inferred that plasmids are inv‘olved in the
synthesis of many antibiotics. Such was the case with chlorémphenic%lg <,

production in S. venezuelae; Akagawa et al. (1975) and Michelson and

Vining (1978) reported a high frequehcy of nonproducers when a producin'g
*

“ ‘

strain was exposed to intercalating dyes. Furthern:;‘e, Akagawa et al.
(1975) demonstrated that none of the mutations thug produced showed
"linkage to chrﬂomosomal markers. A late#];udy (A‘ka a‘wa et al., 1979)
conceded ”that some ‘of the structural genets for chloramphenicol
bi‘osynthesis may be ~c:hromosoma1ly—loca't:ed but suggested that a plasmid

is involved in the regulation of, chloramphenicol production.

3
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With the development of improved,plasmid isolation tect;niques, many

studies now report a lack of correlation between plasmid loss and anti-

> *

biotic nonproduction (Nojiri et ai., 1980; Tkeda et aTl., 1981b). This

A ]

observation, along with recent demonstrations that ;nany of the pheno-

. )
typic changes in Streptomyces caused by traditional plasmid curing

o

B L2

agents are iassocigted wibth DNA rearrangements rather than plasmid loss
" ;

4

(Schrempf, 1983), requires that much ofy the'earlier workeimplicating
plasmid involvement in antibiotic prod?ctj,én be réeva%nated.
>4 The purpose of this 'study was fourfold: i) to examiqg___ﬁh“e

possible role of plasmids in chloramphenicol production by surveying a

“

number of producing strains for plasmid DNA and by determining the

.
,

effect of plasmid lose on chlowamphenicol production in any plasmid-

[ . -

containing strains identified; )il) to gbtain through mutagenesis,
ghloramphenlcol—nonproducing strains anfl by examining the nature of
defects 1n these strpins, to learn more about the chloramphenicol bio-
»
synthetic pathway; 1j1) to isolate chlpramphenicol-pathway specific

enzymes that may be altef®d in'mutant strains; iwr) using the mutations

»

in strains blocked in chloramphenicél biosynthesis as genetic markers,

to assign map locations to genes coding for pathway enzymes and, in

Ay

particular, to determine whether or not any mutations arg located on

n

extrachromosomal elements.

-

o
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I. Chloramphenicol

a. Biosynthesis

The structure of chloramphenicol suggests a biosyrthetic relation-

ship to the phenylp}opanoid amino acids. However, when radiolabeled

¢

phenylalanine and tyrosine vere added to,chloramphenicol—produc;né

cultures of Streptomyces sp. 3022a, éubsequently classifed as a S.
‘venezuelae strain, these coméounds vere not.incorporated intact into tﬁe
* anitrqphenylscrinol moiety of the antibiotic (Vining and Westlake,
1964). Although the biosynthetic route to chloramphenicol does not pass
» through phenylalanine or tyrosine, several lines of evidence sugéested
that these compounds share a common 'biosynthetic origin; [U—lAC]glquse

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

were fed [l—lAC]glucoge, [2—14Cngucose or [2—14C]glycine, labeling )

patterns in celly&ar.phegylalanine and in chloramphenicol were similar,

Labeled shikimic acid was incorporated selectively into the aromatic
portions of chloramphenicol and into the pheﬁylpropanoid amino acids.
These data indicated that the gathways for chloramphenicol and the

aromatic amino acids branched after a common reaction sequence

Y

resembling the shikimic acid - chorismic acid route found in other

organisms, This conclusion was supported by analysis of the 14C

~

distribution in chloramphenicol obtained by supplementing cultures with '

[6—1AC]glucoée (0'Neill et al., 1973). Carbons -1, -2 and £6 accounted‘

for 93% 'of the label, a pattern expected for compounds formed via the
shikimate route. Similarly, Munroe et al. (1975) demonstrated by 13¢

nrclear magnetic resonance (NMR) spectroscopy that chloramphénicol

* -~ f
¢
. , .
5
L4
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produced. when [6—13C]glucose was supplied as a precursor ﬁad an isotopic

distribution consistent with biosynthesis via the shikimate pathway.'

*

*Siddiqueullah et al. (1967) reported that, of a wide variety of

i"

14C_

efficiently %ncorporated into chloramphenicol. Further studies (McGrath
et al., 1968) established'that_Eﬂaﬁinophenyl[a—léc,u—lSN]alanine was

incorporated into the p-nitrophenylserinol portion of chloramphenicol

with only a small change in the 14¢,15y ratioﬁ(iemonstrating tBt the

intact molecule was used for chloramphenicol biosynthesis. This

eﬁ%&lusion‘yas,supportediby the detection of p-aminophenylalanine in
chloramphenicol-producing cultures of Streptomyces sp 3022a.

Since p-amifophenylalanine served as a direct precursor of chlor-
” -~

. amphenicol, it seemed likely that the p-nitro group was derived by

N
ofidation of the p-amino group: Studies showing that,15N~1abe1ed_

\

nitrate &as;not incorporated directly into the nitro group of chlor-

amphenicol (Westlake and Vining, 19693, and the failure of p-nitro-
' ~

phenylalanine to serve as a precursor, provided additional evidence and

suggested further that modifications elsewhere in the Qfaminopﬁenyl—

alanine molecule precede oxidation of the p-amino group.

A -
The finding that radioactivity was incorporated from p-amino-
phenyl[carbole—lAC]serine specifitally into the hydroxymethyl group of

chloramphenicol suggested that B—hydroxylatioh follows the formation of
p-aminophenylalanine (McGrath et al., 3%39. Tﬁ!;-supported an earlier
éonclusion, based on the- poor incorporatiog of E?dioactivity from l4C-
labeled phenyléerine, that the B -hydroxy group of chloramphenicol is
introduced later than the.p;§ubstituent. (Siddiqﬂéullah et al., 1967),

In addition, lack of specific incorporation of radicactivity from p-

labeled potential precursors tested, only p-aminophenyla¥anine was’

.



. 10
@ :

nitropﬁqnyl[carhoxgl»lAC]serine indicated that{ oxidation of the p-amino
group does not precede 8 -hydroxylation, while\evidence thaf.g—amino~
phenyl@erlnol is not a precursor exclu\ded P ;Lor reduction of the

carboxyl group and indicated that B- hydroxylatlon is followed by N~

ucylation of the o -amino grdup. ° " ~

Efficient ahd specific conversion of dichloroacetyl-p-aminophenyl~

'serinol into chloramphenicol suggested that oxidation of the p-amino
* '

group is the ultimate step in chloramphenicol biosynthesis. Isolation

of the p-amino analogue of .chloramphenicol from cultures of S.

venezuelae §D674§“(Stratton’and Reb%tock,.l963) supports this

EES . , .
conclusion. The above data are consistent with the chloramphenicol

biosynthetic scheme depicted in Figure 2. -

x

Several studies have been conducted to ;ietermine the origin of the
o )
dichloroacetyl moiety of chloramphenicolt Wang et al. (1959) reported

that dichloroacetic acid added to the medium of a producing cultuq.\

[y

inhibited incorporatién of ionic §6C1 iﬁtOOChloramphenicol and suggestdd:

that the acid was incorporated via an intermediate into the antibibtic.
However, these findings were not confirmed by Simonsen et al. (1978)

who reported negligible incorporation of isotopically labeled dichloro-

-

acetic acid and favoured a pathway in which the free acid is not an

. )
intermediate. 13C--NMR spectroscopic an@lysis of the labeling pattern ig

chloramphenico% after feeding [1,2—130]acetate'indicated that most of

the precursor had bsen incorporated after 13¢-13¢ hond fission. Since .,
[2,3—13C]succinic acid enriched only the carboﬁyl.earbon of ;hlor—
amphenicol, it was unllkely that acetate or a Kreés cycle 1ntermedlate
acted as a direct precursor of the dlchloroacetyl group. ' Me;hanlsms

>

involving malonylcoenzyme A or malonyl-p-aminophenylserine as substrates

/ °

=y
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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

(IR

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

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

identified as p-aminophenylalanine (Jones and Vining, 1976). Prephenic
and anthranilic acids did not serf've as substrates for this enzyme, which

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

B . 1 !
just prior to, the appearance of chloramphenicol in culture {luids and

Y

was absent in chloramphenicol-nonproducing mutants.

{

. b. Regulation of the Shikimate pathway

- }
’Phenylalanigg, tyrosine, shikimic acid pathway intermediates and
chloramphenicol do not inhibit the first specific enzyme, 3-deoxy-D-

arabino-heptulosonate-7-phosphate (DAHP) synthetase, nor do any of these.
combeﬁnd§ repre'ss its; synthesis. Howevér, inhibition was observed with
" D-ribose-5-phosphate (Lowé and Weqtlake, 1971ﬁ

=

Since DAQP synthetase did n&t appear to be subject .to normalsend

product control, attention was directed to chorismate mutase,

<o

anthranilate synthetase and prephenate dehydratase, which function at

the branch points of, the pathway (Lowe and Westlake, 1972). " Chorismate
- %
mutase activity was not inhibited by any of the compounds tested against

°
@

DAHP synthetase, nor by mixtufes of the three aromatic amino acids.

&

Prephenate dehydratase, theé byanch-point enzyme leading specifically to

;henylalanine,'was inhibited by phenylalanine while anthranilate
; ;

_—=synthetase, the branch point enzyme 1ead§ng specifically to tryptophan,
Lo \ *
was inhibited by.tryptophan. Prephenate dehydrggenase,'the enzyme

'
a *
*
>
- .
'

¥
)
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, specific for tyrosine biosynthesis, could nof be detected. The combined

v

evidence iﬁdicaﬁé; that thé shik%yate pathway?in”S;ieEtomycés sp. 3022a
is 1ooselyucontrolled by fee&hacg inhibition at the~branch péints.
Failure to control by feedback the activity of the main shikim‘i\c acid
pathway»probably allows an accumulatiqn of;intermediates which can be

alleviated by chanelling them via chorismic acid into chlorampheniéoi

* ! - N . o

biosynthesis (Lowe and Westlake, 1972).
. { '

»’c. Control of chloramphenicol-biosynthesis.

To investigate the effect of chloramphenicol on “ts own bips&n—
thesis, Malik ;nd Vining (1972a) added 14c_1abeled antibiotic to
cultures of Streptomyces sp. 36223 growing.in a medium containing'BH— )
labeled glucose and measured 14¢ and 34 in chloramﬁhénicol recovered,

from thé cultures. Estimates from these data of the amount -of

exogenously supplied antibiotic remaining and thée amount formed.by

' endogeﬂous synthesis demonstrated clearly that chlorampheénicol in the’

medium reduced'the quantity of chloramphenicol prodiced.

Chloramphenicol added to producing.cultures in conééntrations that
did not affect growth repressed érqumine synthetase but did not inhibit
the enzyme (Jones ;nd Westlake, 1974). - The mechanism by which chloram-

LY 4
phenicol controls its own biosynthesis differs, therefore, from that

2

exerted by other shikimate pathway end products. This is'not surprising
in light of the observation (Legator and Gottlieb, 1953) that chloram-

phenicol does not accumulate intracellularly’'and also of the possibility

. (Malik and Vining, 1972b) that the producing organism devélqpé resis-—

-

tance to chloramphenicol by introducing a permeability barrier at the

~

cell envelope. It is, therefore, unlikely that chloramphenicol itself

'

is an effector molecule for arylamine synthetase: Control is more

° °
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1ikely exerted Lhrough a buildup of intermediates within the cell.

Support for this suggestion.can be adduced from the obsepvation that p- .

aminophenylalanine is a strong inhibitor of arylcminersynthetasc

F
-

activitx‘(Jones and Westldke, 1974).
L I '

& d, Metabolic control of chloramphenicol bios}nthesis .

Antibiotics are secondary metabolites, not‘required for. growth of
the producing”orgaﬁism. In nutritionally rich media they are usually
" produced at high levels only afte: most of the cellular Erowth %as
occurreds their productioq'ofteg coincidés with depletion of an
esséntial nutrient (Mart{n and Demain, 1980), This suggests that
system’s regulating nutrient utilization may also be involved in Eontrol—
ling pathways lea&ing to antibiotic production. However, Chatter jee and
Vining (1981, 1982a aﬁd b) .have demonstrateg that, althoaéh carbon
sources such as glucose are utilized preferentially by cultures of S.
venezuelae strain 13s, mechanismé tha; control thei; Atilization de not
play a dual fole in_chloramphenicol regulation. - L

Optimum yields of chloramphenicol are obtained in media where the
source of nitr?gen is an amino acid supportiné_élow growthn(WestlégE>et
al., 1968), suggesting that biosynthesis of chloramphenicol might'be
controlled by nitrogen catabolite rep&%ssion. Shapire and Vining
(1983), using stirred-jar cultures of 5. venezuelae strain 13s under pl
control, confirﬁed that ;itfogen sourc;s~such as urea and ammonium

“sulfate which yielded the highest growth rates supported the poorest

yields of antibiotic., Of the emzymés involved in nitrogen metabolisgm,

glutamine synthetase and alanine dehydrogenase showed activities that
\

were insensitive to changes in’Erowth rate and nitrogen availability

+

-
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whereus glutamate dehydrogenase and glutamate synthase were more active

in cnltures assimilating ammonium than in cultures growing on slowly-

-

utilized nitrogen sources. The latter two enzymes are, therefore,

possible links between the-regulation of nitrogen assimilation and

Y

v 1

control of chloramphenicol biosynthesis.

14 ©
.

o

e. Producer tolerance :

# 8§

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

¥

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

"

sensitive strain of K. coli and demonstrated that the antibiotic

inhibited incorporation of [U—14C]phenylalanine into polyphenylalanine
in in vitro systems containing 8. venezuelae strain 13s cell extracts.

Similarly, addjtion of chloramphenicol to cultures growing in rich
- . * )

medium and producing little endogenous’ antibiotic inhibited the

incorporation of [U—lAC]lchine into mycelial protein. Addition of

chloramphenigol to cultures producing comparable amounts of the anti-

y

biotic had no effect on protein synthesis. .

When chloramphenicol was added to cultures in the early growth-

stage preceding rapid antibiotic biosynthesis, or to cultures growidng in , -
i

rich medium producing little antibiotic, a lag phase ensued; the length -

of the lag was proportional to the amount of antibiotic added. When

growth resumed, inocula from the now-resistant cultures grew without a

- @ L]

lag when transferred to fresh medium containing the same concentration °
L) f

5
of chloramphenicol. If the fresh'medium“contained a higher

concentration of chloramphenicol than that to which a culture had

»

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

Resistant cultures grown in the absence pf chloramphenicol became fully
i o .

°

9
sensitive® in one transfer. These results indicate that chloramphenicol

.

P . o

-

s
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tolerance in the producing organism is reversible and graded to the

pxposure level. :

Chloramphenicol is metabolized by the prodycing organism, the first
step being hydrolytic removal of the N-dichloroacetyl group, followed by
reacylation to give N-acetyl p-nitrophenylserinol (Makik and Vining,

L]

. o 6
1970). Catabolism was fastest during rapid growth on a medium

supporting low chloramphenlco productlon but was suppressed during the
blosynthetlc phase’in cultures produglng high levels of the antibiotic.

Cell  extracts of S. venezuelae strain 13s contain an enzyme that

catalyzeé the hydrolysis of chloramphenicoﬁ»(Maiik and Vining, 1971).
>

Chloramphenicol hydrolase activity was present in chloramphenicol-
_sensitive culturés and it did not increase during‘thé developmentaof
resistance. It was concluded therefore that resistance in"the producing
organism is not solely due to inactivation of the antibiotic. Malik and
Vining (1972b) postulated that exposure to chloramphenicol results in

o ] .

the development of a permeability barrier which bars the antibiotic from
the sites of protein synthesis. iii:ih is inhibited until chloram-

phenicol hydrolase has inactivated whloramphenicol that entered the

cells before establishment‘of the barrier. ﬂSince the inactivating
enzyme is constitutive, the duration of the-growth delay depends upon
the initial concentration of antibiotic in the cells, which in turn
relates to that in the medium.

T

IT. Plasmih Involvement in Antibiotic Production

Two features of antibiotic production in streptomycetes make the

idea of ‘asmid involvement attractive: 1) like such.plasmid-deter-

) -

1
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mined features as antibiotic resistance, conjugational fertility and
¥

°

pathogenicity, the ability to produce an antibiotic is a dispensible
B u . .

function., i1} antibiotic praductign has frequently beent obsetved to be
an unstable traif (Sala and Westlake, -1966).

Plasmids have been implicated in the production of many anti-

" N

»  biotics. Unfortunately the evidence is often limited to observations

e
» N a

that treatment of antibiotic-producing strains with agenté such as

B

ethidium bromidh, acriflavin gyes or high temperature, known to promote -

v

plasmid loss in E. coli, generatesvnonproducing strains at a high

L3

t
frequency. Such findings have been made for kasugamycin and aureo-

thricin biosynthesis in Str&ptomfces kasugaensis (Okanishi et al.,

1970), kanamycin biosynthesis” in Streptomyces kanamyceticus (Hotta et

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

3
rimosus forma paromomycinus (White and Davies, 1978) and streptomycin in

Streptomyces bikiniensis (Shaw and Piwowarski, 1977). 1In light of

evidence that agents such as ethidium bromide or acriflavin dyes
frequently cause DNA rearrangements as well as plasmid elimination in

Streptomyces (Schrempf, 1983) claims for plasmid involvement in the

biosynthesis of an antibiotic based solely on curing data must be viewed

with caution until more rigorous studies have been carried out.

;

ITI. Plasmid Curing Studies

a. Spiramycin in Streptomyces ambofaciens

The,unreliability of data from plasmid curing studies is evident in

*

the case of spiramycin production by S. ambofaciens. Nonproducing
strains were obtained at a frequency of about 10% by treatment within

- I
acriflayvin (Omura et al., 1979§f} When a plasmid,  pSAl, was detected in

Ry .
1
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o .
cleared lysates of producing strains but not in nonproducers, it was

presumed to be involved in spiramyéin biosynthesis. However, an alter-

-

native plasmid isolation technique revealed that the spiramicin non-

producers harboured plasmid DNA indistinguishable from pSAl in contour
N

lenéth and restriction cleavage pattern (Ikeda et al., 1981a)., When

the same producing strain was treated with presumptive curing agents, no

_ correlation was Seen between the generation of spiramycin-nonproducing

progeny and those that lacked plasmid pSAl (Ikeda et al., 1981b): It

° o

was concluded that the genes for spiramycin biosynthesis were not
. ¢

i . .
carried on this plasmid.

s

t

b. Neomycin production in Streptomyces fradiae

When plasmids pSF1 and pSF2 were isolated from a neomyciu-producing

o i

strain of S. fradiae and nonproducing variants obtained by acridine dye
treatment appeared to lack pSF1 and pSF2, the plasmids were suspected to
have a role in the biysynthesis of this antibiotic (Yagisawa et al.,
1978). However, closer examination of these strains showed that the
parent and one of the "cured" nomproducers, A083, each harboured a
single plasmid (Komatsu et a%“ 1981). Cegparison of restriction endo-
nuclease fragment patterns of the plasmids from AO§3, the parental
strain and a high producing variant, H3, revealed that the plasmids from
both H3 and AQ83 differed from the parental plasmid DNA in one small
réglon of theVplasmid map. The suggg§tion was made that fhis region
might'répresent a "hot spot" for DNA rearrangements induced with curing
agents, and these ccarrangements weée implicated in altered antibiotic
production and resistance as well as in the plasmid copy number of the

1

two mutant strains. As an altermative, the, possiblity that the plasmid

[

s

°
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changes were merely coincidental to operative chromosomal mutations was-

-

not.excluded.; ,"

B - [

c. Ribostamycin production in Streptomyces ribosidificus

».The ribostamycin producer, S. ribosidificus, provides yet another -

E

example in which treatment with acriflavin yielded a high frequency of

o

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

.

1980). Comparison using restriction endonuclease digestion of plasmids

from the producer and two acrifiavin-derived nonproducer strains failed
b
to reveal any differences.

©

d. Erythromycin production in Streptomycég\erythraeus

Inconclusive data were derivéd from attempts t® cure the erythromy—'
cin-producing organism, S. erythraeus, of the multiple plasmids detecged
in.this strain (Yi-guang and Da%ies, 1981), Treatment with acridine or »
ethidfum bromide yielded two variants, one blocked in erythromycin
biosynthesis and one that produced high levels of the antib}otic. While
the plasmid profiles of these two va;iants %}ffered from the wild-type
strain, it was not possible to conclude that 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 antibiotic

i
production has been presented in a number of reports. This is of three
main types: i) demonstration that antibiotic production determinant;
can be transferred at a frequency several orders of magnitude higher
than that for known chromosomal markers, ii) demoﬁstration of a lack
of linkage between antibiotic determinants and known chromosomél,

a

> s
T
®
M ¢
hY
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markers, and iii) demonstration by DNA hybridization using cloned

determinants 6f antibiotié'prodﬁction as probes that these sequences
; )
have beén lost from nonproducing strains,

-

- v
oo

a. Leupeptin production in Streptomyvces roseus

+

Alﬁhough leupeptih is not strictly an antibiotic, it is a closely
related peptide secondary metabolite. Umezawa et al. (1978) observed
that the ability.tq produce it was transferred from producing to non-
producing strains in mixed cultures at a rate significantly higher than

arginine or methionine chromosomal markers were transferred..

S

b. Tylosin production in Streptomyces fradiae

Preliminary studies indicated that somé of the genés for tylosin
biésynthesis in 8. fradiae might be plasmid-encdded; in mixed cultures
of two strains differing in their antibiotic sensitivities, auxotrophic
requirements and ability to produce tylosin, tylosin production and
resistance were transferred to about 87 of the fylosin—sensitive non-
producers (BalEz et al.,, 1981). No chromosomal recombination was
observed. Furthermo?e, in mixed cultures of tylosin-sensitive
nonproducers and resistant mutants that accumulated tylosin precursors,
many recipients of the resistance trait accumulated the corresponding
precursors of the donor strains. These data suggests that some of the
tylosin structural genes are located on a self-transmissible plasmid
which also controls tylosin resistance. However, the putative plasmid

has not yet been isolated.

!
c¢. Turimycin production in Streptomyces hygroscopicus

Following earlier studies (Kahler and Noack, 1974) with plasmid

I3
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curing agents that had indicated a possible plasmid inyolvement in

turimycin production, Zippel et al. (1983) performed conjugational

matings using auxotrophically-marked turimycin producers and non-

producers. Auxotrophic markers were arranged i; an order that minimdized
the proportion of recombinagt genotypes réquiring quadruple crossovers.
When the turimycin marker was included in this .sequence the-frequency of
Ehe resulting recombinant genotypés requiring quadruple crossovers
increased significantly. Moreove;, protoplast fusion studies using the
same parental strains assigned the turimyc;n genes to a Hiffergnt éecﬁgr

|3
of the linkage map. These data were inconsistent with a single chromo-~

) . .
somal location for turimycin genes and strengthened the suggestion of
@ ¢

plasmid ‘involvement in turimycin production. However, preliminary

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

- x K
+»

and: nonproducing strains and the plasmid postulated to encode turimyéin

~

production was not clearly identified.

5 )

'] * )
d. Actdinomycin production in Streptomycesparvulus and Streptomyces i
anti icug '

[}
Treatment of S. parvulus and S. antibioticus with acriflavin or

novobiocin caused a high—fré&uency loss of the ability to produce acti-
nomycin (Ochi and Katz, f9?8). Following protoplast ‘fusion between
singly-auxotrophic prodicers and nonproducer%, up to 55% of protgtrophic
progeny were act;nomycin producers, whereas no actinomycin;prgéucing
progeny were detected following fusions between two |nonproducing
strains. When protoplasts of_@oubly—auxotrophic actinomycin-producing
and nonproducing variants of 8. parvulus were fused, -80-907 of the
progeny in each recombinant class were actinomycin producers (Ochi and

.4

Kétz, 1980). 1In addition,approximately 70% of regenerated colonies
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2 A}

L] ‘{‘1

possessing the nutritional markers of the nonproducing parent were
”~

producers. Thus, the ability to produce actinom#cin was transferred
independently of any nutritipnal marker. When the auxoP¥phic markers

were ordered so as to minimize the proportion of-progeny genoiypes

.

requiring quadruple crossovers, inclusion of the actinomycin marker in-
A3 4 -
the, sequence significantly- increased the quadruple crossover frequency

in each cross and resulted in an ambiguous map position for this marker.

[
.

This observation was taken as further evidence for plasmid involvement,
. A

in actinomycin poduction.s \
* s

High. frequency transfer of the ability to produce actinomycin was

n

also seen following protoplast fusion using auxotrophic producing and

*honproducing strains of _S_.‘émtlblotléus (Ocﬁhi, 1982). However, tHe
determinant for actinomycin production waé not transferred in conjuga-
jional matings, ‘suggesting tha1\; it was located on a nonconjugative
N
‘plaémid. When protoplasts p\repared from an auxotrophic nonproducing

strain of §S. parvulus were transformed'with DNA from lysed protoplasts

of an actinomycin-producing strain, the frequency of transformation for
<
chromoso“mal"determ:mants was 20-fold higher than for the agtinomycin-
*

producing determinant., Ochi accounted for the low transformation
fréquency of the actinomycin determinant by suggesting that it was

damaged by protoplast lysis. These results were considered to provide
. , .

further cvidence for the nonchromosomal location of the actinomycin

*

genes. .

. ' . , L
- 'ﬁ . °
e. » Methylenomycin production in Streptomyces coelicolor A3(2) and
Streptomyces violaceus-ruber SANK95570

Perhaps the most w\idely citedgxample of plasmid anvolvenfent in

antibiotic production is that of SCPl in methylenomycin biosyn¥hesis in

*

Y

S B

.

L3

»
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S. coélicolor A3(2). Kirby et al. (1975) noted thaf strains containing -

°

the pla§mid SCP1l produced a diffusible inhibitor that,retaraed the
grdﬁth of SCP1~ st;éins as well as many other Stgepgomzces species and a
wide sgecp;&m of Gram-positive and Gram—nggat?ve genera. The inhibitoryq
substance was ideﬁtifiéd by mass spectral analysis as methylenomycin A
(Wright and Hopwood, 1976). Mutant strains unable to produce methyleno-
mycin (Mmy~) but retainiﬁg antibiotic resistance (Mmy') were isolated
from-a strain bearing the SCP1™ plasmid carrying a 51§§f gene (Kirby et
al., 1975). Transfer of the plasmid into a cysB~ SCP1™ (Mmy~ Mmy®)
strain resulted in.the recipients acquir&ng antibiéticgresistance (Mmyrj
and cysteine independgncevbut remaiﬁing antibiotic nonproducers (Mmy™).
Further evidence that SCPl carries the determinants for both
methelenomycin biosynthesis and resistance was obtained when’lﬁ énti—
biotié nonproducing strains were isoiated. These féll into at least
five phenotypic classes on the basis of cosynthesis, pigmentation, and
examination of culture extracts by thin-layer chromaéograp@y (Kirby and
Hopwood, £é76).. The phenotype conferred by each mu;?tion could be

transferred with SCP1 to new recipients. Moreover, it was shown that

-

two.methylenomycin nonproducing species, Streptomyces lividans 66 and

)gg;eptomyces_parvulus, gained the ability to produce methylenomycin upon

interspecific conjugational transfer of SCPIL.
~-Although SCP1 has never been isolated from S. coelicolor A3(2), -

TAguilar and Hopwood (1982) have isolated a large (110 Md)plasmid, pSVi,

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

~

‘production was fi;st discovered (Haneishi et al., 1974) and which was
- ” .

reported by Okanishi et al., (1980) to contain covalently closed

circular DNA., That pSV1 coded for methylenomycin production and resis-

f
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tance was suggested when all of the pSVI™ colonies arising from

regenerated protoplasts proved to be methylenomycin sensitive nonpro-

>

o . wl .
ducers. Supporting evidence came from interspecific crosses between S.

- lividans 66 and 3S. violaceusiruber SANK95570. These gave methylenomycin )

V-
-

resistant S. lividans progeny containing pSV] and producing the anti-~

biotic. Similarly, when pSV1 was used to transform pr toplasts of §

lividans, all methylenomycin-resistant producers contained pSVI.

Further evidence that methylenomycin production genes are encéded
by SCP1 was provided by the mutational cloning experiments of Chater and
Bruton (1983) in which attachment site-deleted phage ($C31 KC400,

,

carrying a viomycin resistance determinant, was used. This hutant phage
transduces recipients to viomycin resistance only when its DNA contains
a éégment homolagous to one in the recipient genome. If this condition
is met the phage can integrate into the recipient genome at the site of
Eomology. .

" To supply the required homoloéous DNA segment, fragments of the
total DNA from an SCP1¥ strain of 8. parvulus were inserted into dCBl

’

KC400. Some of the recombinant phage wete shown to harbour SCP1 frag-
ments by their ability to transduce viomycin resistancé into SCP1+‘but
not into an SCPL"StYﬁTBFsﬁ S. parvulus. Furthermore; hybridization
could be detected between the DNA from two such phages and restriction
endonuclease-generated fragments of total DNA from SCP1* but not SCP1™
strains.

Chater and Bruton (1983) predicted that phage carrying DNA frag-
rnents* of methylenomycin production genes would integrate into a reci-
pient's meghylenomyiin production.genes and thereby disrupt their

- N
expression. The recovery of methylenomycin-nonproducing mutants among

[

‘A
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colonies tranduced to'Wiomycin resistance by phage carrying SCP1 frag-
L4

4 3

ments suggests that methylenomycin determinants are encoded by SCPIL.

q

_f. A-factor in Streptomyces bikiniensis and Streptomyces griseus
{Cloning studies (Horinouchi et al., 1984) have provi&ed evidence

that A-factor, 'the autoregulator essential for streptomycin production

N <

and resistance as well as sporulation in S. griseus and S. bikiniensis
[(Hara and Beppu, 1982a and b), is encoded by a plasmid. Fragments of

« « @
DNA from an A-factor-producing strain ef 5. bikiniensis were cloned into

[

. plasmid 'plJ385. -Transfdrmation of Arfactor-deficient mutants of §.

»

‘N .
-bikiniensis or S.griseus with recombinant-plasmid DNA restored the
-— W 1]

ability of mutant strains to synthes?ze A-factor and concomitantly

- . Ld 9
@
r

I -

restored streptomycin productidn, streptomyc%n esistance and sporula-

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

i » ;) j": < .
‘A-factor determinant. When this plasmiAQ‘ag.nick«translated and used as

\ *-

a probe, it was found to hybrid&ze with the £otal DNA #rom A-factor

N A . t" -
producing strains but not with DNA from A-fdctor nonproducing futants,
‘ ) - AL
many of which were obtained by treaiment‘with plasmid curing agents

.

(Hafra and Beppu, 1982a). This indicates that loss of A-factor in these

strains is due to a deletion of DNA, most likely by<plaémid elimination.

o t

g. Chloramphenicol in Streptomyces venezuelae

e

fvidence for plasmid ihvolvement in chloramphenicol production in

S. venezuelae ISP5230 was presented by Akagawa et al. (1975). Chlor-

amphenicol nonproducers were derived at a frequency of 2-5% after treat-
A

. meqirwith acriflavin. Crosses were carried out using multiply auxo-

© '
A ,

trophic¢ producers and nonproducers but recombinant frequencies were too

Ve LY

low to exclude the possibility that progeny differing from parental

? =

L4 ¢

o

o

vy
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¢

types in only * mark'er were revertants. A procedure was therefore

«

devised for the determination of marker sequences which allowed such

genotypes to be omitted. Eight markers were arranged in a circular
3
sequence such that the frequency of:recombinants requiring a quadruple
h 5

crossover was minimized. When the chloramphenicol production (cpp)
marker was placed between each adjacent pair of markers, the frequency
‘of recombinants requiring quadruple c£!bsove;s increased significantly.
Moreover, the location of cpp giving the minimum quadruple crossover

frequency varied from cross to cross. Such results imply that the cpp

Ny

marker is not located on the chromosomal linkage map. As Akagawa et al.

(1975) pointed out, however, the possibility that the two might be

nonallelic weakens this conclusion. The cgg+ marker transferred to cpp~

progeny ohly in crosses where chromosomal markers also transferred but

.

this would be accounted for if the cpp markers were encoded by a non-
conjugative plasmid. -

5

In a later report (Akagawa et al., 1979), two of the apparent

o

nonproducers’used in the previous study were réported to actually
L]

]

produce chloramphenicol at low levels (up to 10 uanL‘l). New nonpro-
]
ducing strains.were therefore derived by treating am auxotrophic

]
producer, SVM2, with a variety of alternative agents: acriflavin, high
temperature, ultraviolet irradiation or nitrosoguanidine. The Cpp~
L1

t o
derivatives obtained were%divided-«into two groups: 1) those obtained

with potential plasmid curing agents and believed to be plasmidless (the

N ~ ]
two low producers from the previous study were added to this group);

w «

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

group were believed to harbour chromosomal mutations. Unfortunately the

4

* > o

or obtained by the use of nitrosoguanidinefw Mutants in this latter

A a
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probable location of the structural block could be identified in only .°

¥

one of these mutants. Crosses betweey "plasmidless" strains and an

. . AR e
auxotrophic producing strain failed tolVindicAte a#chr mgsomal locatien—~..”

for the cpp marker, while crosses between mutants from the second group
and the same producing strain did indicate a discrete chromosomal loca-
tion for the cpp ‘marker. Furthermore, cr&sses between nonproducing
el -
mutants bearing assigned chromosomal mutations and a "plasmidless" low
producer yielded high producers among theﬁgigéizf yhereas‘crosses
thtween pairs of "plasmidless" strains yielded only” low producers. It
vas concluded, therefore, that most ofrthe structural geﬁes for tlie
chloramphenicol pathway are located on the chromosome while a plasmid
plays a role in ihcreasing production levels. However, no plasmid has
yet been isolated from this strain (Okanishi et al., 1980 ; Kirby et

~

aly 1982). '

» 1

Possible plasmid involvement in chloramphenicol production was also

- v o

investigated by Michelson and Vining (1978) using S. venezuelae strain
13s. Treatment with intercalating dyes accelerated the high spontaneous
generation of low and nonproducing variants. When eight of the nonpro-

@

ducing derivatives were subsequently ex;ﬁined for the presence of extra-
. p
cgrom;somal DNA, all contained a plasmid with the same'electrophoretic
mobility as that of plasimid pUC3 (Malik and Reusser, 1979), which was
present in the p;}ehtal type (Ahmed and Vining, 1983). Furthermore,
when a plasmidless derivative of strain 13s obtained by protoplast
formation and regeneration was tested for chloramphenicol production, it
produced titres comparable to those of the parent strain. These results
indicate that pUC3 cannot be involved in chlofamphenicol production. e
* When restriction endonuclease banding patterns of total DNA

N
ot

€
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extracts from four of the above nonproducing strains were conpared with

K those from strain 13s; one strain showed a slightly differenmt pattgrn,

suggesting that curing agents affected antibiotic production in this

f e

strain by promoting chromosomal rearrangements. o

k]

u

L] e
. V. Chromosomally-determined Synthesis of Antibiotics

b

N a._ Dxytetracycline production in Streptomyces rimosus

" One of the first well-documented examples of chromosomally-deter—
i *
mingd,?ntibiotic production was that of ogytetracycline biosynthesis in

v ‘ . *

S. rimosus (Rhodes et al,, 1981; Boronin and Mindlin, 1971; %laEeviE,

1973). Fifty-seven mutants blocked in production of this antibiotic
were grouped into two classes on the basis of cosynthesis tests and

»

their ability to convert intermediates’to oxytctracycline. One.class of

mutants was unable to produce a cofactor (CSFI) esential for the reduc-

. tion of Wwxydehydrotetracycline, the final step of the pathway. Mutants

of the otheigclass were blocked in- the tetracyciine biosynthetic path-

.

. way. Crosses between auxotrophic oxytetracfbline producers and nonpro-
P 2 «
ducers indicated that the oxytetracyline and CSFI pathwé& genes were

clustered in two cﬁromosomal locations, Mutations in the oxytetracycline
[4 . °© "

. pathway before the formation of 4-aminoded imethylaminoanhydrotetra—

% €ycline mapped to a single region, and mutations in the pathway after

this intermediate and all CSFI mutations mapped to a second region:

L5Y a 3

- - . -
"diametrically opposite to the first. No evidence of plasmid involvement

W7 \ ©

»

was obtained.

+ -

r.

s *

s b. Actinorhodin in Stireptomyces coelicolor A3(2)

-

[

Tn addition to methylenomycin, éh_coelicolof A3(2) produces an

(R
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antibiotic, actinorhodin, }Nhich acls as a pH indicator (blue at alkaline
: pH, red at acid pH). Seventy-six actinorhodin-npnproducers were grouped

into seven types on the basis of the colorcof diffusible pigments
e - - .
formed, antibiotic activity and cosynthesis reactions (Rudd and Hopwood,

197.9{).‘ Crosses between multiply marked representatives.of each mutant

[
Y

4 v @ v, . b + .
class and auxotrophic producers. indicated that the actinorhodin genes

., s v 1 .-‘ I
are located in a short chromosomal segment between between hisD and guaA

B kS
’

on the genetic map. The chromosomal location of the act éehes has been
confirmé&d by theé recent cloning of genes for the ‘entire biosynthetic
pathwa'y using S. coelicolor A3(2) as the source of DNA (Malpartida and

Iiopwood, 1984). ) . . ;
% 4 !

0 A ,[ —— W
¢. Undecylprodigiosin in Streptomnyces coelicolor A3(2) ,
; : : v
A second pigmented antibiotic, thé biosynthesis of which is

.

unrelated to that of actinorhodin, is also produced by S. coelicolor -
¥ °

‘A3(2) (Rudd and. Hopwood, 1980). ¢ This has been tentatively identified as

o

undecylprodigiosin. (‘Feitelson and Hopwood, 1983). Because attinorhod‘in

or rel:dted compounds obscured this red pigment, nonpr?ducing'mutants

: ng_'(i) were isolated from a class I actinorhodin nonproducer in which
syflthesis of all pigments related to this préduct is blocked.

Th‘e 3_7 red mutants were grouped into five classes on the bas.is of

cosynthesis tests., When multiply-marked representatives from each class

\ .
were crossed with an actinorhodin-nonproducing, undecylprodigiosin-
o

producing strain, all five classes of red genes were located in a short

a 3

s ’

»

chromosomal region between cysD and leuB. N

/

d. CDA in Streptomyces coelicolor A3(2)
F .

A fourth antibiotic, called GDA (Calcium Dependent Aritibioti?:f,
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produced by S. coelicolor A3(2) inigips Gram-positive bacteria by
producing transﬁembrane channels that conduct mohovalent cations in the
presence of calcium (Lakey et al., 1983) . Iwenty-six CDA-nonproYucing
mitants were isolated, seberal of which were also défective in the
production of aerial mycelium (Hopwood "and Wright, 1983), Mapping
studies iqdicatgd that all nonpleiotropic tda mutations were located in
one region of the_g.coelicolor map, Mutations.that relﬁered strains
aerial mycelium negative and CDA—nonpro@ucing mapped go the same chromo-

gomal regions as previously studied bgld mutations variously designated

bld or amy (aerial mycelium-less). |

{
VI. Genetic Recombination in Streptomyces

——s

' Genetic recombination was first shown to occur in Streptomyces by
Sermonti and Sfada—Sermonti (1955). By growing two doubly-auxotrophic
strains of S. coelicolor in mixed culture, then Qarvesting and plating
the re;ﬁltant spores on selefti;e media, prototrophs could be isolated
as well as progeny with mutant characteristics of both parental strains.
R%ports of similar findings in S. rimosus (Alikhanian and Mindlin, 1957)
and Strepéomyces griseoflavus (Saité, 1958) soon followed,

[N

Hopwood (1959) was the first to demonstrate that quantitative data

¢

obtained from crosses between doubly auxotrophic strainstof S. coeli-

color A3(2) (actually.an 5. violaceus-ruber strain and ;herefore

different from Sermonti's strain) could be used to establish linkage

\Y B
relationships. 'In his procedure, spores from a mixed culture of two
o

3

mutant strains were plated on four selective media. The phenotyqes«of

recombinants that appeared on each medium were determined by replica

plating to, diagnostic media. In general there was good agreement

- L. -

.

5

»
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between estima}:es of the frequency of a given phenotype recovered on
different selective nedia. Also, where they could be recovered, both
members of a pair of complementary genotypes had approximately the same
frequency. The relative frequencies of each recombinant class were

therefore considered to be free of possible bias caus'ed by diffex;ential >

viability, and could be used to determine the arrangement of the auxo-
trophic markers. ’ ,

Preliminary mapping data suggested two linkage groups in S. coeli-

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

groups were later found to be linked, forming a single circular linkage

v

group (Hopwood, 1965 and 1966b ). A detailed map of the chromosome of S.
coelicolor A3(2) har been constructed (Hopwood and Sermonti, 1962;:

Hopwood, 1965, 19662 nd 1967). | S

' o~

Mapping studies were soon extended to other Streptomyces species.

¢

The linkage map\i of Streptomyces glaucescens (Baumann et al.,, 1974), S.

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

bikiniensis var. zorbonensis (Coats and Roeser, 1971) and S. venezuelae
3022a (Francis et al., 1975) all showed notable similarity to 'that of S.

coeliéalor A3(2).

Although details of the events underlying the process of genetic

exchange in ‘Streptomyces remain obscure, Hopwood's work with S. coeli- '

color A3(2) .has establi‘shedAs'evgral points (Hopwood, 1967): . i) maling

occurs between hyphae and the process resembles conjugation in gram-

negative ‘Qa\cteria in that it results in the transfer of long segments of

\

linked genes; ii) mating results in the production of mer'ozygotes, each
containing a complete chromosome from one parent and a chromosome frag-

ment from the other; iii) when mating occurs, the formation of a -

.

¥ - A 1
“
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haploid recombinant can be interpreted as the consequence of an even
\

npunber of crossover events between the whole chromosome and the chromo-

some fragment within the merozygote,

VII. *Fertility Systens

Serrg‘c;nti and Casciano (1903) published the first descripti.on of
diffe.rent fertility types in S, coelicolor A3(2). TIn crosses between
auxtrophically majlied mutants, they observed a group of strains (R7)
which'gave no recombinants when crossed wit£1 each other, but which were
fertile when crossed with ahy other §R+) strains., Crosses betv-veen Rt
strains were also fertile. . ' v®

Hc;pwoc;d et al. (1969) found that fertility variants of S. coeli-
color A3(2) could be isolated after treatment with ultraviolet light.
When these variant ultrafertile (UF) strains were crossed with strains
of the initiavl fertility (IF) type (corresponding to that of the wild
type S. coelicolor A3(2)),-virtually all of the progeny were the IF
type... Tr;msfer c;f this IF trait occurred at & frequency 10 000 times
higher than that observed for chromosomal markers (Vivian, 1971). This
led to tiae. hypothesis that the factor responsible for the difference in

fertility must be inherited independently of the chromosome. It was

proposed that the change from IF to UF involved loss.of a plasmid

s v

designated SCPI,

A third fertility type, called NF, was subsequently identified when

‘crosses in which it was mated with UF (SCP17) strains gave “virtually all

recombinant progeny (Hopwood et al., 1969). In contrast to previous

c®sses where the frequencies of complementary recombinant genotypes
2 .

1

P
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were equal (Lhat is, there was a st.atistically equal contribution of ¢
genetic material by tﬁe two parcnts), crosses between NF and SCP1~™
strains vere polarized, the NF strain alvays donéting a population of
fragments and the SCPI’" strain always acting as a recipient. Further-
more, a fragment from the 9 o'clock region of the NF parent was
obligately inherited by all haploid progen;r, NF marker frequencies
declining in both clockwise and counterclockwise direc}sions from the 9
o'clock position. Cro“sse}s between NF strains and IF (SCP11) strains
vere” also polar, with the KF strains donating a nonrandom population of
fragments to the progeny (Vivian, 1970). The segregation of fertility
in NF X IF ‘(;rosses indicated th;t the fertilit:y determinants in the 9
o'clock map region were located on the chromosome. From these ob\serva—
tions, Vi?rifem (1971) proposed that although QF strains harbour SCP1, the\
plasmid is not autonomous but probably a}s;ociat"ed with the chrdémosome in
the 9 o'clock position.

Hopwood and Wright (1973) isolatedAa strain of S. coelicolor that
donated the marker cysB™ with a°very high 'frequency. Donation of
alleles at loci known to be closely linked to cysB ocemrred at a much
lower £ate. This strain vas taken to be a f01‘1rth fertility type wherein
SCP1 is an autonomous plasmid that carries a region of the chromosome.
Thus SCPt bea;%ome resemblance to the F plasmid of E. coli K-12
(Curtiss, 1969)"in that it can be lost to yield SCP1™ strains, it can
carry a chromosomal insertion or it can become integrated into the
'chromosome.

y An a:ttempt to isolate SCPl from an SCP1' strain gave a. 31.6-kb
plasmid (Schrempf et al., 1975) but the same plasmid was isolated from

SCP1~ strains as well as from strains in which SCPl appeared to have

.
a0
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integrated into the chromosome or acquired a chromosomal insertion

(Schrempf and Goeb;l, 1977). On the other hand, o plasmid DNA could be
isolated from S. lvidans strains ifto which SCP1 had been transferred
by canjugation. Consequently, the 31.6-kb DNA componfent was considered
to be a second plasmid, SCP2. — It was proposed that SCP2 accounted for
the appreciable fertility of SCP1™ X SCP1~ matings. Repeated attempts
to isclate SCP1 have been unsuccessful.

With one SCP1™ strain an unusually I:iigh'frequen‘:y of recombinants
was obtained in crosses witii other SCP1™ strains (Bibb et al., 1977).
This enhancedlfertﬂity could be transferred infectiously and was attri-
buted to a variant form of SCP2 designated SCP2.* SCP2* X SCPZ* crosses
produced about 500 times as many recombina,nﬂts as SCP2t X éCPT}' crosses. ’
scp2® did not promote the exchange of any preferred region of the
chromosome but simply enhanced géneré]:z.zed recombination.

By screening sCP2" colonies for spontaneous loss of thair enh?:mced
fertility when crossed with an SCP2% tester strain, SCP2~ strains
lacking the autoﬂomous 31.6-kb plaémid vwere isolated. SCP2~ X~SéP2"
ma.tings were almost completely sterile th_Le scP2* X SCP2™ were more
fertile 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 im portant role in re;:o mbination
in S. Jc;oe]icolor A3(2), the actual m\echanisms by which they promote
chromosome exchange remain obscure. The existence of fertility plasmids
in other spec:‘u-as has now been demonstrated (Hopwood et al., 1983; Bibb
et al., 1981; Kieser et al.,” 1982) and it may be that plasmids afe

necessary for gene exchange at significant frequencies in Streptomyces,

Friend et al. (1978) attributed to plasmid loss the high fertility
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of certain S. rimosus strains that arose spontaneously at a rate of 0.2

a

to 0.87 from the wild type population. In crosses involving )me highly

fertile opar_ent, such as R559 (ade™ cys” rib”), and one of low. (normal)
fertility, such as R276 (Th;lg“), about 50% of progeny st‘lowing the auxo-
trophic phenotype of the R539 parent now had low fertility wher{ tested\
again in a~cross with R276, The fact that ;train R559 was infectiously
converted to low fertility rather than strain R276 being converted to
. high fertility suggested that'the origi;al high Ffertility of R559 resul-
,»‘\_5« . ted from loss of i)]asmid that was retained in R276, rather than'mutation
of a low fertility plasmid to a high fertility variant. Fertility in _S_
rimosus was therefore proposed to be governed by a; plasmid SRPi. The
importarce of this putative plasmid in promoting gene recombination in
S, rimosus was emphasized by the very low frequency at which SR Pl'l’ ‘X
SR Pl ™ rcrosses yielded recombinants.
It is inferesting to note that SRP1* X SRRI1™ crosses were up to
100-fold more fertile than SRP1t X SRP1' crosses. In this, SRP1 seems - g
to resemble SCP2. Although the phenomenon is as yet uhgzxplained, Friqnd
. et al. (1978) hawe suggested that it is an example of “the suréace

-

exclusion described for eubacterial pla;mids such as F, where F X rt

crosses give few recombinants compared with F* X F~ crosses (Hayes, . v
1968). ' o i ’
“VIII. Lethal Zygosis ‘ -

i . Bibb et al. (1977) observed that in scp2® x scpe- matings, transfer :

of the scp2® plasmid was attended bfr retArdation of growth of a portion
of the p]asmid'—negatiw;e hyphae. This could be seen as a narrow zone of
retarded development of-the SCP2Z™ culture when an scP2” patch vas

- 0

N
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. 'several Hf{ cells.

1983; Ohnuki ‘et al., 1983).: Because of tllris, it has been useful in

" common fragment, could be isolated from the Ltzt S. lividans isolates
. . . R
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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
o ¢ o 0
contact rather than diffusion of an exogenous inhibitor, In sporulating

Jawns made by mixing a minority of scp2 spores with a majority of SCP2~

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

referred to as. "pocks". The inhibition reaction was called "lethal C
[24 @ . 4
zygosis" by analogy with the lethal zygosis reé’ctio%observed in E. coli t

(Skurray and Reeves, 1973). In the latter organism lethal zygosis is

0

thought to result from simultaneous mating between one ¥~ cell and

% . ’ i ‘10 '
The phenomenon of lethal z%gosis appears to be widespread among, the

streptomycetes and, although its cause is unclear, it has been o

L] /e
¢ ’

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

)

detecting transformants in molecular cloniné experiments (Thompson et »
al., 1982; Katz et al., 1983). ’ // - . . '
. Obs'ervations o.f lethal zygosis have aiso lel to the covery “of
new plasmids. -Spores of S;'h;idans 66 isolated'fro'm mating mixtures
Iwith S. coelicolor A3(2) elicited léthal 'zygo;is ‘(i.e\.. were- Ltzt) on

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

series of covaulently closed circular DNA molecules, designated*,S‘LPl.l,

v

SLP1.2, etc., ranging in size from 9.37 to 12.96 kb aid sharing a large

whergas no DNA corresponding to-these plasmids could be detected in the

. ’ ¥ ] '™
original parental strajns, Labeled probes of SLP1.1 detected homologous

ey

sequences in total DNA preparations of S. coelicolor A3(2) but not in §.

Hvidans 66. In addition to this, SLP1 pladmids ctould be constructed in

-
-
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vitro by digesting and religating total DNA from S. coelicolor A3(2) and
transforming S. lividans 66 with the mixturc. Mutations mapping to the
S, coe]ig:_‘olor A3(25 chromosome abolished the ability of SLP1 plasmids to
elicit' lethal zygosis and it was .conc’luded that the SLPI1 p%ésmids were

&

excised from, the S. coelicolor chromosome during matimrg with S. livi-
dafs. The SLP1 plasmidsu acted- as fertility factors.
— o

‘Pdc’fcing has frequently been correlated with the transfer of

fertility plasmids in Streptomyces but this is not~ always the case.

Plasmid pJV1 from Streptomyces phaeochromogenes N RRLB-3559 isvtrans—

‘ferred at high frequency from plasmidt to plasmid™ strains, and this
trafisfer is attended by a lethal zygosis reaction. }Zowe\;er, pJV1

.apparently, does not promote chromosomal recombination (Mosher, 1984),

-

3

¢ Whether lethal zygosis is always associated witH plasmid transfer

also remains to be determined. Two self-transmissible plasmids tenta-
tively identified in S. lividafs 66 by their lethal zygc;sis reactiond
col\ldwnot be igsolated (Hopwood et al., 1983). Whe;lvprotoplasts o% _E_‘:_\
]ivic?ans 66 were regenerated (a procedure shown to eliminate plasmids,
Hopwoc;d et al., 1981) numerous Qisolates were obtained on which the
paréntal strain could elicit lethal =zygosis. Two types of inhibition
zZones ware éattr.'ﬂ)uted to'twoa different plas;n:’ids, SLPZ and SLP3. As
predicted, putative SLP2™ strains produced lethal zygosis on SLP3~
str‘a’ins while SLP3~ straihs produced inhibition zones on SLP2~ strains.
Putative S5LP27 SLP3™ strains were also isolated. These were sensit:jwe
to inhibition by both SLP3~ ‘and SLP2™ strains but did not elicit a

lethdl zygosis reacgion. SLP2'acted as a sex factor but SLP3 did not

4 > s .
, prowgote recombination. - .

8
o

In several cygses thus far.examined, plasmids associated with a
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lethal zygosis reaction appear to encode genes associated with the Ltz
phenotype. Kieser et al. (1982) found that insertion into or deletion
tof a seg ment of the ‘fertility ‘plasmid pIJ101 either abolished or red®ced
the lethal zygosis reaction. - Sirri:ilérly, Kobayashi et al.'(1984) fot;nd
that insertion of a resistance gene- into a Bcll site of plasmid pTA4001

abolished the Ltz phenotype. Clearliy further study is required to

explain this phenomenon.

e
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b MATERIALS AND METHODS

.

. | ° |
I. Strains e v

-

Streptomyces venezuelae ISP5230 (ATCClO?lZ)‘was originally

received from E. Wellington (Stuttarh, 1982). Stréptomyces venezuelae ‘\

strains NRRLB- 902 and NRRL2277, Streptomyces phaeochromogenes stra}ns

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

received from the Northern Regioﬁal Research Laboratories, Peoria, Illi~

e

nois. Streptomyces venezuelae PD04828 4&nd PDO5080 were pwmpwided by .

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

314i (erroneously sent instead of strain 30&1) and 3041; containing

plasmids pIJ701 (Kieser et al., 1983) and pIJ303 (Katz et al., 1983), °
respectively, were from the culture collection of tﬁe John Innes '

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

S. venezuelée refers to strain ISP5230 and §. phaeochromogenes or SPl to

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

~

S. venezuelae ISP5230 which produced up to 110 ug.mL.1 of chloramphenicol

on glucose-isoleucine medium. . ) .

Mutant S. venezuelae strains VS113, VSI60, VS191l, V5192, and VS194\ )
were received from C. Stuttard, as were strains VS99, VS130, VS14l,
V58143, VS1l44, vs14$, VS153 and VS163, which' had all been.obtainéﬁ by
mutagenizing spores of Cml mutants with long-wavelength ultraviolet
light in the prESencé of B8-methoxypsoralen agd selecting auxotrophic
. derivatives. Strain V5206 was derivéd as a spontaneous streptomycin
resistant mutant by plating VS191 spores on M¥M medium containing
ereptomycin sulfate (100 ug.mL—l). Strain EBllé was’obtained from

SP1 by athidium bromide ¥reatment, L ;
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II. Chemicals N .

Bacto-agar, bacto-peptone, casamino acid, yeast extract, tnutrient
brotl% and malt extract were pur‘chased from Difco Laboratories, I')etronit,
Michigan; lysozyome (grade I), BamlI and p-aminophenylalananine were
from Sigma Chemical Co., St. Louis, Missouri; ribonuclcase A and
pronase E were from Boehringer Mannheim Canada, Dorval, Quebec. Chlor-
amphenicol and 2—_’(:_&3_(_32—-1—p_—nitrophenyl-Z-—acetamido—l,3-—propanediol were
gifts f-rom'Parke, Davis and Co.. 2(5)-Dichlorcacetamido-3-(p-acet-
amidophenyl)propane-1-ol (iJat et al., 1971), I\I—acety]—-E_—nitrophenyl-'
alanine, p_—nit’rophenylalanine, p_—aminophenyl[carbole—ll’C]alanine, p-
aminophenyl[carboxgl-u‘C]serine (McGrath et al., 1968) and N-—dich]:oro—
acetyl-p-nitrophenylalanine (synthesized by K. Paramasigamani in this
laboratory) were supplied by L.C. Vining. .

]=)__~_t_l1_r_§_9_—1—p_—Nitrophenyl—Z—propionami do-1,3-propanediol was syn-
thesized as described by Shira"hat.a et al. (1972). The crude product in
ethyl acetate wds freed of unchanéed D-threo-l-p-nitrophenyl-2-amino-
1,3-propanediol by extraction with 2 Mhydrochloric. acid. It was
purifiai by prebarative tl'lin—layer chromatography and crystallization
from dichloroethane to give colorless needle;s, mp. 108-110°C; Rf (th:‘m:-—
layer chromatography, system "A), '0.24. The 1H~nucle;r. magnetic
resonance (NMR) spectrum, recorded in. schloroform—g at 80 MHz on a Varian
model FT-80 spectrometer with tetramethylsilane as the internal
reference, showed signals a't § 1.04 (¢, 3H, CEB’QCPS ,CH27‘6 Hz), 2.15 . i
(q, 28, CEZ’QCLZ,CHB 7.6 Hz), ‘3.00 (bs, 1H, OH?, 3.78-4,30 (ABC, 3H, H-

1', B-2"), 5.21 (d, 1H, H-—3',12y3|‘3.3 z), 6.15 (bd, 1H, NH, :]-NH,Z‘ 7.6~
Hz), 7.88 (AA'BB', 4H, H-2, H-3, H-5, B-6, Av ,p 51.1 Hz, N=_J_1;B'+ Jap =

Ty
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8.8 liz). S : . .
B:threo—l»ngitropheﬁyl ~2-isohutyramido-1,3-propanediol was

synthegized as follows: disobutyric acid (88 mg) in dry acetone (2 wmL)

-

containing «riethylamine (0.14 mL) was cooled to -10°C in an ice-salt

bath., Ethyl chloroformate (0.7 ml) was added slowly with stirring and

¥

was followed, 25 min later, by a solution of D-threo-l-p-nitrophenyl-2-

»

amino~1,3-propanediol (212 mg) in acetone (4 mL). The mixture wvas

=

allo%ed to come to room temperature and, after 4 h, was cvaporated to,

Y .
dryness. The residue was dissolved in a mixture of ethyl acetate (25

s

_oL) and water (5 mlL). The product in the ethyl acetate layer was

recovered and crystallized from water to givzrcglorless needles, m.pf
¥

LIS
" ®

130-131°C; Rf (thin-layer chrowatography, system A), 0.30. «The ly Mg

spectium: recorded as above, showed ignals at-S 1£H.(d,u3H dH3¢

_CH “H 6.9 Hz), 1.06 (d 3H, CHj, JCP g 6.9 Hz), 1.62 (bs, -1H, OH),
\

2.27 (an, 16, Gl JH CE 6.9 Hz), 3.8- A%U\BC 3H, H-1, -2, 5\22 ()

iH, H-3" J2,3. 3.4 Hz), 6.06 (bd, 1H, NH, Jyy, 2.7 5 Hz), 7.88 (AA' BB,

I, H-2, H-3, H-5, H-6, AvAB.51..1 Hz, N=J_AB+_{ABy=8.BIiz).

III- Media 4 v ot 1 "
_—e . ~ R .

i L - -

All media were heat-sterilized in an autoclave at 121°C and 15

poundé per square inch for 20-25 min. . . S

?

4

Complex (GNY) 1iqﬂid medium contained: -

Glycerol o 20 ml,
Nutrient breth ", 8.0 g .
Yeast extract vt 3.0¢g
Dipotassium hydrogen phosphate 5.0.g
Distilled water, 1000 mL

v
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Compleﬁ {MYM) mediwa contained:

Maltose
Yeast extract
Malt extract

. Agar .

Distilled water

ot
o
N
o

oo 00 G2 09

- 1000 mL ' .o

[y

Chloramphenicol-production (glucose-isoleucine) nedium (Chatterjee

et al., 1983) contained:

v

Glucose - :

Magnesium sulfate heptaliydrate
Potassium dihydrogen phosphate ,
Dipotassium hydrogen phospnate
Isolencine

Sodium chloride ! m‘
Calcium chloride

Ferrous sulfate heptahydrate
Zinc sulfate :heptahydrate

* Cupric sulfate pentahydrate
Boric acid

Ammonium molybdate tetrahydrate
Manganese sulfate tetrahydrate

£

=
=

. (9]
@wUuo e

—

L)

=]
5 5 00 09 00 00 09 09 00
*

go ge

O 0
NO P OOONO MO
=}

e 00
8
o

" Distilled water

To determine which Qﬁ eighf amino acids suﬁported the hest chloram-

0

o

¢

phenicol production, cultufes of S venezuelae and‘S

~
v

phaeochromogenes .

were grown in the productlcn medium modified by substityting each of the

followmn amino acids in turn for isoleucine: prollne (66 g), DL—serlne

(6.0 g), leucine (7 5 g), alanine (5.1 g), glycine (4. 3 g), threonine

(6.8 g), and vallne (6, 7 2)e

Min{mgl medium (MM) (Hopwood,

prototrophy and, supplemented with various growth

auxtrophic requirements, consisted of:

~

WMaltose (instead of glucose)

S

\-

1967),

-
N

used to test for

factors, for
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Agparagine . 0.5 ¢
Dipotassium hydrogen phosphate 0.5 ¢
Magnesium sulfate heptahydrate 0.2 g
Ferrous sulfate heptahydrate Y 9.0 mg
Agar : 15.0 g+
Distilled water ' 1000 oL ,

Growth factors were sterilized by filtration and were added to auto-

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

Amino acids, 56 Ug.mL—l, except histidine, 75 Ug.mL’l, nucleic acid
N L o .

ba§es,Il.ﬁmg.mﬂtynvitamins 0ﬁ5u§mﬂf1. Streptomycin sulfate was.

added to a final concentration of 50 UanLal. .

.
' A

-

Defined GGC mediym in which S. phaeochromogenes* was grown

]
v

for plasmid isolation {Okanishi, 1980) contained:

Glycerol ¢

Glycine

Casamino acid

Magnesium sulfate heptahydrate
Potassium dihydrogen phosphate
Disodium hydrogen phosphate
Trace element solution
Distilled water 100

B
\

.
s

P LI G R A s

[==]
O OO OO0
??WOQOOOQOQ

The trace element solution consisted of: -

Zinc chloride ' 40 mg

Ferric chloride 120 mg 5, ‘
Cupric chloride dihydrate - ' 10 mg . o
Manganous ¢hloride tetrahydrate 10 mg '
Boric acid | 1.6 mg T

Ammonium molybdate tetrahydrate 10 mg -
Distilled water. ' . 1000 mL Lo

.8
A o

This trace element solution Vés also used in medium RZN R3 and P:

) < ; '
. o

Medium S (Okanishi et a; » 1974) in which ipﬁaeochromogenes and

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

’


http://ll.25Ug.mL

>

Glucose ‘ 0.0 g

Peptone . 4,0 g

Yeast extract ) . 4.0 g '
Magnesium sulfate heptahydrate 0.58

Potassium dihydrogen phosphate 2.0 g

Dipotassium hydrogen phosphate 4,0g ,

Distilled water 1000 wl :

2

After the solutidn had been autoclaved; glycine was added to a final

°

. [N - -
concentration of 3% for S, phacochromogenes and 1% for S. venezuclae

¥
cultures.

Protoplast regeneration (R23 medium (Okanishi et al., 1974), on

" which protoplasts of S. phaeochromogenes strains were plated, consisted

"

-0f:

Sucrose 103 g

Glucose™” - ' 10.0 g

Casamino acid 0.1 ¢

Potassium sulfate 0.25 g i
Magnesium chloride hexahydrate 10.12 ¢ ;
Agar 22,0 g

Distilled water 800 mi i

o g

3 ) #
After the solution had been autoclaved the following sterile solutions
were added to each 800 mL:
Trace element solution . 2 mL

Potassium dihydrogen phosphate (0.5Z) 10 mL
Calcium chloride dihydrate (3.68%) 80.2 mL '

Proline (207%) 15 mL

N-tris-(Hydroxymethyl)methyl-2-amino- . *
ethane sulphonate (0.25 M, pH 7.2) 100 mL

Sodium hydroxiq: (I N) 5 mL

+ -

~

Protog}Jst regeneration (R3) medium (modified from Shirahama et
1 )

al., 1981), on which protoplasts ofﬁi venezuelage strains were plated,

’
consisted of: - .

g
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Sucrose . 10

0 g
Maltose ’ 10.0 ¢
Peptone , ) 4.0 g
Magnesium chloride hexahydrate 8.0 ¢
Agar 22 g
Distilled water 700 mL

1
After autoclaving, the following sterile solutions were added#to each

700 mL:

Potassium chloride (5.0%) 10 mL
Calcium chloride dihydrate (2.%%) 100 ml.
Dipotassium hydrogen phosphate (2.0%) 10 mL |
N-tris—(Hydroxymethyl )methyl-2-amino-

ethane sulfonate (0.25 M, pH 7.2) 100 mL

fMedidm‘P (Okanishi et al., 1974), used to prepafe protoplasts of S.

‘phacchromogenes and S. venezuelae strains, consisted of:

n
v

Sucrose : 103 g

Potassium sulfate . : 0.25 g

Trace element solution 2 nL

Magnesium chloridé hexahydrate 2,03 g : ,
Distilled water 800 mL

after autoclaving the following sterile solutions were added:

Potassium dihydrogen phosphate (0.57) 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

e
\

IV. * Culture Conditions

4

a. Maintenance

v < b} . ‘
/ Spores of S. venuezuelae, its mutant straimns, and S,
¥ - °
phaeochromogenes were preserved as 207 aqueous glycerol suspensions at —

20°C. Micrococcus luteus was maintained on GNY agar slants stored at

5°C. Ll
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b. Glycerol spore suspensions . .

. Stertle water was addea to the surface of well-sporulated cultures
growing on MYM agar plates. The surface was scraped with a sterile loop
to dislodge the spores. The fluid ;as then removed, filtered through
sterile cotton wool to remove mycelial fragments and centrifuged. The

supernatant fluid was decanted and the spore pellet was resuspended in

20% (v/v) aqueous giycerol.

c. Vegetative inocula

Vegetative mycelial suspensions used as cuiture inocula were
prepared by transferring a loopful of spores from a stock spore
suspension in glycerol 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

rotating at 220 rpm describing an arc 0‘8 cm.

d. Chloramphenicol production in liquid culture

A 1Z (v/v) vegetative inoculum was aseptically added to 50-mL
portions of chloramphenicol-production medium 1n 500-mL Erlenmeyer
flasks and incubated with shaking for 7 d at 27°C. When large volumes
of culture fluids were required to isolate chloramphenicol~pathway
intermediates or shunt products from muéént.strains, vegetative inocula
(1%) were added to 500 mlL of chloramphenicol-production medium in 2-L
Erlenmeyer flasks which were 1ncubated at 27°C on a rotary shaker for

-

7 d.

~ .
e. Cultures for plasmid isolation (Streptomyces phaeochromogenes)

A 17 ineculum was added to 100 mL of GGC mediym in a 500-mL

Erlenmeyer flask and the culture was incubated overnight with shaking at

-
~

.



27°C.

[y

f. \Culturesﬁof Streptomyces phaeochromogenes and Streptomnyces
venezuelae st™ins for protoplast formation

Mycelium of S. phaeochromogenes or strain EB116 to be used for

protoplast formation was obtained by transferring a loopful of spores to
25 mL.of medium S (3% glycine) and incubating for 5 d with shaking at
27°C. Mycelium of S. venuezuelae strains to ba use@“f0£ protoplast
formation was prepared by transferring a loopful-of spores to 25 ml of
medium S (1% glycine) and incubating the culture for 24 h with shaking

at 27°C.

g. Growth -

1

Growth was estimated as increase in-optical density at 640 nm

(ODgyq) of samples having a 1.2-cm light path. e’///‘\\\\\\\

a. p-Aminophenylalanine B -hydroxylase -

The reaction mixture for p-aminophenylalapine B -hydroxylase
i /

vcontained the following in a 3.0-mL final volume:/J

1

p—Aminophenyl[carbole-lAC]alanine (2.7 mM) 1 nL
Phosphate buffer (0.1 M) ) 1 mL
Cell extract . 1 mL

El

The mixture was incubated with shaking at 27°C for 30 min. To prepare

cell extracts, mycelium from a 3-d culture grown in chloramphenicol-
production medium was collected and washed twice with 0.1 M KCl, then
i

resuspended in 4 volumes of lfsis buffer (10 mM potassium phosphate, pH

7.0, 7 mM mercaptoethanol and 1 mM disodium EDTA). After cooling to

4°C, the cells were disrupted with a sonic oscillator at intensity 7,

R
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5

using six 30-s bursts. The lysate was cleared by centrifugation.

v

.

b. Chemical assays .

°

i. Aromatic amino- or nitro-compounds |

*

° Aromatic amino- or nitro- compounds were assayed acéording to a
m;dification of the procedure of Levine and Fischbach (1951). Sodium .
hydroxide (1 mL of a 0.3 M solution) and a fresh solution of sodium
dithionite (1 mL containing 25 mg) were added to 1 mL of culture super-
natant fluid. After mixing, the reaé£ants &ere kept at roonm temperatdre
for 15 min, then treated successively with 0.5 mL of 5% (w/v) sodium
nitrite, 0.1 nl. of concentrated hydrochloric ;cid and,'afﬁer 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) solution of sulphamic acid in soQium dihydrogen phospate
buffer (2.2 M) vas added and the solution was allowed to stand for 5 min
before mixing with N—l—napthylethylenediaminegdihydrocﬁioride (1 oL of a
0.2% (w/v) solution), After 15 min, absorbance at 550 ﬂm was measured
and compared with a standard curve prepared qsing\authentic chloramphen—
icol.

To assay for aromatic amino compounds following acid hydrolysis of
culture broths, the above @roceduré was followed except that 3.0 M

sodium hydroxide (1 mL) was added as the first gstep and the addition of

sodium dithionite was omitted.

ii. p—Aminopheny|carboxyl- serine

Sodium hydrexirde (200 yL of a 1 M solution) and saturated sodium
metaperiodate (500 ul) were added to a 3-ml enzyme incubation mixture.
After vortexing, the mixture was allowed to stand for 1 min, then 500 mg

Iy

of activated charcoal was added add the mixture was filtered through a



48
medium porosity sintered glass filter. A 250-pL portion of the
filtrate was added to 15 ml of scintillat}on floid (2,5-diphenyldxaéole

(4 g) in a mixture of toluene (600 mL) and ethanol (378 mL)). Radio-
activity was measured with a liquid *scintillation spectrometer (model

L]

1215, 1KB-Wallac, Helsinki).

¢. Bioassay for chloramphenicol

&

Spores from the ‘colonies to be tested were spread in patches on MYM
agar (five équé&ly spaced patches per 9.0 cm—diaéeter plate). The
patched colonies were grown at 27°C until they sporulated (3-4 d): the
plates were then care%ully 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 large-scale isolation of

Vo

plasmid DNA from S. phaeochromogenes contained tris—(h&droxymethyl)

aminomethane {Iris)-hydrochloride, disodium ethylenediamine tetraacetic
acid (EDTA), and sodium chloride, each at a 25 ﬁﬂ.concentratioh. 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
Dithiothreitol . 1 mM
Sodium chloride 50 mM

Tris-acetate buffer, used both for making agarose gels and as a

-
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X L . ’
running buffer for electrophoresis, consisted of: - .
Tris~base . ‘40 mM
Sodium acetate . SmM . )
Disodium EDTA 1 mM B
The, pH was adjusted to 7.8. . -
’ b. Plasmid detection : . . ‘
Spﬁ%es of Streptomyces strains were spread in patches on MYM agar
and incubated overnight at 2706. A loopful of mycelium from each patch
A
was then examined for the presence of plasmid DNA using the rap&d
alkaline extraction procedure of Birmboim and Doly (1979). o
e¢. Large scale isolation of plasmid DNA
Plasmid DNA was isolated by centrifugation in cesium chloride~ .
'ethidium bromide‘of sodium lauryl sulfate-cleared lysates using a -

procedure based on that of Okanishi et al. (1980). Cells (I-2 g'wet
weight) from aniovernight culture in GGC me&ium.ﬁere washed with TES
buffer, resuspénded in 30 mdp éf 0.1 N’ ammonium hyhroxide cont;ining 10
mM' disodium EDTA, and incubated at 37°C for 20 min. ' The cells were then
washed and resugpended in 38 mkL of double-strength TES buffer: Lysozyme

(1.uL of a 40 mg.mL-l solutidg) and RNase (0.5 mL of a 5 mg.mL—1”

solution) were added and the mixture was i?cubated for 1 hr at 37°é.
_Sodium lauryl sulfate (6 mL of a 10% (w/v) solution) was added and’ the .
m#kture was incubated another 20 min to obtain a ;leared 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 Eéﬁtgéfugated for 15 min at OOC“k
and 1200xg. The supernatant £luid was mixed with prohase E (incubated for
l1h at‘37°C in advance) at a final concentration of 100 ug.mi.“l and the
solution was held at 37°C f;r 20 min. ;olyethylene glycol 6000 (40% w/v)

was added to a final concentration of 10% and‘kepia?t 5°C for 16-18 h. It



A

J
Caut”

was then cent'rifuged at 2000xg for 20 min and the sedimented material
redissoived in 2.5 mL of TES buffer and dialyzed against 1 L of TES

buffer for 3-4 h.

After dialysis, the DNA solution was diluted to 10.6 mL with TES

buffgr. \:Ethidium bromide (0.2 mL of a 10 mg.mL‘1 solution) and cesiu;l
chlorideg 10.4 g) were added to give a final volume of 13.5 mlL, The
solution w‘(a\ centrifuged at 100,000xg and 17°C for 24 h, after whi;:h the
plasmid band was removed and the plasmid-containing solution was
extracted with iscamyl 'alcoholq-.kto remove ;:he ethidium bromide. The
solution was then dj:alyzed for 24 h against a buffer containing 1 mM

’-I'ris—hycrocl'gloride, pH 7.0, and 0.01 mM disodium EDTA, and freeze dried.

d. Agcarose electrophoresis

Samples of digested DNA were loaded on to horizontal slab gels of

t

0.7% (w/v) agarose in Tris-acetate buffer and subjected to electrophore-

sis for 16 h at,iS mA using Tris-acetate *unning buffer.

e. Staining og agarose gels
After electrophoresis the gels were stained by soaking in ethidium
bromide solution (0.1 ug.mL"l)‘ for 15 min in the dark, then destained

in an excess of water for 30 min. The DNA fragments were locat%d by

viewing under ultraviolet light of 300-nm wavelength.

Re, Photography of agarose gels - '

~

3
Gels were ?hotographea using Polaroid type SSﬂPosit‘a‘.ve/Negative 4x5

Land £ilm, with alPolaroid M-P4 Land camera.

£
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g. Ethidium bromide treatment of Streptomyces phaeochromogenes

Spores,of‘§.phaeohhéhogenes were inoculated into 50 mL of GNY

[

»

medium containing either 10 pg.ml"l, 15 ug.mL‘1 or 20 1g.mL"l of
ethidium bromide andcthe‘cultures’were grown for 2—3.d. Samples were
'remeved, vortexed vigorously to biegk up mycelial fragments, diluted,
and plated on MYM agar. Single colonies were screened for plasmid using
the rapid alkaline extfaction technique (Birnboim and Doly, 1979).

°

VIT. Probing of Total Cellular DNA with 32P_Labeled pJVi.

a. Buffers

SSC (20x) consisted of: . §
Sodium chloride 3IMm o, 7
Sodium citrate, pH 7.0 0.3 M -
Neutralization buffer consisted of:
Tris-hydrochloride, pH 7.5 1M
Sodium chloride 0.6 M
Prehybridization buffer consisted of:
Sodium chloride . 075 M
Sodium citrate, pH 7.0 75 mM
Sodium phosphate, pH 7.0 0.1 M
Polyvinylpyrolidone 360 0.027%
Bovine serum albumin . 0.027% -
Ficoll 0.027
Salmon sperm DNA 0.005%
EDTA 10 mM
Sarkosyl 0.5%
Nick translation buffer consisted of:
Tris-hydrochloride, pH 7.5 50 mM
Magnesium chloride 5 mM
Dithiothreitol 1 mM
dGTP 1uM
dCTP 1 M \
dTTp . 1w ’
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b. Isolation of total cellular DNA

A small quantity of mycelium from patches of §S. phaedchromogenes

&

strains grown overnight on MYM agar was added to 475 uL of TES buffer.

¢ Lysozyme '(25 WL of a 50 mg.mL'“l solution in TES buffer) was added and

“

the mixture incubated for 1 h at 3?:C. Sarkosyl (25 i of a 10 mgamL~l
solution) was added and the resulting lysate treated sequentially with
RNase A (5 pL of a 10 mg.mL"lh solution, 1 h) and pronase (5 uL of a
0.02 ‘mg.mL'l, 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 tramslation .

Nick translation buffer (50 1L of double-strength buffer) was added
to approximately 1 wg of pJVl DNA; prepared according to the large-scale

isolation procedure, in 45 ML of 10 mM Tris, pH 7.5. 32P—labeled dATP (3

uL of a 1540i.\L~! solution), DNase I (1 1L of a 0.5-pg.mL~! solution),

and DNA polymerase I (2-4 units) were added and the mixture was
incubated at 37°C for 35 min. It was then incubated at 100°C for 5 min

and stored at ~15°C until required.

d. Hybridization

" BamHI digests of total cellular DNA and pJVl1l DNA were
electrophoresed in a 0.7% agarose gel, therfirradiated for 90 min. using
a 30W germicidal lamp at 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 chloride) for 40 min. The gel was neutralized by soak'ing in

500 mL of neutralization buffer and the DNA .was transferred te a

nitrocellulose filter using the method of Southern £19753). After
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drying, the filter was soaked in 10 nlL of prehybridization solution for

24 h at 65°C, then 5 mL of the solution wasaremoved and the labeled pJV1
probe was added., The filter wa‘s'hybr”idized at 65°¢ for 24 h, then KK
washed‘ttwice for 30 min with 4x SSC buffer, once for 60 min with 2x SSC
buffer and once for 30 min successively with lx SSC, 0.3x SSC and 0.1x

'SSC buffer. The filter was then dried overnight and exp0§ed for 20 h to
‘Kodak X-Omat XARS film at -70°C. :

]

VIIT. Transformation of Protoplasts F

a. Formation of Protoplasts

Protoplasts were prepared by the method of Hopwood and Wright.

' 3

(1978). Mycelium from 5-d cultures of S. phaedchromogene& or of strain

EB116 in medium S was washed twice with 20-nL volumes of 0.3 M sucrose
and suspended in 1.5 mlL of a 1yt'ic mixture whicl} consisted of lysozyne
(10 mg) in 10 nL of medium P, sterilized by pa;ssing through a 0.45u
filter. The mycelium suspension was incubated at 37°C for up to 2 h. \
Medium P (4 ml) was then added and thz mixXture wa;s 'drﬁawn ‘repe;atedly .
through the orifice of a 10-:mL pipette and finally filtered tﬁ?gugh

sterile cotton wool, The protoplasts were diluted with medium P and
\ e N 3

plated on R2 medium. The proportion of unprotoplasted colony-forming .

units in the mixture was estimated by making parallel dilutions in

sterile distilled water and plating on R2 medium. ‘ J,

3

cProtoplasts‘of S. venezuelae and strains {7816@, VS144, VS130, aid 7

Vs143 vere prepared as above!with the exception that mycelium from a 24 h

culture in medium S containing 1% 1glycine was used. Protoplasts wvere

N
W N

regenerated.on R3 medium.

3

PR
<

@
N

g
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b. Transformation %

i. DNA isolation

Plasmids pIJ701, pIJ702 and pIJ303 were isolated from cultures of
5. lividans grown overnight in liquid MYM medium, The method of
Birnboim and Doly (}979) was used with the following modification:
after the first ethanol precipitation, DNA p‘ellets from 4 tubes were
combined and resuspended .in 400 uL of TES buffer. The solution was
ext{lﬁ:ed once with an equal volume of phenol saturated with TES buffer.
Plasmid DNA was precipitated twice with ethanol and resuspended in 50- :

!

100 uL of medium P.

ii. Transformation

\ B
: Approximately 107 protoplasts in 100-200 4L of medium P were
. #

combined with 1 pg o:é plasmid DNA in 50-100 ul of medium P and 0.5 mL*of
a 2% solution of polyethylene glycol 1000. The mixf:ux;e was left at
room temperature for 1 min then 0.5 mL of a 107% solution of ‘polyethylene
glycol 1000 was added. . The mixture was left for 3Bmin. Medium P (4; mL)
!was. then added and the suspension'centrifuged at a low speed. The
resulting pellet was resuspended in a small vé;lume of medium P then
‘p}.ated on medium R3. The resulting lawn of gro‘wth was allowed to-

sporulate. The spores were harvested and approkximately 108 spores

plated on MYM medium containing 200 1z/mL of thiotrepton.

"
1

IX. Isolation and characterization-of chloramphen1c01 nonproducing

mutants of Streptomyces venezuelae N ¥

¥

a. Mutagenesis X : . ‘

i. Mutagenesis with ultraviolet light in the presence of i
: 8—methoxysporalen . 3

-

Spores were suspended in 0,015 M phosphate buffer, pH 7.0,

1}

R .
X
« - . . . 3
.
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containing B-methoypsoralen ™(0.1 mgdnL"l§ for 30 min, The spore

§

.suspension was then exposed to long wavelength.(366 nm) ultraviolet
light (7.5 Jum~2) from a Blak-Ray 13-1004 ultraviolet lamp (Ultra-Violet
Products, Inc., San Gabriel, California) for 15 min. The spore

i ot

suspension was serially diluted and plated on MYM aéar. This procedure

gave about 172 survival of colony-forming units' when viabilities were’

compared before and after irradiation.

-3

- ®

ii. Mutagenesis with short-wavelength ultraviolet Ilight.

Spefe sugggnsions in 0.1 M phosphate‘buffer,apﬁ 7.0, were

-2

irradiated for 4 mim at 0.8 Jum ueing'a 254 nm' germicidal lamp (Ultra-

Violet Products, Inc., San Gabriel, California). The irradiated

suspension was serially diluted and plated on (i) MYM agdr‘or Eii) MYM

1

agar eontainiﬁg caffeine (500 ugﬂmL'l).

iii. Mutagenesis with ethyl methanesulfonate (EMS)
To a.suspension of spores ip 0.1 M phosphate buffer, EMS (final

concentration 70 mgenl‘l)was added and the mixture was shaken for 2 h at

27°C. Spores were collected on a membrane fllter, washed with 250 ‘mL of
phosphate buffer and resuspended in a small volume of “the buffer.

- Finally, they were plated to obtain isolated colohies on MYM‘agar.

hd 4

Nt

b. Isolation -of chloranighenicol-nonproducing mutants

Colonies that grew from mutagenized spores were allowed to
\ * ] iR .

sporulate, streaked in patches on -MYM agar and tested for
r 5 4

.

chloramphenicol production using the bioassay procedure. Inocula from

.

. patches th?? did not dinhibit the indicator bacteria were restreaked on e

MYM agar to obtain single eolonles which were again tested using the

Y

[
o

(
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N
bioassay procedure, lIsolates that otill failed to inhibit the growth\ol

A Y
M. luteus were grown in chloramphenicol-production medium for 7 d and
4. zuteus o
vt

m¥celia were removed by centrifugation. The superna{tant fluids were
Ay

examined for the presence of aromatic mitro- or amino-compounds by th

»
)

cblorimetr:i.«, procedure. Those giving positive tests were extracted with

cthyl acetate, initially at neutral pH and again after acidification to

‘pII 2.0. The extracts were concentrated separately and examined by thin-
! .
layer chromatography. ]
" a :
* 34

c. Compounds A,B, and C from mutant Cmi-2

. & ,
‘3 \ A

The supegrm%:ant fluid (2 L) f@m cultures of mutant Cml-2 grown in

Y o

. ! . °
chloramphenicol-production'medium was. extracted with three half volumes
. * s B
. 1] . + a Y 3 . . 4
of ethyl acgtale; the combined extracts were washed once wi\th wdter and

B 4

then evaporated. *The residue i:'gas dissolved in chloroform (40 mL) and

. . |
af)plied to a silicic ag\iq column (1.4x15 cx?). The column was developed
with successive AO—mL\p‘rLionséof c,\hlorgf:)r;n—‘gthyl acetate mi;itures in
the ratios (9:1, v/v),h(lh:l, v/v), (1:1,2v/v), ethyl D'acetate, .e.thyl
‘acetate—ac"eton‘el‘ mix‘t’lr“irés in the rati;)s (9:1, v/v),-(4:1, v/v), (1:12,

o

-v/v), and acetone. The €luate was collected in 10-mL fractions. Exam-

v

. ’

ination of the fractions by thin-layer chromatography (system A) showed
three aromatic _Kn'ﬁ'.tro— compounds A, B, and C. Fractions containing each

compound were pooled and chromatographecf again’ on preparative thin-layer

a
Pl

plates. From each plate the. pre&ominant fluoreséenl:e—quenchir;g band wag

7 @

® )
removed; the product ‘was extracted i‘n.to acetone and recgvered by evapo-

. ration. The structures of cgmpourfds A and Br were examined using 1H—iNMR

v

o H

spectroscqpy. : - : N

B

P



d. Compound D from mutants Cml-4, Cml-5, and Cml-8
N v - H]

. . [
The supernatant fiuid from a 750-ml, culture of the mutant was

ap<pl.ied to a column (2.5x30 cm) of Dowex 50x8 ) 50-—10(3‘\ mesh (Bio-Rad
Laboratories, Richmond, California) and the resin was washed with water
(300 mL). Aminor acids were eluted with Zl._[i ammonium hydroxide and
{ractions that gave a poéitive retacti("m for aromatic amines were
combined and evapoXated. The }“esidue w;;s applied in water (80'mL) to a
column (1.5x20 cm) of Bowex-50 (pyridinjum). The column was developed
successively with wate (200 mLi, Qﬁ,,pg)fridin; (100 mL) and 0.5 M

N,

pyridine. (100 mL) w]‘iéle\S—m ractions were collected. Aromatic amines

I 7 ) .
were detected by placing 4 drop from each fraction on filter paper and

N

spraying with R—dimethy'laminoben aldehyde., Positive fractions were

grouped as a single 'peak. The ;esidues were éxaming&«by thin-layer

®
B3

chromatography using systems C and D. The residue from Cml-4 was
\ ) )

' examined using lg_wr .spectroscopy.

e, Ethanol extraction, of mutant cells

I3

 Cells were grown in chloramphenicolf"pr.oduction ne®ium for 7d,

9
o

. N, R
harvested by. centrifugation and washed with 0.1- M phosphate buffer, pH

7.0. They were then fesuspended in 707 €thanol and heated in a water
s . *g

o

wath at 80°C for 10 min. The resulting extragt was flltered and
fi N S a

M N “a B
examined&by thin-layer *chromatography- in system C. X
f. ‘Hydrolysis of culture supernatant fluids -

Py )

Concentrated hydrochloric acid (0.3 mL) was added to l0-mL test

HL‘. - .
N @

- [N

> N »
tubes containing clarified broths (2 mL)from cultures of eacP mutant

a A ) . -
grown in‘chloramphenicol-production medium. The test tubes were sealed
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and placed at 100°C for 4 h. After cooling, 1-mL portions wi:; assayed

for aromatic amines using ‘the colorimetric procedure. ThE’ lidity of

ulture super-

the method for measuring N-acylated aromatic amines in
natant fluids was established with known amourts of 2-dichlotoacetamido-
b4

3-(p-acetoamidophenyl )propan-1-ol. o

g. Feeding with p-aminophenylalanine

An aqueous solufion%Q%_éfaminophenylalanine was sterilized by
filtration and added at a final condentfation of 1 mM to 50 mL of
chlor@mphenicol—produetion medium. The medium then- received a
vegetative inoculum (0.5 mlL) of a mutant strain and the culture wa;' »
incubated for 7 d. The clarified broth was extracted with ethyl acetate

and the extract was examined for chloramphenicol using the colorimetric

assay.

e Crossfeeding

- fq”observe crossfeeding on solid medium, spores from pairs of
mutant strains were useé to inoculate mixeé patches on MYM agar. The
cultures were grown until sporulation occurred and the plates were then
overlaid with M. luteus as described earlier to detect antibiotic
production. To test for crossfquing in liquid medium, a vegetative
inoculem (0.25 ml) of éach member of a mutant pair was added to 50 mL of
,production medium., The cultures were incubated for 7 d and assayed for

N 3

chloramphenicol production colorimetrically.
A

A a

i.  Thin-layer chromatography "

~ *» “
Samples of chloramphenicol, its analogues and the ethyl acetate

4

extricts of cultures.before or afte{ codlumn chromatography were applied

v N e o x \\
ta tﬁiq layers of silica gel F254 on gldss plates (Macherey-Nagel and

€

&

.
,
N . 5 A
» o
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,“Co., LDuren)-; the chromatograms were developed in chloroform-methanol
(9:1, v/v; system A) or n-butanol-acetic acid-water (12:;’::5, by vol.;
system B) and sprayed in turn wit':h aqueous stannous chloride and with a
soiution of p-dimethylaminébenz-aldehyde in 2 M hydrochloric acid.
Zones contaiiling aromatic nitro- or amino-compounds became yellow. TFor
preparative chxiom:itograms, 20x20-cm plates of silica gel F254 (0.2 mm
thickness;» Machery-Nagel and Co., Duren) were used. The sglvent was

t
again chloroform-methanol (9:1, v/v) but chromatograms were' developed

o
w

twice. Samp.les of p-aminophenylalanine and polar. fractions from
cultures were chromatographed.on thin layers of cellulose MN300
(Analtech Inc., Newark, .Delaware). The cthromatograms were developed in
n-butanol-ethanol-4 M ammonium hydroxide (8:1:3, by vol; s‘ystem C)or

with n-butanol-acetic acid-water (12:3:5, by vSl; system D).

Je 1H—-Nuclear magnetic resonance spectroscopy

Spectra were recorded using a Varian model FT-80 nuclear magnetic

> -

resomance spectrometer with tetramethysilane in chloréform—_@_ as the

-

"

external reference.

N €

el

e ,
.. Chlora henicol Resistance in Strain HP-1 and Nonproducing Mutants

Iy

To tes\t\>o: chloramphenicol resistance at the beginning of the

growth phase, 500-mlL flasks conta;Lning chloramphenicol-production medium
tem T

(50 mL) with and without chloramphenicol at a final concentration of 150

a

\
ug.mli_"l‘ neceived 17 inocula from 48-h GNY cultures of strains HP-1 or
Cml-9. Cultures were grown for 6 d and the ODgzo of each culture was
measured periodically. To test for chloramﬁhenicol resistance in 4 d-

» cultures of strains HP-1 and each Cml mutant in chloramphenicol-
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production meqium, afsterile ‘aqueous solution of chloramphenicol was
added to a final concentréti@n of 150 1g,mL-1. Control cultures
received no c@loramphénicol. After 12-13.d, 13 inocula were transferred
from chloramphenicol-supplemented cultures of the Cml mutants to fresh
flasks of production medium with and without chloramphenicol. These
cultures were grown for 7 d. To test for reversion of the mutants to
the chloramphenicolfproduciné phenotype, clarified broths of the
unsuppleﬁented cultures were then tested for the presence of the
antibiotic using thé:colprimetric procedure. 'In the case of'strain HP-
1, 17 ino;ulaefrbm 7-d chloramphenicol supplemented cultures were
transferrred to fresh production medium with and without chloramphenicol
as well ds to GNY medium (25 mL in a 125-mL flask). After 24 h the GNY
cultﬁre was .tested for ghloramphenicol senmsitivity by inoculation into
pfoducﬁioﬁ}nedium with and without chloramphenicol.

Reversibility.of chloramphenicol resistance in mutants Cml-1, Cml-S8,
Cm1~10 and;Cm1—12 was examined by £ransferring 1% inocula‘from resistant
cultures grown for 7 d in the absence of chloramphenicol to flasks of
production medium with and without chloramphenicol. The cultures were
grown for 7 d.

'y

XI. Genetic Mapping in Streptomyces venezuelae

a. Crosses between differentially-marked strains

1

Crosses were performed by the proceduﬂe of Hopwood (1967). Spores

of parental strains were mixed and spread on MYM agar and allowed to

grow until siorulation occurred. Progeny spores were harvested, diluted

and plated on selective media. This cogaﬁfted of minimal mediumﬂsupple—

e
)

O
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. &
mented with appropriate growth factors, chosen to allow growth of recom-

binant types but not the parental strainms. 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

N f

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

B

4 N !
replicated directly to diagnostic media.

b. Mapping the chloramphenicol locus

Recombinant progeny from crosses between chloramphenicol-producing

and nonproducing mutants were picked from diagnostic plates and

@

restreaked on MYM agar to obtain single colofies. After sporulation,

these colonies were again replica plaied to diagnostic media to confirm
A ™"
their phenotypes. Single colonies were patched on to MYM agar and

tested for chloramphenicol production using the bioassay procedure.

av
v
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RESULIS

I. Growth and Chloramphenicol Production on Various Amino Acids

To select a suitable chloramphenicol-production medium, eight amino
acids were tested as nitrogen sources for their ability to support

synthesis of the antibiotic in cultures of S. phaeochromogenes and S.

venezuelae., Chloramphenicol production closely paralleled the growth on
b
each amino acid. Hawever, lower concentrations of chloramphenicol were

- 2
accumulated by cultures growing on those amino acids such 4% alanine or
»

glycine that supported rapid growth than on-amino acids such as iso~
leucine or leucine that supported very slow growt@ (Table 1), Overall,

isoleucine was the best nitrogen source for obtainihg maximum chlor-

»

amphenicol production.

-

II. Screening of Chloramphenicéleroducing Strains for’
Plasmid DNA

Fight chloramphenicol-~producing strains were examined for the

v

presence of ccc DNA using the rapid alkaline-extraction technique. of

.-
these eiéht, five were strains of 3. venezuelae (ATCC10712, NRRLB-902,

NRRL2277, PDO4828 and PDOS08Q0), two were strains of S. phaeochromogenes

(NRRLB-2119 and NRRLB-35539).and one was a strain of S. omiyaensis

(NRRLB-1587). Only in S. phaeochromogenes NRRLB-3559 could ccc DNA be

detected. Density-gradient centrifugation of a cleared lysate of this

strain yielded plasmid DNA with corresponding electrophoretic mobility

on agarose gels. The p]:asmid has been design’ pJVl. It has a mole~

cular weight of 10.8 kb and contains three cutting sites for the
restriction enzyme BamMI, . four for Smal and one site for EcoRI.

Details of the characterization of pJV1, have been repﬁrted (Doull et

S 3
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Table 1. <Effect of nitrogen sources on growth and chiorg@phenicol
production in.cultures of S. Venezuelae and S. phaeochro-

mogenes¥
o g
Nitrogen §_venezuelae §,phaeochromogenes
Source t R o % ‘
_ ax _ o
B (Xah B % n )
Isoleucine 7 63 o . 7 57 I : .
Leucine 7 76 7 38 s
"Valine 6 48 6 64, . . \
Proline 5. 56 5 27 - _
SRR S
Threonine 5 23 5 33 .
Serine 5 "3 <5 32 :
-
Glycine 5 48 5 27
Alanine 5 27 3 22 '
3 i

#Cultures were grown for 7 days in chloramphenlco%-productlon
» medium with each amino acid as the sole nitregen source, ,
Samples were taken each day and the ODgs,n and chloramphenlcol

titres 'measured,

*¥t oy = day on which cultures reached their maximum ODg 49
Y2y = maximum concentration of chloramphenicol accumu ated by
tﬁe culture,
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- P -
al., 1983). No plasmid DNA could be detected af\Fer density-gradient

centrifugation of cleared lysates of S. Venezuela‘ef ATCC10712.
- ¥ .
L - o
III. FElimination of pJVl ; ’ ‘
3 ' . ’ ' X .

° \\ ' S
chromogenes. For this purpose, protoplast format’}on and regeneration

a

elm:mate plasmid DNA from up to 257 of regenerant cczl\onies of S. coeli-
“color A3(2) (Hopwood, 1981), Furthermore, it was ’chqvug"h't ‘that p;oto—
plast for-m:tion and reig,ener,at';:’)n would be less 1i'kei\y to proxh,ote DNA
~rearrangements or nutatlons the:n tradj';tional curing ag\ents such as 'the;
&:crlfllnes and ethidlum brox‘m:dc: (Shrempf.and Goebel, 1979) 2"

N

I3 ¢ v - v ’
Wheén mycelium of S, phaeochromogenes was treated\to férm proto—

B -
+ 2 o

plasts and plated on regeneration* medium, approximat\ely 70% of the
- . 7]

resultant colonies: were derlved from osmotl’tally fraglle unlts. 0f

. 9.

/
‘sixty such colonles sc:reened for the presenceuo’ﬁ plasmid DNA using the

» .

/f‘apld alkallne—extractlon“tgchnlque, all harboured cc®DNA identical in

2

electrophoretic mobility to pJVl. u\

-

In a further attempt" to eliminate pJVl S. phaeochromogenes
¢ - ,ﬂ' ‘
' cultures were §‘rown in GN?médlum in the presence of ethldlum })romlde*‘at

-1

concentratlons of 10, 15 and 20 ug. mLo Slxty ws:eglgle colony “isdlates

obtamed from these cultur\es all contalned plasmid DNA of the same
) v - " - s" 4 N

nobility im agarose gels a% pJV1. However, omre of the isolates, EB116,

L . K - . € K . «

which was obtained from-a culture grown for 3'd in*the presence o% 10
2 a . ’ i 4 - PR

~ . el .
\u~g.mL“1 ethidium bromide, conmsistently yielded less plasmid DNA"than did
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the parental strain (Figure 3). Single-colony isolates of strain
EBlIfmall yielded relatively small amounts of pJV1 DNa. Emtoplasts of
EB116 were prep.ared and regencrated and the resultiné colonies again
tested for the presence of plasmid DNA. One out of 25 colonies screéned
contained no detectable plasmid DNA (Figure 4).

The possibility that pJV1 had become integrated into the chromosomé
of this aparently pJVll" strain was tested by Southern hybridization.
Total DNA was digested with Bamlll, electrophoresed, transferred to a
‘nitrocellulo;e filter and exposed to a 32p_1abeled probe of pJVl. The
probe did not hybridize with DNA from the pJV1™ SLI‘dill;“ it did hybridize

with fragments from the wild-type strain, (Figure5)

IV. Chloramphenicol Biosynthesis in Strains SP1, SP2 and EB116.

Streptomyces phaeochromogenes/(henceforth referred to as 5P1), iis

plasmid-less derivative (SP2) and the ethidium bromide-treated strain
EB116, were grown for 6 d in chloramphenicol-production medium. No

"significgnt differencés, :Jere found when growth and chloramph;anicol broth
_tit;es‘jwere,compared. (Figure 6) Corﬁparisons‘ofas,porulati,on and of
, 4 *
Jsensitivity to tetracyclirﬁle,g ampicillin, and streptomycin between* SP1
;md SP2*also failed to show 'Qf}y é{p}illéc"iable diffﬁerences.. (jDou\li et al.,
‘:1?_83). HAlitso, c—éx_amipation of S;';l "a%ld S’i"i for restric::ion endonucleas"e

Spht ei’ctiiri'ty showed it to be present ifh both cultures, )

. R N ) oL s .
» - No
. a " .- . -, '
. W -
s - N a Y < » .

2t - k] *= "‘\ v . . »

. * #e - s

V? Isolation of CHloramphenicol-nonpréducing Mgta;zts S .

¢ ‘ [
) -
“ . 3, . .

. ¢ LA

» ’
LY
[ N fa

To' détermine whether gefletic markerssfor chloramphenicol production

and chrorﬁosﬂi‘lﬁf-loc.ated ‘genes for primary pathw:ayj.s are linked, ‘chlor-'



:Figure

P

3. Plasmid DNA isolated from Streptomyces phaeochromogenes

using the rapid alkaline-extraction technique. Lanes 1 and
* 4 - gtrain 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 (cce) form of the plasmid.
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. . Figure 4. Rapid alkaline-extraction of strain EBL16 and the pJVl-
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! Fiéure‘sl . Total DNA from strains SP1 and SP2 g'robed with §2P~1ab,eled
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Figure 6. Gro%th and chlorampheni&ol biosynthesis in StreEtomzces

phaeochrémcgenéé strains SP1, SPZ'and EBllﬁ.(Top panel -

- . chloramphenicol production in glucose-isoleucine medium;
! bottom paﬁel - growth <9D640) in glucose~isoleucine medium,

" @— @ strain SP1 (pivit); A — B strain EB116 (plasmid copy

N number mutant); O Qstrain SP2 (pJvliT).
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amphenicol-nonproducing strains were isolated for use in mappjing

-

studies. All nonproducing strains were derived from strain HP-1;

I

prototrophic single-colony isolate of S. venezuelae selected for its

ability to produce up to 110 pg.mL'l of chloramphenicol on glucosé-

»

isoleucine medium. Strain IP-1 was mutagenized by four different
procedures: in two of these, spores were irradiated with short-wvave-»L
length ultraviolet light; this was followed by plating on either (i) MYM

agar or (ii) MYM agE‘r\gontaining caffeine (500 ug.mL:'l). In the third

©

procedure, spores were iéradiated with lollg—deelenth'ultraviolegt light
in the presence of 8—methoxy1§soralen; in the fourth they were treéteg
with ethyl methanesufonate (EMS). Apdproximately 25,000 colonies arising

from the mutagenized spores were screened for chloramphenicol production
. »

»
using the bioassay technique., Twelve mutants showing absolutel}'uo

inhibition of M. luteus were isolated. Nonproducing strains were

isplated at a rate of approximately 3/4500 (Q.Q?%)‘from the short-
wavelength ultraviolet irradiation treatment in the’ absence of .caffeine,
> & ¢ "

“

L}

1/~3000 (0.03%) from theuw.short-wavelength ultraviolet irradiatipn and

caffeine treatment, 579000.(0.062) from mutagenesis by lang-wavelength
" . .
untraviolet irradiation in the presence of 8-hethoxypsoralen, and 3/8000

(0.0l;%) after EMS mutage;lesis. Table 2 gives the mutagenic treatment by

which each mutant was derived. Le'aléy mutants, producing small amounts
. )

of.chloramphenicol, were obtained at a rate of approximatel}r 0.3% for

each’ mutagenic. treatment. ot oL
- . * N s
- . ro \ o .
VI.  Mutant characterization .
] A ) o * v } ©
. @ . N s
/-A1l twelve "nutants were still prototrophic.and grew well on minimal
) N - ~
B - . - - - u- - N -
agar, thus lesions iy the Bhikimic acid pathway comr{non to the biosyn-

'S
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Table 2 Ardmatic amind- or nitro-—compounds in, and bioactivity

» « of, clarified broths from chloramphenlcol—nonproducLng
strains of 5, venezuclac .

a — - ¢
Mutant ’ Mutagen% ‘ Colorimetric Assay w3 Bioassay**
o Gegeml™Y)

Cl-1 s - BT -

Cal-2 © W 7 +

Cml=3 * EMS - 2 ' i ~

Cml-4 Uvse 70-100 S

Cal-5*  Uvs ¢

‘Cml-6  *MOPUVL @ ' _

ml-7- wPUL < . -

Cnml-8 ws 17 ) -

o Luvge o o3 .-

_c;ml-ld MOP-UVL 4,5 .

‘Cml-11  MOP-UVL 35 - :

Cnl-12 MOP-UVL <2 -

* The mutagens were:

EMS - ethyl methanesulfonate _—

UVS - - short-wavelength ultraviolet light

GVSC - short-wavelength ultraV1olet light in the presence of

caffeine

MOP-UVL - long-wavelength ultraviolet light in the presence of

8—methoxypsora1en. . » .

" R »

**Each mutant was grown for 7 d in chloramphenlcoljaisductlon

medium and the clarified broth was examined for chl phenicol
pathway intermediates using the colorimetric assay. Absorbance
at ODg5y nm of the chromogen formed in the colorimetric assay
was compared to a standard curve preparéd using chloramphen-
icol. Culture flu1ds were then ektracted with ethyl acetate
.and"the extracts wére concentrated., Absorbent paper assay
disks soaked with the concertrated extracts were fested for
bioactivity agalnst M luteus.
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thes?s of aromatic amino acids and chloramphenicol can be ruled out.

The specific lesions in the chloramphenicol biosynthetic pathway respon-

sible fOﬁ‘ﬁhe absence of antibiotic activity were investigated by
r AN e
- ]

growing each mutant in chloramphenicol-production medium for 7 d and
\ -

examining the culture fluids for chloramphenicol pathway intermediates.

Cultures of eight mutants showed no reaction for aromatic amino- or

w’ . -
nitro-compounds when the clarified fluids were analysed colorimet~

. ° v

ricaliy,(Table 2). In addition, concentrates of the ethyl acetate
extracts.of these culture fluids gave no zones that reacted with p-
dimethylaminobenzaldehyde‘ﬁhen they were chromatographed on thin layers
of.silica gel. Absorbent p?per assay disks soaked with.}he conéentrated

extracts failed to show antibiotic activity against M. luteus.

a. Characterization of Cml-l1 and Cml-12

To determine whether any of the eight strains that did not excrete

u

chloramphenicol or its precursors was blocked in the conversion of

chorismic acid to :p_-amcinophenylalanine (the aromatization step that
initiates chloramphenicol biosynthesis, (Figure2))each mutant was’

grown for 7 d in chloramphenicol-production medium’containing 1 oM p-

aminophenylalanine, Twé of the strains, Cml-1 and Cml-12, then produced

an aromatic nitro compound (Table 3) which was extractable ihto ethyl

v

acetate and wHich hdd the. same Rf value as that of authentic chlor-

amphenicol on a thin-layer chromatogram °in system A. These two strains

are therefore presumed to be deficient in arylamine synthetase %ctivity.'

> [

b. Hydrolysis of c¢ulture supernatant fluids

- ]
The possibility was considered that some of the six strains (Cml-
A w

3,-6,-7,-9,-10,-11) that did not extrete” chloramphenicol nor any of its
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2

Table 3. Chloramphenicol production by blqcked mutants in
cultures supplemented with pZaming-N-phenylalanine

-\

Mgtant ' {’ Coiorimetric Assay
(-ngomh=L)*
Cml-1" ' 77 N3
Cml-3 <A | !
Cinl—6 , ! |
Cml-7 4.5 V.
Cml-9 ' - L2 ' 5
Cmil-10 * <2 /
Cml-11 . <1
» Cml-12, « - 57 ’

#Each mutant was grown for 7 d in chloramphenicol-production |
medium containing 1 mM p-amino-L-phenylalanine. Clarified broths
were extracted with.ethyl acetate and the extract assayed color-
imetrically for aromatic amino- or nitro-compoufids. The absor-
Bance of the chromogen at 550 nm was compared to a standard
curve, prepared using chloramphenicol.
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4 ¥

re . ‘ i > » , Y -
hromatic precursors might accumulate an intermedia hat was modified
U I . .

by sfxunt metabolism so that it escaped detection a8 an aromatic amino-

or. nﬁro comi)ound Such a ’corr'lpound, in w'hich the p-amino groupds
acylated was 1solated by Wag et al (1971) ém'd identified as 2-
Qichloroacetamido—'S—(E'—acetami\dophenyl)propar}—l—ol. Bioasfsays showed
that yit has no inhibi:torir dctivity again;t M. luteus. To remove acyl
groups which might prevent an aromavtio: amine from being detected,
culture lﬁlllids were hedted under acid conditions, Subsequent’ colori-

Al » * »
metric assay .of the hydrolysate failed to detect any aromatic amines in -

t

the six mutantd (Table 4). Mixaino the culture filtrate from Cml-12 with
L 2- d1c:h10ro}c etamldo—3—(R-acetam1dophenyl)propa)n—l—ol before hydrplysis

did not alter the colotimetric yield of aromatic amine from the latter

v

compound., . y »
» ’ .
¢. Characterization of Chl-3 and Cml-10 ' e

LY

©
*

To determinej whether any of the mutant strains Cml-3, Cml-6, Cml-7,

Cm1-9, Cmi~10 or Cml-11 were blocked at a step where an 194/ermediate was
LYY
accumulated but not excreted, ethanol extracts of washed cells were

[l

examlned by thin-layer chromatography. Cells from two mutant strains,
1 -
Cml-3 and Cml-10, contained small amounts of an arylamine with an Rf

" value similar. to that of authentic p-aminophenylalanine. Accumulatioch

«©f this compound and its failure to promote chloramphenicol production

when 'added as a medium supplement suggests a pathway lesion after the
c /

arylamine synthetase step. Cell extracts of the four remaining strains

Py A

4

did not contain any aromat’:'ﬁc amino- or nitro-compounds.
i “ 3 r



Tffect of acid hydrolysis on aromatic amine content

v 7?

ol solutions of

2-dichloreacetamido-3-( p~acetamido-

. phenyl)propan=1-01 (DAPP) and clarified broths from

cultures of blocked mutants#

¢

s *Before

After

’}hydrolySLS hydrolysls Increase
0 ?

Sample ) .
DAPP ) . . >
" 3.125 wgal! in Hy0 . 0 0.02 . 0.02 N
12.5 wgenilin w0 0 0.06 0.06
& 25 g inoH,0 0 0.;(9 0.20
50 , ug.mL~L-in HyO .Y .0 v 0.3% 0:3
12.5 fg.nl”) *1 in ‘Cml- 2 broth,  0.01. 0.09 0.08
50 yg.nl” 1 in Cml-2 broth "0.01 0.33 0.32,
;'le—lg i 0.06 *0.09 0.03
Cml-2 0.1y .06 T - ‘ e
Lml-3 ,. 0.02 0.05 0703 d
Cml-4 - 1.38 1.38, v °-
Cnl-5 b 0.55 0.69 014 s
Cul-6 Ce 0,03 - 0.67 0.04 ’
cm-7.. o 0.2 odos o.esr
Cml-8 - % #0.05 0.10 0.05°
Crl-9, oot 0.0 0.07 0.03 -
Cul-10 - 0.07 0.12° 0.05
Cril-11 ~ 0.02 0.0 . ﬂ0.01,
Cml-12 0.01 eo.os 0.02

v

*Concentrated HC1 (O 3 ml) was added to samples (2.mL) and the
mixtures were heated at 100°C for 4 h; I-nmL portions were

assayed for aromatic.ami
served as controls.

s colorlmetrlcally.

Solutronqﬂof DAPP

A atic amine contént -is expressei as
increase 15 absorbance at 530 nd.

o« =

[
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’ ° ) v
. d. _Characterization of Cmi-2 //\ . .

Blocked mutant Cml-2 gave a positive response when culture fluids

@
o

were examined colorimetrically for aromatac nitro- or amino-compounds

)
P > .

(Table 2). -Disks permeated with a concentrated' ethyl acetate extract of

-

clarlfled broth from a Cml-2 culture showed very weak 1nh1b1t10n of M.

- N

>

luteus. Thin-layer Leﬁromatography.of the extracts showed three zones
-~ " B -
®” ot
that reacted with”R—dimethylamJénobenzaldehyde only after %treatment with
: " o - e by -
stannous ,chloride, and had mobilities different from chlorampheng‘lc’o,l.
R s ¢ .
These aromatlc nitro compounds were 1solated by 5111ca—ge1 colufn

-

chromatography of the extracts. Compound A was eluted with a-1:l

mixture of ethyl acetate and chloroform, compound B/F:Lth ethyl acetate,

o

and compound C with a 9:1 mixture of ethyl acete}te and acetone. . K

o
o

The structures of compounds A and B weére established from their

. , ) - e
chromatographic behaviour (Tablg 5) and lg NMR spectra, whi'ch.corres- %

ponded to ,thos‘e of authentic specimens of'g—threo—l—E—gitrophenyl-—Z—

a -

isobutyramido-1, 3—propanédiol and aD.—tm: eo-1-p-nitrophenyl-2-propion-
t *

amido-1,3-propanediol, respectively. Compound C was identicak® chroma-

tographically with _Q—threo—-1—p_—nitrophenyl—“Z—ace{:amido—l,S—Eropaned‘iol

#

.NMR spectral identification. Since it accumulates these three non-
. " . ¥ .

(Table.5) bu.t the\'s;\iz: and purity of the, 'gamﬁle were insufficient for

ctlxlo'rinated chloramfﬁhenicol analogue's; mutant Cml-2 appears to be
blocked in the reaction that chlorina’ACes the N-acyl group of chlorai- .

3

phenicol (Figure 2). °

-

Culture fluids of Cml-2 also contained an aromatic amine that could

S s N «
not be extracted into ethyl acetate, evdn after atid®fication of the
@ 1 Y -

cylture fluid to pH 2.0. This compound was i%olated by. chromatography

on Dowex $§0. It was retained on the hydrogenrform of th\e cation

K
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. Table 5, Thin-layer c(hramatographic comparison of compounds
€

.

A, B, and C from Cml-2 with corynecins- I, [T, and IIT

B
¢
’ .
o a

r & hd ’ z u
- ) ‘.v . ‘ .
* Compaund / * System A¥ System B¥X
1) - d . ©
\ -r ) RE R{ "
” " - ;
Compound C . ' . 0%17 C0.60 .
‘ P R <L YT
D-threo-1-p=~Nitrophenyl- \ . .
2-acetamide~1,3-propanedidl 0.18 0.60. .
k] M * - - . . "
& L= ‘ ’ ’
Compound” B or T R e .
D—thxeo—-l—E—NiLrophenfsgi— ‘ . ! . .
-propionamido-1,3%propanediol - 0.24 3, - “ L
' » : ¥
" N AN
‘Compound A . 0.31 -
thhrwd;ﬁtx:oﬁhenyl— N i ' i X
2-—ié0butyr‘amidb—’1, 3-propanediol . . 0.30 -

#Silica gel ﬁlgtés developed in cplorof&;m]-—ﬁfethanol (9:1)‘.

#*8ilica g%l plates devélope"d in butanol-acetic. acid-watér
(12:3:5) — ’ * )
¥

L3
- 0
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exchange resin and eluted with-2 M ammonium hydroxide. Thin-layer

chromatoéraphy of the prqduct showed it to have an- Rf value identical to
4 - R .

that of authentic p-aminophenylalanine. . )

L] - - - . &

e. Characteri'zation é)f Cml-4, Cml-5 and Cml-8

Culture filtrates of Cml-4, Cml-5 and Cml-8 also contained a polar.

arylamine (compound D) that could not be extracted into ethyl acetate,

‘even after acidification. In each case the compound could be eluted in
/ .

a single peak with 2 M ammonium hydroxide from a column of Dowex 50

{HD)..

r * <"

- Figure 7 gives the elution profilé for compound D from culture
fluids of ém_l—&. Positi'veblfractions were pooled~ and purified-further by

chromatography om a column of Dowex 50 in’the pyridiniuwm form. Stepwise
. 3 -

elution with'0.1 M and 0.5 -bg pyridine gave fractions that exhibited a .
. S

single response peak when tested colorimetrically for arylamines.
. ) [

Arylami,ne—-positive'fra::ti(;ns wef\e pooled and lyophilized. Compound D

"

isolated in this way f';om culture fluids of Cml-4 was identified fram

its NMR spectrum and chromatogl:'ap.};ic comparison with an duthentic sample
as p_—a;ninophenylalanine. ‘Its 1H—-N.I“IR spectrum, "recorded ;n~de‘ht;e}!'iat’:ed
water, at 80 MHz with .tetrémet}}ylsilane in chlorofor,.n‘_i’-a“?“gl}e .’ext'err‘la‘l,‘
reference,' containéd Signals matching those given.ﬁy“g—afr‘ningiﬁhieny],-

* -

glanine at  §2.90, 3.06 and 3.80 (ABM,” 3 H-2'a, H-2'h, He3',

Y «”

'Jova, 21p 15:0, Jgrp 3¢ 5.1 Hz) and at 6.88 (AA' BB', 4H, H-2, H-3,

H-5; H—6,.A_\,AB22.2\HZ', N = Jyp + Jpp = 85 Hz). .

The products isolated from Cml-5 and Cm1-8 were of insufficient

-
)

size and purity for spectral identification. However, their chromato-

graphic properties coincided with those of authéntic p-aminophenyl-

¥

w
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-

Figure 7. Elution profile for cdﬁpouﬂd D from culture fluids of
* /

Cml-4. The gupernatant fluid from a 750-ml, culture was

applied to a, column (2.5 x 30 cm) of Dowex 50x8 (H¥) 50~

¢ Ty
L _aal

", ) M - M
100 mesh. Amino acids were eluted with:2 M.ammonium hy-

3

droxide. Fractions (lo,ﬁLbfwere“goiiécted and assayed for

[

. . "
aromatic amines using the colorimetric procedure., . *
- . v ’

- L JERS .

4
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. . - . v
alanine; Rf values for compound D<were 0.23 and 0.27 in systems C and D,

‘respectively., Rf values for authentic“})_—aminophe_nyla!.anine were (.24

-

and 0.28 in'systems € and D, respectively, ,No R—amingphenylserine'(Rf

valie = 0.19 in system C) ;:ould be detected in the culture fluidg of

-

* these mutants, Thus~they are probably blocked in the hydroxylation of

p-aminophenylalanine to R—am'inophenylserine (Figure 2 ). o,

Broths of mutants Cml-4 and Cml-5 ad justed to pH 2.0 after the

initial extraction with ethyl acetate and r_eextract&d under acidic

» a s

conditions yielded an aromatic nitro gompound (gompound E). The thin-

layer chromatographic, propertits of compound E were. compared with those

»

of ‘th-reeapotential metabolites, N-dichloroacetyl-p-nitrophenylalanine,
N-acetyl-p-nitrophenylalanine and R——nitfrophenylalanine, using syst&ms B

and C (Tabte 6). Compound E was tentatively identified as, N-acetyl-p-

x T

nitrophenylalanine. Attempts to isolate this aromatic nitro compound

‘

from broths of Cml-4 to allow for more rigorous identification 'failed

< - \ ~

due to the small amounts accumulated by the mutant.
Clarified broths of Cml-5 shpwed an dAncrease in aromatic amine

cqentent after a&id hydroijsis (Table 4), suggesting that an acylated

[

aromatic amine was also present. Examination ?\)f broth extracts by thin-

layer chromatography (system A) failed to reveal any fluorécence'—ﬂ
. : . o «

quenching zone corresponding in m'obilit‘y to that given by a sample of
2(§)—gich16roacetamido—BL(R—acetami'doph,enyl)propan—l-—‘ol.' It was
concluded thdt the masked aromatic amine 'accumula*ted -by Cml-5 might be

_Q_—N—acetyla'minopheﬁylalaniﬁe .. o .

»

-

£

a

[

’

“
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Table 6. Thin~layer chromatographic comparison of compound E
¥rom mutants Cml-4 and Cml-5 with standard aromatic
nitro-compounds ”

Compound | System B¥ System C¥*

RE: RE
ﬁ;Nitrophenylalanine - 0.37 0.53
N-Acetyl-p-nitrophenylalanine . b 0.55 0:&1"
Compound E 0.55 0.50
N—Dichloroacgtyl—E;nieipphenylalanine 0.66 - . O.6§ ‘
Chloramphenicol . 5 o 0.73

2 v

*3ilica gel plates developed in n-butanol-acetic,acid-water
(12:3:5) N ]
3 ! F 3
#*Cellulose plates developed in n-butanol-ethanol-4M ammonium
hydroxide (8:1:3)

+

®
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VII. Cosynthesis

M %

. \ s ¢
Attempts were made to detect cosynthesis of chloramphenicol by
» growing mix£ures of mutants in all possible p;irwise combina¥ions on MYM
agar or in chloramphenicol~g£9ﬁﬁ€tion medium. In agreement with the
preceding findings, mutants Cmilé and Cm1-5 (which accumulagedag;amino—
.phegylalanime) promoted chlorémphenicol synthesis. when grown with

mutants Cml-1 and le—lg (blocked in the conversion of chorismic acid to’

. p-aminophenylalanine). No other instances of cosynthesis were observed.

*

VIII. p-Aminophenylalanine B -Hydroxylase

a. Development of an assay ’

One of the early steps in the chloramphenicol biosynthetic pathway

s

. , is hydroxylation at the B -carbon of p-aminophenylalanine to form p-

aminophenylserine (Westlaké and Vining, 1969) . To-detect enzyme activity

. -

catalyéing the reaction in cell extracts of S. venezuelae, a, method for

distinguishing substrate from product was required. Since these differ
» » v

only slightly in their chromatographic properties, differences in

v chemical reactivity due to the hydroxyl group at the B —catbon of p-
At

aminophenylserine were exploited. The presence of a vicinal Jmino

(3

alcohol renders this compound susceptiblé to oxidation th sodium

LY

metaperiodate. If Eraminophenyla%anine labeled at the carboxyl carbon
were converted to Bfaminopﬁenylserine, periodate oxidation of the,
mixture should yield radiolabeled glyoxylic aciq deriyed only from the
product (Figure 8). To estimate the amount present, the. reaction
. mi&ture could then be ffltered through activated ch;rcoal which would‘
adsorb unconverted_;—aminophgnylalanine while allowing the [14C]gly—

-
.
L3
.
-
4
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N oxylic acid to pass through The ameount of _p_—amlnophenylalanlne con- .* oA
verted to p_—amlnophm}lserme shoulﬂ thUb be represented’ by the anountg .
o
. ) R '9 ) . ,
* Of racL103cL1v1ty recovered in the charcoal filLrate. Q'\ug . @ .

. .Iu preliminar‘y experimgznts using a reactich mixt;ure coﬁ'tain:{ng v
- ’ periodic a'cid, ‘a-p’p@fﬁ;ately 30% of' the initial radioa.gtivit:&. in p- . ?
; o o %,

R amlnophenyl[carboxgl—?l'(}]serme was pre)éent in the flltrate reoovered %
. afger charcoal trg:atrment.' 'Qaa;ilolsotope ‘3/11el;15 decriased with extended
- N . } . reaction tlme;;s,,suggestmg rjhat o‘vcrox1dat10n of [MC]glyoxyllc c-;c1d was A . )
- ;esponswle, tat least in part for the low recoveries. In addlt::on Tat-. '
- e ‘ i ” ~T
appI:eClable and time—dependgnt kamount of ra‘d‘ioactivit;' épﬁeared in the & ~ -

~t

charcoal filtrate when _g—amnophenyl[carbole-— C]alanlne was treated . - ,
- o - ¢
under these /cond‘itwns, 1nd1cat1ng that the mtended enzyme substrate oo
- o ’

was slowly oxidized by perlodlc acid in acidic reaction mixtures. T
E v *

. >

v, -

e Better dlscrlmlnatlon was obtained by r11xrng a solu*'tmn of _p_-— - RP'Y
Q@ oY e

amlnophenyl[carboxz ‘MC]serlne 1n{ 0.1 M phosphaté buffer, pH 7.0,- wl;;h 2 o

’ a\saturated solutlon of sodium metaperiodate (final p'H of'T.S) and, ’ 3

* \ N
v A ¢ ¢ L 13
[ -

fter 1 min, filtering the solutlons ,through activated charcoal. The '
¢

_— 3

filtrate then contained 73% of the total 1n1t1a1 rad10act1v1ty of the L :
. " L
% P |
- (J sample., When the reactlon ‘was carrled out at flnal pH values of '2,5 <

ad v

%’ 5.5, onlf 15Z and 377, res,pgect_ively, of the initial radioactivi;y of 3 .
the sample was reccovered in the filtrate, demonstrating the pH

»

kS

.

dependence of the reaction. A_control solution to whith sodium meta-
. \ P '

- periodate was not added gave a filtrate with only 10% of the total .
B R- - .

s . av L2

initial radioactivity. A sgcondbcontrol in which saturated sodium

7 metaperiedate solution was mixed with a 0,38 mg.mL"1 solution of ‘p_- '

: arnmophenyl[carbole—1 Clalanine and the solution was filtered a.fter 1 c
» min through charcoal, gave a filtrate containing onl’y 5.5% of the
» i . ) . " .i":
o \ ¢ Y -
) & ¢ \ ’ N » N
, e ¢ @y i‘ - 4 . .
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<

initiai‘radioactivity in the sample. These results confirmed that

under suitable conditions, p-amigophenyserine is rapidly oxidized by
% periodgte whereas p-aminophenylalanine reacts very slowly. °

s . ¢ » .

b. Hydroxylation by cell ex'trac"ts . :

3 _R—Amlnopheny[carboxgl— 'C]alanlne was added to incubatdon mlxtur“es

‘contaln,lng IOOUL SOOuL and 1000iL of cell.extract of S. venezuelae.,a

N ¢ 4

After incubgt_ion, sodium meta-periodate was-added and the mixtures ®ere
-~ - ¥

. ]
IS

. . s - X
filteraed through charcgal., Increased amounts of cell extract in the
Y “ i * ,
incubatiion mixture gave an’ increase inm' filterable radioactivity (Table

&
&

7)., ‘Controls receivi;lg boiled cell extracgs gave ‘significaptly 1ef;ss
@ w 1) . - o

filterable radioactivify. The results indicate that cell extracts of S.’

x / ' ’

_venezuelae c¥ntain an enzyme that convérts p-aminophenylalardine #o a

pfoduc{:, probably _p_—aminophenylsérine,‘which is susceptible to perlodate
: . .

v

oxidation. - ) .

Y .
4 ] »
L3
bl <

IX. Chloramphenicol Resistance in Strain HP-1 and the.Cml Mutants

v

Cultures of strain HP-1 growing in chloramphenicol-production

1

medium were sensitive to chloramphenicol early in the growth phase

before chloramphenicol production began, bul becdme resistant with the

: . a «

» ,
* production of endogenous antibiotic; ,addition of chloramphenicol toa
final concentratlon of 150 ygaml™ 1 at the beginning of growth extended
. [
.
‘the lag phase for an additional 24 h whereas addition after 4 d had no

affect' (Figuré 9 and 10).

Cultures of mutant Cml-9 showed greater sensitivity to chloram-

L] . P 3 .
phenicol compared ‘to those of strain HP-1. Addition of the antibiotic

at the beginning of growth extended the lag phese for 2 d (Figure9 ).

L3
L



Table 7. p-Aminophenylalanine B -hydroxylase activity_(dpm-mth)

in cell extracts of S. venezuelae¥

LY

Cell extract ) Charcoal filtrate s "
added (ML)
Cell extracts Boiled extracts Net
activity®¥
‘ (dpm-mr. 1) (dpm-mp 1)
100 378 366 . 14
) o e
500 472 : 346 . 151

1000 ” 638 . 530 130

*Various amounts of cell extract or boiled~extract were mixed with
* P_—aminophenyl[carbo:_czl-14C]alanine solution (1 mL) and 0.1 M phos-
phate buffer, pH 7.0 (1. mL)., and the volume was adjusted to 3 mlL
with water. The mixture was shaken at' 279C for 30 min and samples

were analyzed as.described in Materials and Methods.

#% Net activity as dpm per mL of insubation mixture.
* . 3

o

92
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Figure 9. Effect of chloramphenicol on Sptreptomyces venezuelae strains '

at .the beginning of growth in chloramphenicol production me—
' ‘ . - « ]
., ditm,. Top panel - strain Cml1-9; bottom panel, - strain HP-1.
s . . ‘"’
@ — @ control cultures receiving no chloramphenicol supple-
er & § *

ment; & — A cultures receiving chloramphenicol supplement.

. T 3
to a final concentration of 150 ,ug'mL“l-. '

* ]

1
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F‘igure 10. Effect -of chloramphenicol on growth of Streptomyces ,venA;elae
3 * . .

]

'

in chloramphenicol production medium. Top panel - strain HP-1;
) . ° ' | T . ‘
bottom panel -:composite of results for #1 Cnl mutants. o0

. control cultures receiving no chloraﬁphenico% supplement;"'—,l.
cultures receiving chloramphenicgfl sup‘i)lemenﬁ to a final con~
. e ot ‘. . .

-centration of. 150 fg'mL’l. In the case of strain HP-1, growth

. .

QL
curves for cultures with and without chloramphenicol were su-
perimposable.

.
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Furthermore, addltlon of chloramphe[mcol to cultures of- each nonpro—

ducing J&mtant after 4 d of growth (at whlch time strain HP-1 had become

- £

resistant) ‘temporarily arrested growth for 3-4 d (see "appendix). All 12

Cnl mutants were -s\ensn_tlve to chlo?amphenlcol Figure 1® glves a

generalized growth curve demonstrating the effect of chloramphenlcol

- r o v

addltlon on the growth of nonproducmg strains. :

-t

When mycelium ffom cultures of “mutants’Cml-1, €ml-2, Cml-3, Cml-8,

Cml-9, Cm1-10 and Cml-12 grown for A2-13 d in the presenc‘e of chloram-"
phenicol was used to inoculate flasks of: pr'odhction medium with and

w:Lthout chlofamphenicol, the chloramphenlcol-—supplemented cultures

lagged only sllghtly behind the unsupplemented cultures (Figure 11 and

d for the

appendix). Broths of the unsupplemented culture§ were te

presence of chloramphenicol uéing the colorimetric method to as ain

> @

whether these "resistant' mutants had reverted to become chloramphenicol

\

~pfoducers. Only with Cm1—12 was chloramphenicel ‘detected in Jhe broth

and it was present only at the very 1ow concentrdtion of 6 ugml™ l
-~ Resistant cultures of Cml- 1 Cml-8, Cml-9, Cml-10 and Cm1-12 were
tested for reversibility of the ohlormphenlcol—reéstant phenotype by

growing them for 7 d in the absence of cnloramphenlco,l and then using

A\ v »
"them. to inoculate chloramphenicol- supplemiented medium. These cultures

~ N M

retained, their antibiotic resistance (Figure 11 and appendix) On the

other hand resistant cultures of strain HP-1 grown for 24 h in the
RN “
absence of chloramphenicol in a medium (GNY) supporting only low levels

3

" of antibiotic synthesis returned to a sensitive state. (Figure 12.
\]

- £l
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Figure 11, Effect of chloramphenicol on growth of resistant Cml mutants.
Top panel - pbmposite figure: mutants transferred to medium
e, " * . * o
with anvd without ‘chloramphenicol after growth for 1 week in

- the absence of chloramphenicoi} bottom panel -~ composite

- -

figure: mutants tran‘sferred directly fr=0m chloramphenicol- *

-~ 3 4

‘containing medium to mediuh with the same concentration of

chloramphenicol and to medium without chloramphenicol.@ — @

@

v L
control cultures receiving 1o chloramphenicol supplement;,

.

A — & cultures receiving chloramphenicol supplement to a®

[y

final concentratdon of\lSO_ug-mL“‘lu. All curves show growth

v

N ’
. in chloramphenicol production medium,

3



do

INCUBATION TIME (days).

4 ) a ¢ -
<4

\
P L TR P R T S—
o - - = c - O N -~ - 0 . o
hw_uccovw.vmuz,cdmomm,q ) ’ ﬁ.t:vaov muz.qmmommuq

>



B

o .
. v

Figure 12. Loss f chloramphenicol” resistance in strain HP-1 during growth
B > [ .

. )

in a :gnediﬁn‘i“ lacking chloramphenicol. Top panel - culture trans-

3 LN 4

ferred to a medium with and without;cﬁloramphenicol after growth

. I o i
for 24 h in GNY'wedium; bottom panel - culture transferred di-
B4

¢ © ¥

rectly from nhloramphenieol—conﬁaining mediumn to medium with and

'
&

Lo
t:vii;hout the same concentration of E:hloramphe_nicol. @— 0 con-
o IS s
trol cultures receiving ne chloramphenicol supplement; A— A
N - «
cultures receiving chloradmphenicol supplement to a final concen~

tration of 150 ug-mL‘l. All curves show growth in chloramphen-

0
@ a * ’

col §pr0duction medium,
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X. Fertility in Streptomyces venezuelae

°

" Crosses in which each gf the. auxotrophically marked Cml ‘mutants:
. v

VS146 (nic=6, cml-7), VS163 (hom-5, cml-4), VS130 (cys-13, cml-4) and .

VS99 (his-9, cml-4) was mateéd with the triply auxotropHic chloramphen—

icol producer, VS160 '(ura-—l, thr-1, trp-1, cml®) gave ‘threonine-indepen-

_dent progeny at a frequency of only 1 per 107 parental c.f.u, or less.
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 recombinationwas not limited td crosses

v

involving the Cml mutants and V8160. Crosses between strain VS113 (hié—.'

3

6, ade-10, cml®) and the Cml derivatives VS144 (met-15, cil-7) and Ys143

B

‘(met-14, cml-7) yielded proté)tro hic, histidine-requiring and adenine-

~

requiring recombinants at a fi'eq-uency of only 1 per 10% c.f.u. of the

minority parent.” The frequency of reversion to wild type was &4 per 107

4 a

c.f.u. for ade-10, 6 per 108 c.f.u. for his-6, 2 per 107 c.f.u. for met—

a®

15 and 1 per 107 c.f.u. for met-14, ’

v

In an effort to acquire fertile strains for use in mapping,
attempts were made to transform protoplasi;s of mutadts VS130, VSlAB, and
" VS144 with the S. lividans derived fertility plasmid pIJ303.
Th[ese attempts wereaunsuccessful. However, a derivative of VS160 that
) displa;yed inc‘reased' fertility in some crosses was obtained fo}lowing
transformation with another S. lividans derived i)lasmid, p1}701. Recom-
bination frequemcies using this strain varied markedly in different
crosses and_ were often unrepeatable;- therefore this strain was .aban—
doned for use,in? mapping studies,

Fertile stratns (VS191 and VS192) of S. venezuelae were obtained

following protoplast formation and regeneration of VS113 (Stuttard,

v
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lethal zygosis on, both of  these
- s k]

.
this reaction on ekch other. A

personal communication). VS113 elicil

strains and VSl9“1 and V8192 elicit
Ey . LR Vo o

ed from VS191 by protoplast forma‘—{

tion and regeneration. ¥S113, VS191, VS192, and VS194 produced chloram-

¢

third fertile strain, VS194 was der

ph€nicol at concentrations of approximately 170, 130, 13{0 and 129 .
& » a o 0

i) N .
pg.aml, " after 7 d,in chloramphenicol<production medium. In crosses with

4 LY ’
auxotrophic derivatives of Cml mutants, VS191, VS192 andé. V5194 all .
?

yielded recombinants at frequencies ranging from 1 per 104 3 1 per 103

»
c.f.u. of the minority parent. . .

° . [
3 - ‘k

XT. Genetic Mapping ‘

4 -
3 . . to
Four' crosses were initially carried out using strain VS206 (his-6

»*i

ade-10 strA) and sifigly auxotrophic "derivatives of three different Cml
mutanj:s?, For each cross the relative 1ocatio‘1;ls of t}“three auxotrophic

markers and the streptomycin resistance marker were determined by the

=

progedure of Hopwood (1972). The Cml marker was not copsidéred in this

"initial procedure. Spores from a mixed culture of mutant strains were

v

plated on to four selectiveﬂ media. The phenotyypes of, recombinant;;-i:h\gt
appeared‘ on each' médium were determined by replica plating to diagw%tit:
media/, as demonstrated below for cross I. In this manner, nine
diffe’reﬂt phenotérpes refle'ctingk the genotypes of ‘recombinant pr:)geny
could be detected, including two reciprocal pa“;rs. A; Hopwtod (1972)
pointed out, subsequent analysis depends upon the data satisfying two
interﬂnal checks: 'i)‘ in seuveral insﬁpces, the frequency of a parti-
cular. recombinants c‘lass (c.f.u. per upit volume of the spore suspension
at a standard d:ilution) should be estimated on more than one m;sdium. To
exclude the possibility of bi:e(ts in the fréqﬂ’ency w:lth which a parti-

M v

- "

A ‘ r

1 .
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cular class is

- s

o

v on

T

coT le4

’ . ‘ .\lu » .
.recovered ungder differenl selective conditions, these
a

estimate$ must be similar; ii) ,In cases where both members of a pair

- [

of cca(mpltementary genpiypes ‘can be recovered, both members of. the pair &
silould have approximz%tely the same frequenc'y,' indica'ting“a statistically:
'equal éont;ibution.of 'génetic mat'e_rial by the two parents. The cross is
.."‘-‘ . ' . thenm said to bé“balance;l‘ In all crosses ‘using V§206 aﬁs ;)ne pfarenig’a

this was achieved by mi”xing VS206 ‘spores with spords of the other paren-—

tal strain in a ratio of approximgtely 20:1. ’Mixing of( spores in'ga i:l

@

* ‘_o‘ ratio resulted in'unbalanced'outputs of progeny spores.

" £ »

4

. -
13

. " Consistently unbalanced crosses could reflect polarized gene transfer

.S :
@

-
'S > P -
k]

- !

with one parént functioning prédominan&ly as a DNA donor and the other

as the recipienpt, as in &- mediated conjugatién in E. coli.

L]
3
.

-

“\

¢

4 i « N

, " 1. MM + adenine - !

. 2., MM + methionine, adenine, and streptomycin

~

a

4, MM + histhe

4

a

v

) ing media, each ofy which was counterselective for

3. MM + methionine, histidine, and streptomycin

. . a. Cross I: VS143(met-14 cml-77 ¥ VS206(his—6 ade-10 strA 6)

» “

Spores fr'om the mixed culture were initially plated on the, follow-

the parental spores:

.

v
*

" Medium 1 selected Mett and Hist phenotypes and allowed growth of

»

N ) nthe following four phenotypes of recombinant progeny:

. % Ade His Met Str

, ' * (a) + + + +
~ : . (b) -t W+
. ey ! + + + -
- (d) -+ o+ -
. T, J
4§ - [}
: "; ' Y

L
i
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Note: Str' indicates sensitivity to streptomycin, Str~ indicates
' resistance .

*To diétinguish between progeny differing in the unselected markers

v

ade and str, colonies on medium 1 were replicated to the following

media: ,
Medium Phenotype selected
M e (a), (c)

M{ + streptomycin . (c)

MY + adenine and streptomycin (c), (d)°

-

MM + adenine (a), (b), (c), (d)

Medium 2-selected for Histand Str™ phenotypes and allowed growth of

o

the following four types of recombinant progeny:

Ade Met His Str

(a) + + + - -

(b) -+ '+ -

(c), - - + - .
(d) o -

.

To distinguish between progeny differing in the unselected markers ade

and met, colbnies we}é,replicated to the following media:

p
Medium ) ’ bhenotype Selected,

MM + st{eptomycih o ‘ (a) '

MM + adenine and streptomycifi (b), (a) |, ©o.

MM + methionine and streptomycin s (a), (d) ’ g

MM + adenine, methionine and streptomycin’ (a), (b), (c), (d)

N LY

Medium 3 selected: for the Ade’ and Str™ phenotypes and alldwed:

.

growth of the following four types of recombinant progeny: ’
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Ade Met His Str 3 4
(a) + + + - ’
(b) + + - -
(c) + - - -
o (d) + - + -

- .

A
-

To distinguish between progeny differing in the unselected markers

met andshis, colonies were replicated to “the following media:

Medium . Phenotype Selected

MM + strepéomycin o (a) ‘ '
MM + histidine and streptomycin ' f (a), (b) *

MM + methionine and streptomycin - (?), (d)‘

'MM + histidine, st%epLomycin and methionine (a), (b), (c), (d) v

v

Meditm .4 selected for Mett and Ade™ phenoéypes and allowed growth

of the following four types of recombinant progeny:

\ ' Ade Met His Str

‘\ (a) + + + - .

y (b) + +., - - ,
(c) + + - +
(d) + o+ o+ 4

L4
To distinguish between progeny differing in the unselected markers

his and str, colonies were replicated to the following mediat

MEQEHE“ Phenotype Selected
MM ) (d), (a)

MM + histidine + streptomycin (a), (b)

MM + streptomycin ~ ~(£)

Vit + histidine - (@), (), (), (&)

Frequencies for each inferred genotypic ¢lass of recombinants from

cross I are given in Table 8 . As can be seen from this table, the



%A sample of recombinants from each selective medium vwas classified into the four possible putative

genotypes. The frequencies are shown in column A., Column.B gives adjusted frequencies as a proportion
The adjusted frequencies averaged to give the frequency of each
complementary pair of recombinants per unit volume of spore suspension are shown in the far right-hand

<

Genotypes of *

Table 8. Analysis‘of a four~fé;tor cross (Cross I: met-14 cml-7 X his-6 ade—lO,strA6)%

<

"Selective media supplementsg

-l

Average frequency

selectable met, ade met, his his of complementary
progeny ade str str genotypes /
- A B A B A B ‘A B : )
+ + + o+ 2 8 20 11 10
F ¥+  + str 9 34 8 25 24 24 551 30 28
met + ¥+ str 11, 35 - 31 31 33
+ his + str 8 8 4 2 5
+ + ade str 58 224 83 261 242
+ his + + 0 0 S0
met + ade str o 0
+ + ade + 7 27 ) 517
met his + str S 7 7 :
Sample size: 76 102 N 70 75 3
Total recombinants s ’
per plate: . 293 321 70 43 o
: - . . Relative regombination frequencies in each interval %% 7 .
’ met-ade  ade-his met-his  his-str ale-str ~ met-str
. 10 5 10 28 28 10 -
28 242 28 33 *33 33
5 0 242 242 5 0
S0 17 17 0] 17 ., 17 -
Total 43 264 297 303 : 83 - &0

- of the total recombinants per plate.

column .

#%Relative recombination frequencied in each¥®interval were obtained by summing the average frequencies for

-

each recombinant class produced by a crossover in that interval,

~

.

L0T
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by

above-mentioned internal checks were satisfied, The frequencies of each

genotypic class could therefore be used to chlculate the relative
frequencies of recombination between each pair of markers in the cross.
Pairs that showed the highest crossover fféquencies.were considered to
be the farthest apart while those that showed low crossover frequencies
were probably closer together, The results from Table 8 suggeét that
the pairs met-14 and ade-10 are closer together and likewise met-14 and

strAb are «close together while met-14 and his—6 are far apart and strAb

and his-6-.are, far apart.

The next step in the analysis was assignment of the four loci to

relative positions on the map. The chromosome was assumed to be

circular. The four loci could.therefore be arranged in three different

sequences, jgnoring mirror-images. These three arrangements and the

-

’ . . u N A
crossovers required to produce the nine genotypes are shown in Tabile 9 .

t

Wodels in whieh genotypes requiring quadruple crossovers were not the
~ ¢ Sy . [y

[ ¢

rarest class wereidiscarded. The data are.most consistent with model 3.

1 2

A further analysis of linkage relationships was made by examining

\

the segregation of each pair of unselected markers whén arrangéﬁ in 2X2

tables. A chi-square test ‘can be applied to verify the null hypothesis:

B

tha§ tliere are no assgociations among members of each pair of markers

. ]

when distributed to recombinant proé?ny. Af the d.OS significance
1evé1, the nul]l hypothesis is accepted if x25_3.841, and rejected if
>g>3.841. P gives the propability F?gx the differgnce between the
obéérqu an& expected ;l s is due to chance. ‘Since only one degree of
freedom existgwin analysing these“2X2 tables, the Yates correctidﬁ

*

factor was used“(Stansfield, 1969). Hop%Pod has pointsd out that when

two unselected markers are adjacent, that is, lie on the same arc of a



Table 9 Comparison of genotype frequencies with the crosspver reg‘ﬁ(ns required by the three
. possible marker models (cross I:met—14 cml-7 x his-6 ade-10 strA6)%* : . <

his’
.
. ade
- str h
Medium Genotype Frequency
1 . " -1—
MM + 4+ o+ o+ 2 3,4
+ ade + 4+ + str 9 2,4
’ + 4+ ade str 58 - 1,4
+° + ade + 7 1,2,3,4,
MM + + + str 8 2,4 ’
+ade ° met + + str 11 © 2,3 ;
>, met~ + + ade str 83 - 1,4 -
str met + ade str 0] i,3 f
MM + + + str 24 2,4 1,2,3,4 1,3 C 3 5
+ his met -+ + str 31 2,3 1,2 1,2. -
met + his + str . 8 1,2 2,3 3,4
str met '+ his str 7 3 2,3,4, 2,4 . 2,4 .
— — . .
MM S+ o+ o+ o+ 20 3,4 - 3,4 2,3 1or 3 .
+ his + + 4+ str 51¢ 2,4 1,2,3,4, 1,3 -
+. his + str 4 1,2 2,3 . © 3,4
+ his + + 0 1,3 1,3 . 1,2,3,4, e

¥ -

*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. - . - .

i

60T
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_—
circular chromosome between two selected markers,«they will demonstrate

dependent segregation. When the unselected matkers are separated by a

magker and are therefore nonad jacent, they*will demonstrate indepen-

dent segregation. ‘ ‘
§

Analysis of the ,segregation of unselected alleles on each medium

. ¢ .

for cross I is given_in Table 10 and suggests that: :

i

s

ade-10 and strab are nonad jacent

met-14 and ade-l0 are adja:ent ) «

7 - ’
met-14 and his-6 are nonadjacen}

a w

. . o
his-6 and strA6 are apparently nonadjacent:

«
Again, the data are ﬁost consistent with model 3.

After o}dering the auxotrophic and streptomycin resistance markers,
the segregation of the cml-7 marker in cross I was anai}sed by examining
chloramphenicol production in approximately 100 progeny. The results

>

are given in Table 11. These data-indicated that <ml-7 was located

between his-6 and strA6. The assignment of cml-7 to this arc did not

require that any of thq recombinants be formed by quadruple crossovers.

¥

+ &gl
_No infectious transfer of the Cml™. phenotype te the n&:groducing
AN

parent was observed.

Three additional crosses were F@rformed and the results analysed as

above.
. ’ . ) ¥

b. Cross Il: VS146 (nic-6 cml-7) X VS206 (his-6 ade-10 strA6)

Table 12 gives the frequencies for the recombinant classes in cross

e
II. From the relative recombination frequencies it can be seen that

ade-10 and strAb are'moRf closely linked thanm any other pairs of



, -
Table 10, Segregation of unselected ‘alleles (cross I)* 11
(met-14 cml»i) X (his~6 ade-10 strA6) -
G L) , 5 .
Medium 1 (MM + ade) » Medium 2°(MM + ade met and str)
W ' ~ s - o
Selected alleles: his*/met* Selected alleles: hist/str
r met ! Btr
| .
: ade? ade” mett met ‘
" ostr g 58 .adet 78 11
strt 2: 7 ade” 83 0
Chi-square = 0.57 *  Chi-square = 45.233 B
0.50<P<.30 | - P<.001
¢ : , DR S L
o . " L
> Medium 3 (MM + met his\agd str) Medium 4 (MM + his)
&
Selected alleles: ade*/str Selected alléles: mettadet’
met+ met-— . his+ his-
hist 24 . 31 s str 51 ? ‘
his~ 8 7 strf, 20 0

Chi-square = 0.13 Chi~square =0.043
0.80<P<.70 “0.70¢¥<0.50

W v N . \ »
. Conclusions:
1. ade-10 and strA6 are nonadjacent
2. met-l4.and ade-10 are adjacent Y ~
3. met-l4 and his-6 are nonadjacent
4, this-6 and strA6 are apparently nonadjacent .

S
»

¥Values for each genétype frequenc& on each medium are taken from column
A in Table 8 . Probability vglues were obtained from Stansfield,
1969 'R

o <

¢
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Table 11. Chloramphenicol production in progeny from crogs I

£

M

. (meﬂ—Lgcm1-7) X (his~6 ade-10 strAb) S

N -
- * “L

Genotype Number Chloramphenicol préducers*

: . screengd. Number 4

S
5

+ his + str 0 .. 10 100

met + + Sir 21 ° 1 5

+ + 4+ str 125 - 0

+ + ade str 27 A <137
ade str, . a

+ + ade + 2 w0 0

met + 4+ +% 36 0 0

*A sample, of progeny from the cross was screendd for
chloramphenicol production using the bioassay. :

« <

¥*Parental Type

ne
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Table 12. Analysis of a four—factor cross (Cross II: nic-6 éﬁl—7 X his~b6 ade-10 strAb)#*

q -

Genotypes® - Selective media supplements Average frequency of
of selectable ade his nic,ade nic,his complementary - -
progeny str str ‘genotypes ’ .
AY -
A B A B A B A B ' , e
+ o+ o+ o+ 196 196 165 165 ©o« 181
+ + + str > 0 0 0 0 0 0 0 .0 0
nic + + str . 67 67 8 37 52 ’
+ his + str 25 25 7 49 20 23, ¢ T
+ + ade str 4 4 7 7 . 6 .
+ his + + 310 310 © 3210 -
nic + ade str - 109 109 77 '
+ + ade + 0 0 ) . >0 : :
nic his + str . 1 Q . . .
- , . [ L N
sample size: 200 500 183 139
total recombinants
per plate: . 200 500 183 57

Pl

Relative recombination frequencies in each interval #¥

nic—ade ade-his nic=his his-str ade—str nic-str
181 23 181 0 0 181
0 6 0 52 52 52
23 210 6 6 23 210
210 . 0 0 210 0 0
Totals 414 239 187 268 75 443

. ¥ See Table 8.
#% See Table 8.

€1t
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~ )

markers. The data from Table 13 suggest that model 2 is the most likely

8 ~

relative order of markers. This is comsistent with the segregational

analysis presented in Table 14, which suggests that:

~ "
N N -

ade-10 and strA6 are adjacent

o

his-6 and strA6 are adjacent

Sa
‘&4,,".‘

[

e .
nic-6 and ade-10 are apparently nonadjacent

-

nic-6 ,and his-6 are adjacent

Table 15 gives an analysis of chloramphenicol productiod in progeny
from cross II. The data again suggest that cml-7 is located in the arc

between his-6 and strab.

@

s

" ¢. Crosa ITT: VS141(lysA7 cml-1) X VS206(his—6 ade-10 strA6) -

+

-Table 16 gives the frequencies for the recombinant classes in cross
i3

o

III. From the relative recombination frequencies it can be seen that

ade~10 is close to strA6 and lysA7 is close to strAb while lysA7 and

his-6 and are fyrther apart, as also are his-6 and strA6. The data from
Tablel7suggest that model 1 is the most likely relative order of
markers. This is consistent with the segregational analysis presented:
in Tagle 18 , which suggests that: &

ade-10 and strA6 are adjacent

his-6 and strA6 are nonadjacent- P

P

ade-10 and lysA7 are nonadjacent

.

his-6 and 1lysA7 are apparegtly nonadjacent

Table 19 gives an analysis of chloramphenical production in progeny

from cross III. The data suggest that cml-1 is located in the arc

-

between his-6 and lysA7. ’



Table 13. Comparison of the genotype frequenciesgwigh the cross-over regions required by thé three
possible chromosomal marker models (Cross II: nic—b6 cml-7 X his-6 ade-~10 strA6)*

hi h - rls
ade @ str ade 9 str
str ade
Medium 'Genotyle Frequency Crossovers ) Indicated "Model
1 2 ' 3
MM + o+ o+ + 196 1,2 3,4 - 2,3 1,2,3
+ ade + + 4+ str 0 1,3 1,2,3,4, 1,3 -
..+ + ade str 4 1,4 1,4 1,4 .
+ + ade + 0 1,2,3,4 2,4 2,4
MM o+ 4+ o+ 165 ° 1,2 3,4 2,3 lor2
+ his + 4+ + str 0 41,3 . 1,2,3,4 1,3
+ his + str 25 3,4 2,3 3,4
+ his + + - 310 2,4 1,3 1,2,3,4
Mi- -+ 4+ + str 0 1,3 . 1,273,4 1,3 1 or 2
+ nic nic +. + str 67 2,3 1 1,2
ade + + " ade str 7 1,4 1,4 1,4 -
str nic + ade str 109 2,4 1,3 1,2,3,4
MM + + -+ str 0 1,3 1,2,3,4 1,3 2 0r 3
+ nic nic + + str 89 2,3 1,2 1,2 ~ -
his - + his + str 49 3,4 2,3 3,4
_str nic his + str 1, 1,2,3,4 2,4 2,4
#* See Table 9. ’ b .

SIT
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Table 14. Segregation of uqselected alleles (cross II)%

N L

(nic-6 cml-7) X (his-6 ade-10 strA6) Coor

0

Medium 1 (MM + ade) Medium 2 (MM + his)

Selected alleles: hist/nict Selected alleles: ade™/nic*

. ade’  ade” his*  his”
str 0 4 str 0 25 ‘
strt 196 0 strt 165 310
Chi-square = 198.1 Chi-square = 11.43
P<.001 P<.001

3

Medium 3 (MM + nic ade str) Medium 4 (MM + nic his str)

Selected alleles: his/str  Selected alleles: adet/str

"

]

nict .mic” nict  pic”
ade+ O 67 hist 0 89
ade” 7 109 his™ 49 1
[
Chi-square = 2,72 Chi-square = 102.15
=,10 P<.001

Conclusions: "

ade-10 and gtrAb are adjacent
his-6 and strA6 are adjacent
nic~6 and ade-10 are apparently nonadjacent °*
nic-6 and his-6 are adjacent

-

o

* GSee Table 8 for procedure -Values for each genotype frequency are
taken from column A in Table 12. '



Table 15.

A}

Chloramphenicol production in progeny from cross II%

(nic-6 cml-7) X (his-6 ade-10 strif6)

¢

~ \
Genotype Number - Chloramphenicol producers
) screened Number %
A‘ ~
+ o+ o+ o+ 28 0 0,
%
nic + + str 19 0 / 0
b
nic + ade str 21 4 19
+.hig + str 12 12 t 100
+ his + + 5 1 20
‘nic +_ 4+ 716 0 0

#Jee Table 11.

**Parental type

117
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Table 16, Analysis of a four—factor cross (Cross III: lysA7 cml-1 X his-6 ade-10 strA6)f

Genotypes of Selective media supplements Average frequénéy
selectable atde his - 1ys,ade 1iys, his of complementary
progeny str str genotypes
A B A B A B’ A B .
. 0+ + + 5 5 68 7 6
+ + + str 1 1 19 2 1 1 23 2 - 2
lys 4+ + str 1 1 " 29 3 2
+ his + str 1 1 . 4 1 ' w 1
+ + ade str 47, 47 38 38 . ’ 4;
+ his + + 7 1 : 2
lys + ade str 4 4 N
¥ + ade + 0 o0 >0
lys hige + str . 0. 0 .
Sample Size: 53¢, 95 . %4 56 -
Total Recombina&gﬁ . —
per plate: R 53 10 44 _ 5 e e
s . 6
Relative Recombination Frequencies in Fach Interval#¥*
lys—ade ade~his lys-his his-str ade-str lys-str
. .6 0 6 * 2 2 2
. 2 43 2 L2 2 2
e 0 3 43 43 0 3
P03 0 3 3 0 0 .
Totals 11 46 54 - 50 4 7 .
‘ - x » i
*See Table 8. ] . : L
**See Table 8, - . N
- & a .

o . = »
* 4

@ M 3
o .oe ‘i *
~ )

AN
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Table 17. " C’Zomparisén of the genotype frequencies with the crossover regions required by the three possible
chromosomal marker models (Cross IIT: 1ysA7 cml-1 X his-6 ade-10 strA6) #

i 4

his his his N
. . ade” 3 @ Str adestr
.t ) P
ade ’

Medium Genotype Frequency Crossovers' Indicated Model
\ 1 2 3
MM + o+ o+ o+ 5 o 1,2- d 3,4 2,3 1 or 3
+ ade + 4+ + str 1 1,3 1,2,3,4 1,3 .
+ + ade str -47 1,4. « 1,4 1,4
+ + ade + o 1,2,3,4 2,4 2,4 !
MM + + + + - 68 1,2 © 3,4 2,3 1
+ his + + 4+ str 19 1,3 1,2,3,4 - 1,3
: + his + str 1 3,4 2,3 - 3,4 " he
‘ + his + + 7 2,4 1,3 1,2,3,4 - . .
MM + %  + str 1 T 1,3 1,2,3,4 - 1,3 ©1
+ lys lys + + str 1 ) 2,3 1,2 - 1,2
ade + , + ade str 38 1,4 1,4 1,
str lys” + ade str 4 2,4 = - 1,3 '1,2,3,4
MM * + 4+ 4+ str 23 1,3 . 1,2,3,4 1,3 « lor3
+ 1ys lys + + str 29 2,3 v 1,72 1,2 i
his + his + str 4 °3,4 2,3 3,4 .
str .lys his + str 0 1,2,3,4 ° 2,4 2,4 .
;

#See Tatlle 9. -

N
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Table 18. Segregation of unselectdd alleles (cross III) *

Medium 1 (MM + ade)

Selected alleles: hist/lys®

adet  ade”
str 1 47
strt 5 0

Chi-square = 33.76
P<.001
Medium 3 (MM + lys ade str)
»

Selected alleles: hist/str

[

adet  ade” k
1yst 1 38
lysm 1 4

Chi-square = 0.3

(1ysA% cml-1) X (his-6 ade 10 strA6)

Medium 2 (MM + his)

Selected alleles: ade¥/lyst

hist  hisT
str 19 1
7

Chi-square = .027
0.70<P<0.50

N\

Medium 4 (MM + his lys str)

Selected alleles: ade'/str

his™ his”

1yst 23 4
lys™ 29 0

Chi-square = 2.66
0.20<P<0.10

i

0.70<P<0.50
Conclusions:
1. ade-10 and strA6 are adjacent
2. his-6 and gtrA6 are nonadjacent
3. ade-10 and lygA7 are nonadjacent
4. his-6 and lysA7 are nonadjacent

-
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#* 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. Chloramphenico

1

1 production In progeny from cross III¥*

(lysA7 cml-1) X (his-6 ade-10 strA6)

n
«

Chloramphenicol producers

Genotype Number
screened Number 2
+oF o+ ¢ 15 ;d. 0
+ 4+ 4+ str 36 6 ’
" 3
+ + ade str 34 L2 35 .
1 @ ’ ¥ ?
+ his + str 5 5 1\ “00
s + o+ 4 30 0 °&0 "
) SR
.’/477' )
*See Table 11. . ; K

#*Parental type

121.
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d. Cro‘IV: V8153(trp-3 cml-5) X VS206(his-6 ade-10 strAG)

Table 20 gives the frequencies for the recombinant classes of cross

@

IV. From the relative frequencies it can be scen that trp-3 and his-6

are very closely linked. Beca:;se there is very little crossing over
between these two markers the data are ambiguous (Table 21 ) and consis~
tent with modelé 2 or 3. ' (;hi—square analysis was éppliéable to only one
pair of markers, Llrp-3 and his-6, and confirme'd phaﬁ these are closely
\linked. (Table 22 ). Table23 gives an analysis of .chlorax;lphenicol
production in progeny from cross IV. The data suggest that cml-5 is

¢

“located in the are between his—6 and stra6, - A summary of the results of

\
\

the previous four crosses is presented in Figure 13.

+

™ o "

e. Crosses between prototrophic Cml mutants and VS206,

3

Since auxotrophic derivatives of the remaining Cml mutants were not
available, these grototrophs were crossed with V8206 and the following
progeny'were isolated: .

\;1)~ + + str

‘b)  + ade str

c) his + str .
Approximétely 100 prégeny from each cross were tested for chloram-
phepicol broduction. The results are given in Table 24 . TIn all
cro;ses 1Q0% of the hie + str progeny were chloramphe;icol prodﬁheré.
This findiné suggests that the wild type alleles of all the cml
mutations represented in these crosses are located in the é;c between

his—6 and strA6: that is, opposi”te rather than adjaceqt to',the ade-10

o

.

region. 1 -



Table 20. Analysis of a four-factor cross (Cross IV: trp-3 cml-5 X his-6 ade-10 strA6)*

Genotypes ~ Selective media supplements Average frequency
of selectable ade his his, trp ade, trp of complementary
* progeny : str str ‘genotypes
R . A B, A B A B A B -
+ o+ o+ 4+ 0o o 0 0 0
+ + + str 0 0 0 0 0 0 0 0 5~ 0
trp + + str 92 45 43 23 24
+ his + str 1 1 1 0 1
+ 4 ade str 2 2 - 0 0 1
4+ his + + 66- 66 >46
tfp .+ ade str ) 50 26
+ + ade + 0 0 >0
trp his + str . ~N 0o 0 /
Sample Size: 2 67 93 93 /
Total Recom— . .
binants per - ’
Plate: 2 67 25 . 49

Relative Recombination Frequencies in Each Interval #* ¥
trp—ader ade-his trp-his his-str Lrp—str ade-str

0 1 -0 0 0 0
. 0 1 0 24 43 24
) 1 46 1 1 46 1 ’
46 0 0 46 0° 0 i

Total 47 48 1 71 89 25

*#See Table 8. " )
##See Table 8.
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Table 21. Comparison of the genotype frequencies with the crossover *r’é’gions réguired by the three

possible chromosomal marker models ACross IV: trp-3 cml-5 X his-6 ade—-10 strA6)®

his

his

str
Medium =~ Genotype Freque'ncy Crossovers Indicated Model
’ ' A 2 3
MM + 0+ o+ 0+ 0 1,2 3,4 2,3 1,2,3
+ ade + + + str 0 1,3 1,2,3,4 ° 1,3
+ .+ ade str 7 2 1,4 . . 1,4 1,4
+ 4+ -ade + 0 1,2,3,4 ’ 2,4 2.4, .
MM toer o+ o+ 0 1,2 3,4 2,3 1 or 2
+ his 4+ 4+ str 0 1,3 1,2,3,4 1,3
+ his + str 1 3,4 2,3 3,4 .
+ his 4+ + 66 ° 2,4 1,3 1,2,3,4
M + + + str 0 1,3 " 1,2,3,4 1,3 1 or 2
+ trp trp + -+ str 43 2,3 ° 1,2 1,2
ade + _+ ade str 0 1,4 1,4 1,4 -
str trp + ade str, 50 2,4 1,3 1,2,3,4
M -} 4+ + str O 1,3 1,2,3%% 1,3 <1, 2or 3
+ trp trp + + Str  g» 2,3 1,2 1,2
his + his + str 1 3,4 2,3 3.4
str trp his + str 0 1,2,3,4 2,4 2,4 . ®
~. '

*See Table g,

2
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I .
Medium 1 (MM + ade).

T

»

i
!
Table 29, Seereearion;of Unselected Alleles  (Cross 1V) %
i

. y X

§
(trp-3 cml-5) X.(his-0 ade-10 strAd)

'.

©
" i

Medium, 2 (MM + his)

Selected alleles: his™/trpt ‘Selected allelesi adet/trp*

adet™ ade” his his™ , -
str . O 2 © str , 0 1}
str 0. 0 strT O . 66

Chi-square cannot be Chi-square cannot be
calculated . calculated

[

s

v - . .

¥

i
4

. "

Medium 3 (MM + his t;p str)  -Medium 4 (MM '+ ade trp and str)

’ +

Selected alleles: ade*/stre . Selected alleles: §i§f7str

! -

T

wpt 0 1 trpt 0 0
trp 92 0 trp: 43 50
Chi-square = 24.43 Cﬁi—squa;e cannot be

P<.001 . calculated
Conclusion:

N £

1. his-6 and trp-3 are adjacent

- bl

o

L)

——
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*S5ee Table 10. Values for each genotype frequency are taken from column -

A in Table 20. .
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Table 23. Chloramphenicol production in progeny from cross IV¥

-

(trp-3 CQ( (his-6 ade-10 strA6)

A1

)
1

“

5l

Genotgrpe

Number Chloramphenicol producvs%
\ screened Number Z
_t_:_];{ + o+ .S_El_' 31 <3 10
+ his: + str 24 24 100
+ his + 4 9 2, 22
trp + ade str 10 0 o
Lrp + o+ 4 46 0 0

*See Table 11.

3

#¥Parental type

126
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Figure 13. Relative order of auxotrophic and cml markérs from crosses >

JI-1V. cml-1 lies in the arc between his—6 and lysA7 and

cml-5 and eml-7 lie in the arc between his—6 gnd strl6.
Due to the ambiguity of the data concerning its location

the marker trp—3 -has not been included.
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Table 24. Chloramphenicol production in progeny from crosses between
Cml mutants and VS206%

l 4

L

* Cml Progeny genotypes
nutant + + + str + his + str . + + ade str
Number Cmlt Number  Cmlt Number Cmlt
tested tested »,  tested
Cml-2 . 48 2 8 8 31 9
Cml-3 57 ¥ 0 7 7 31 2
Cml-6 , 47 1 21 <21 29 12
Cml-8 48 1” 13 13 27 10
Cml-9 20 0 3 3 20 7
Cml~11 39 0 13 13 20 11 g
% . :
Cml-12 43 7 3 -19 19 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

t

When individual amino acids were used as the sole source of

i

[}
nitrogen for growth of S. phaeochromogenes and S. venezuelae, chloram-

phenicol titres in cultures growing on amino acids that supported rapid
growth were lower than in those that” supported ilow growth., Similar
results were obtained with cultures of 5. venezuelae strain 13s
(Westlake et al., 1968; Shapiro and Vining, 1983). These observations
indicate a possible link between chloramphenicol production and primary
metabolic pathways that control nitrogen utilization. The similar

relationship between growth and chloramphenicol production in S.

venezuelae and S, phaechromogenes cultures with each amino acid suggests

S

that the same reguldtory mechanisms function in both organisms. Control
of antibiotic biosynthesis through nitrogen metabolite regulation

appéars to be common among streptomycetes and has been reported in the

biosynthesis of nourseothricin in Streptomyces noursei (Grafe et al.,

1977) cephaidsporin in Streptomyces clé&uligerus (Aharonowitz and

Demain, 1979), and tylosin in 8. fradiae (Omura et al., 1984).

IS
’

II. Screening of Chloramphenicol-producing Streptomycetes
for Plasmid DNA

’ o

Of eight chloramphenicol-producing streptomycetes screened using

. 4
the rapid alkaline-extraction technique, only S. phaeochromogenes NRRLB-

3559 was found to comtain ccc DNA. This may be an underestimate of the

@

frequency with which plasmids occur as the technique may<hot have

revealed large 'plasmids. However, a similarly low (2/21) frequency of
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plasmid~containing strains was reported by Omura et al. (1981) in a
sample of macrolide-producing streptomycetes examined using a technigque
that allowed very large plasmids to be isolated. Also consistent witﬁ
this low frequency are the findings of Daniel and Tiraby (198?;) wvho
found only 21 plasmid-containing strains in 120 different strepto-
mycetes. Moreovér, the proportion of such strains among antibiotic

producers aas. no higher than the proportion among nonproducers, leading

tq the conclusion that plasmid-borne genes are mot necessarily involved
in antibiotic biosynthesis. S5iightly higher proportions of plasmid-
containing strains were found in screening studies by Kirby et al.
(1982) and Okanishi et al. (1980); however, both groups concluded that
plsmids are not ubiquitous in Streptomyces.

Although genetic studies (Akagawa et al., 1979) had sﬁééested
possible plasmid involvement in chlorampheﬁicol roduction in 5. vene-
zuelae ISP5230, no plasmid DNA could beisolated from the S. venezuefae
st}ain used in the present studies, althougﬂ it is derived from the same
parental stocl. Only the rapid-alkaline extraction and density-gradient
centrifugation techniques werc used, but the application of several
other plasmid isolation techniques to a strain of S. venezuelae ISP5230
received from A, Seino, Kaken Chemical Co., as strain kCCS»OSéﬁ also
failed to reveal ccc DNA (Z.Ahmed, personal communication). Okanishi et
al. (1980) and Kirby et al. (1982)rhave recently reported fruitless
attempts to isolate plasmid from this stréin. It seems that, if S.
" vehezuelae ISP5230 harbours a plasmid, it possesses unusual characteris-
Lics,:Lg. it ma§ be very large or possibly even linear (llayakawa et

al.,, 1979) so that its iso}atioq is not possible by iiandard techniques,
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111. Elimipation of pdVl
N ¢

O .
Neither ethidium bromide tr€atment nor frotoplast formation and

regeneration alone proved effective in eliminating pJV1 from cultures of

2 R

S. phaeochromogenes. Instead, a combination of both procedures was

~

used; ethidium bromide treatment generated a strain, FB116,' carrying a

putative low-copy-number plasifid. Subgeqpently a plasmid-free deriva-

tive, strain SPZ, was obtained after subjecting strain EB116 to

protoplast formation and°regeneration. That “strain SP2 was indeed pJV1™

QY
and did not harbour the plasmid in an integrated state was demonstrated

by probing total 5NA of strain SP2 with 3%P-labeled pJVl; no evidence of
-l ; ° &

hybridization was seen, even after X-ray film was exposed to the nitro-
)

cellulose filter for 5 d. o, ' 0

3 S

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\go eliminate from the wild type stréin

-
o - v

whereas it could be eliﬁinated from strain EB116 by protoplast formation '

ang regeneration with relative ease. Hopwdod (1981) considered the
possible involvement of plasﬁid copy number in determining the éffect—
iveness of curing by protoplasting. He repqrted that two low copy
number plamids, SCP1 and .S€P2 could be eliminatequpsigg this technique

while SCP2"° could not.’ This he .attributed to the higher copy number’ of

scp2”, Howéver, in their work with Staphylococcus aufeus, Novick et al.’

- 0 -

*(1980) found that the curing effect_of protoplast formabion and regen-

eration was not related to copy number as all of the curable plasmids

they observed had greater copy number% than the noncurable ones. They

'0

o
[3] N 0

b

Q9 2

o
[t}
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5

suggested that plasmids from the former group may be associated with the

cell envelope while those from the latter might’ be associated with the

o
-

chromosome. Since thenmechapism by which plasmids are eliminated from

protoplast regenerants remains obgcufe and may differ in the mycelial
*

Streptomyces from that operating in unicellular Gramep&sitive bacteria,
the potential conflict in these observations cannot be resolved without
further's;ddy. The possibiligy that pJV1 %§ associated differently with
célzular iﬂspénents of strain EB116 compared with strain SP1, making it

-~ - » K3 L3
casier to eliminate, seems unlikely but has not been excluded.

The nature of the defect in strain EB116 has not béen’inveétigated

A -

in the present study; however, the observation that pJV1 can be reintro-

duced into a genetically marked derivative of strain SP2 in mixed
cultures with strain SPl and is reestablished.at an apparently high copy

4

nunber (R. Mosher, personal communication) is consistent with strain
EB116 having an altered#plasm;d (pJV10l) rather than a chromosomal

mutation affecting plasmid maintenance. Any sdch plasmid alteration
could not involve large changes in the amount of DNA as plasmid DNA from
strain EB116 has the same electrophoretic mobility as’that from strain

SPl. - L/

o [3
¥

SV, Chlora&phenicol‘Production in Strains SP1l, SP2, and EBl16
4

L

To obtaig?%i% pJVl-cured strain it was necessary tauegpose SP1 to
eth?dimm bromide before prétoplast formation and regeneration. Treat-
ment wiéh ethidium bromide "has been known to produce DNA rearrangements
and deletions in .streptomycetes (Schrémpf, 1983). Even the process of
pfotnplést éozmation and'regeﬁegation, once regarded as a gentle and

"safe" method of plasmid elimination, has beén reported to cause pheno-
b} 1
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B ot
typic alterations which cannot be attributed solely to plasmid loss

(Furumai et al., 1982; Ikeda et al., 1983). It is possible, therefore,

that strains SP2 and B116 havé\\\‘_yndergone different ch{gmosomal

-

changes. -

Despite this possibility no differences were found between strains

SP1, SP2 and EBL16 when growth and chloramphenicol production levels in

gchose—isoleucine'medium vere coﬁpared. This strongly suggests that

pJVl is not involved in chloramphenicol bigsynthesis. A similar finding

was reported by Ahmed and Vining (1983): elimination of plasmid pUC3

from S. venezuela€ strain 13s had no effect on chloramphenicol
v

proddction. These results do not exclude the possibility that an ad yet

unidentified plagsmid way be involved in antibiotic production in these
. 1

two species. : . .

V. Isolation of Chloramphenicol-nonproducing Strains

~—

=

a. Mutégeﬁesis

Of the four mutagenic treatments employed, long-wavelength ultra-

violet irradiation in the presence of'8—methoxypsopa1en and short-

1

wavelength ultraviolet irradiation in the absence of caffeine yielded
the h?%hest frequengies of nonproducing mutants from strain HP-1.
Contrary to previous results with S. venezuelae strain 13s (Francis et
al., 1975),:posttreatment with caffeine did not increase the mutégenic i’
effect of short-wavelength radiation. However, slight differences in
method ds well as sirain differences may account for the discrepancy.

The mutagenic methods used were chosen to maximize, the number of

chloramphenicol nonproducers likely to bear only single point mutations.

-~ ' 1
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Nitrosoguanidine, which is an efficient mutdgen in Streptomyces (Delid
. | ; o
el al., 1970) was mnot used since it produdes clustered multiple
d4 ‘ J
mutations in. bacteria such as E. coli (Cerda-Olmedo et al., 1968). Such

mutations would hinder subsequent genetic aﬁalysis. $ \\

b. Mutant characterization

i. Cml-l and Cml-12,

Of the twelve mutants isolated, Cml-1 and Cml-2 produced chloram-
phenicol when grown L{production méﬁium suppi;;;;téd with_ggamino—
ﬁhenylalanine and were therefore blocked in the initial stage of chlor-
amphenicol biosynthesis' - the conversion of chorisméc acid to p-amino--
phenylalanine (Jones and Vining, 1976). The possibilify that, either of
these mutants was blocked in the synthesis of chorismic acid can be
ruled out becausé both strains were }roéotrophic and thus could produce
chorismate-derived amino acids and cofactors. The conclusion that Cml-1
was blocked in this initial step is strquthened by the fiﬂding that no
arylamine synthetése activity could be_founq in cell extracté whereas
activity was detected in extracts of the parenﬁél strain, HP-1, iepared
under similar conditions (R. Bhatnagar, personal communication)., Cml-12
has not yet been testeé for arylamine synthetase actiwity. Furthermore
chloramphenicol is produced when Cml-4 and Cml-5 (which excrete p-
aminophenylalanine) are grbwn fﬁunixed cultures with either Cml-1 or
Cml-12, The weak c;synthesis observed with another p-aminophenylalanine
excretor, Cml-8, is attributable to the smallér amount released by this
mutant.

Jones and Vining (1976) and Jones et al. <i978) have suggestedﬁéhat

/
the conversion of chorismic acid to p-aminopherylalanine proceeds in at

« !
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least two steps, namely aromatization producing p-aminophenylpyruvic

acid followed by tramsamination to yield p-aminophenylalanine. This

n

proposal was consistent with the discovery ih cultures of S. venezuelae

‘strain 13s of an aminotransferas‘e that accepts p-aminophenylalanine as a
substrate (Jones et al., 1978). It is pot known at which step mutants
Cml-1 and Cm1l~12 are blocked ‘and the instability of p-aminophenylpyruvic
acid prevents its use in feeding studies to locate the lesion, but it
would be instructive to examine cell extracts for éminotransferase
activity.
i'i. Cml-2

Mutant Cml-2 accumulated thr-ee aromatic nitro-compounds identi;fied

as: D-threo-l-p-nitrophenyl-2-isobutyramido-1,3-propanediol, ‘D-threo-

1 —p_—nitropheny1—2—i)ropionamido—-1,3 -propanediol and D-threo-l-p-nitro-

-

phenyl-2-acetamido-1, 3-propanediol.

These same three derivatives of p-nitrophenylserinol are produced

by S. venmezuelae in halide-free medium (Smith, 1958) and by Corynebac-.

terium hydrocarboclastus (Shirahata et al., 1972). Trace amounts of

these compounds have also been reported to accompany chloramphenicol.

3

un%r conditions of antibiotic synthesis in §. venezuelae (Stratton and

Rbstock,1963)The finding that concentrafed broths of Cml-2 gavée weak

inhibition of M. luteus is consistent with the findings of Suzuki et

Y

al. (1972) that these compounds possess antibiotic activity.

1
+

Since it produces three rfonchlorinatéd chlora:mphenicol analogues,
Cml-2 appears to bé blocked in the reaction that chlorinates the N-acyl
group'of chloramphenicol. Simonsen et al. (1978) proposed a model f;)f
the.dichloroacylation reactiop in which N‘—frlalonyl—g_—aminophenylserir;e is

et

the substrate for a chloroperoxidase enzyme. The finding that neither

El

P
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4

N-malonyl-p-aminophenylserine nor its derivutivé! were accumulated by

Cml~-2 suggests that the acyl substituent might be chlorinated before

f

attachmenL to the phenylpropanoid intermédiate. In the absence of the
halogenated acylation substrate; a low specificity transferase
catalyzing the acylation reactiom ‘may accept less preferred substrates

such as acetyl, pfopionyl and isobutyryl coenzyne A.

4 . -
> t

iii. Mutants Cml-4, Cmil-5 and Cml-8

Three mutants, Cml-4, Cml-5> and Cml-8 accumuldted a polar aromatic
\ . .
amino-compound that could be isolated using cation-exchange chromato-

graphy. This compound was identified from ‘its lH-NMR spectrum and by

u
3

chfomatographic comparison with an authentic sample, as p-aminophenyl-
dy v

v

]

. " ¢
alanine. It is a direct precursor of chloramphenicol ¢Siddiqueullah et

7

élq 1967) and has been detected‘{ﬁ the mycél%um of producing cultures

T

¢McGrath et al,,%968). Itjhas also been detected in culture broths of °

z
.

Y
.

Cml-2, the producing strain HP-1 (d‘ta not shown): andlcorynFcin;brodu~

} ~
cing cultures of Corynepacterium hydrocarboclastus (Nakano et al.,
N 5 - Y 4]

1976). e .

. ' " e
No p-aminophenylserine was detected in thg culture\ broths of

mutants Cml-4, -5 and -8B, It i’ likely therefork that they ate blocked

in the conversion of R—qminophenxlalaniné to p-aminophenylserine.

Conhsistent with this suggestion is the finding that no Qfaminophéhyl—

alanine B-hydroxylase activity could be detected in Cml-4 (R. Bhatnaéaf,

personal communication). Mutants Cm1-5 and Cm1-8 have not yet been

L

tested for this activity¥ A further confirmation that these mutants are
¥

A .

blocked in the hydroxylation reaction would be the demonstration that

they produce chloramphenicol .when supplied with Q;amiﬁophenylserine.
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Unfortunately, this compound was not available for feeding studies.

Akagawa et al. (1979) reported the isolation of a mutant of 3.

B

venezuelae ISP5320 which excreted deexychloramphenicol and was puta-

tively blocked in this same B»hydroxylaﬁion féacﬁioq. The: mytant acc-
umulated only one tenth as much Eraminophenylalanine és thé pr;ﬁucing
straln from which it was derived and cell extracts showed only about one
tenth of the arylamlne synthetase activity. By contrast, mutant Cml-4
had slightly elevatéd arylamlne synthetase act1v1ty compared with that

found in HP-1 (R. Bhatnagar, pegsongl commurication) and ne;ﬁher Cm1~4,

-

-5 nor —8 accumulated deoxychloramphénicql. No gxpla;at@on for these

Ve

L
dlfferences can be offered at thig time.+ K

*
] S

Culture broths of le—4 and Cml-5 also contained an aromatlc nltro

compound which could be extracted from acidified broths and was tenta-

3

tively identified.by its chromatographic-properties as N-acetyl-p-nitro-

phenylaaanine. This compound accumulates in small amounts and is

w

presumably derived from Braminophenylalaﬁine by the activity of enzymes

v

catalyzing the acylation and oxidation reactions .normally found in ¢he
» .

»

pathway. That these enzymes should accept the nonhydroxylated substrate

is illustrative of the low substrate specificity of many enzymes
involved in secondary metabolism (Martin and Demain, 1980). The

apparent activity of these enzymes diminishes the possibility that Cml-4

a

and €ml-5 have blocks further on in the pathﬁay indirectly responsible

for praminophenylalanine accumulation.

"

Extracts of Cml-5. showed an increase in aromatic amine content
following acid hydrolysis, suggesting that an acylated aromatic amine is
pfesent. Such a compound} 2-dichloroacetamido~-3-(p-acetamidophenyl)

. - ® T
- propan-1-ol, has been isolated from chloramphenicglproducing cultures to
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which g—ni.troph‘enylsurinol had been added (Wat et al.,, 1971). The latter

compound, it was suggested, inhibited the hydroxylation of p-amino-

]

phenylalanine to p-aminophenylserine: The p-aminophenylalonine thus
accumulated was modificd by dic:hl_aroac:et:ylatién and reduction but under-

went acetylation instead of oxidation at the p-amino group. 2-Dichloro-
@ ; ',;a -
. « . y P
acetamido-3-(p-acetamidophenyl)propan—-1l-ol could not be deLfac:t:ed in

culture broths of Cml-3 and ‘it was concluded that *the ‘masked aromatic
' & )

1 -

amine’ accumulated might be p_—aceta‘midophenylélanine or N-acetyl-p-ace-

tamidophenylalanine (or both). '

i : ¥

. iv. Mutants Cml-3 and Cml-10 :
Mutants Cml-3 and Cm1-10 accumulated ‘p_—aminopheng lanine intra-—

cellularly whereas no such intracellular accupulation.could e detected

o #

in the p-aminophenylalanine excretors, Cml-5 and Cml-8, using* the same
technique. This observation raises the possibility that mutants Cml-3

and Cml-10 are somehow defective in excretion of chloramghenicol inter-

» ’

mediates.

v. Mutants Cml-6, -7, -9, and-11 “

»

Four mutant-strains (Cml-6, -7, -9 and -11) did not gccumulate

aromatic amino- or nitro-compounds either extracellularly or Finj:racel—

lulariy, nor were any "masked" aromatic 'amino-compounds formed. They

»

also failed to produce chloramphenicol when fed p—aminophenylalanine.

Several possibilities mifht explain this, phenotype; i) the mutants have

I

5

. . /. s L .
suffered multisite muta(lons. This seems improbable betause simult-
w - 1

aneous acquisition of‘two or more indeperdent mutations would be a

relatively rare event ulrllikely to account for the high proportion of

3

"nonexcretors" found. ii) they are defective in the s nthesis of p-

- -
’
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aminophenvipyruvid acid which might act’ as an inducer for the synthesis
i) N

L] S
of other .chloramphenicol biosynthetic encymes. This possibility could
. R

& t

not be tested since the -potential induckr is too umstable to be synthe-

sized. 1ii) , the mutants accumulate enzyme-bound, internediates, as is

the case with some of the peptide antibiotics (Kurylo-Borowska, 19753

Kurahashi,x1974). iv) they accumulate intermediates which act as’

powerful feedback effectors and turn off earlier steps in the pathway.
H

v) “they are regulatory mutants. This last suggestion raises the

possibility that these mutants are blocked in the’ produciion of a bio-

regulator such as A-factor, a substance which is excreted by 3. griseus
and S. Bikiniensis and is essential for streptomycin production, strep-
tomycin resistance, and spore forpation in these species (Hara and
Beppu, 1982a,b). however, the observation thatl none'of the mutants in'
this group (Cml-6, -7, -9 and -11) produced chloramphenicol when grown
in any pairwise combinations with other mutants, including those that
accumulated p-amingphenylalanine or coryneciné and are thus unlikely to
be lacking a bioregulator, tends to exclude this suggestion.

The failure to obtain mutants accumulating intermediates other than

. p-aminophenylalanine and the corynecins might be due to the low specifi--

citty of additional enzymes in the pathway. Mutants of Streptomyces

. aureofaciegs blocked in early steps in the tetracyclins pathway produced

“

congeners which retained a high level of antibiotic actiJity (Van&k et

al., 1971)% A similar series of events in S. venezuelae might yield

s

mutant strains that wou#d have escaped attention since the initial
screening was for absence of ang&biotic activity. Again, a further

possibilit& might be that some mutants accumulate enzyme-bound inter-

‘mediates. /f{

P §
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V1 . p-Aminophenylalanine B-lydroxylase

Cell extracts of 8. vemezuelae converted p-aminophenylalanine to a

©

product, probably p-aminophenylserine, more susceptible tg periodate

oxidation. Although conclusions from this preliminairy evidence are

.

necessarily tentative, this activity is expected to be associated with

the ;lllofamphenicol pathwﬁ@%nzyme responsiblg for S—hydrox;lation of p-
amingphenylalanine (Figure 2 ). The "conclusion is strengt}}enéd by the
findi‘ng that cell extracts c;f Cml-4, a mutapt thought to “lack such an
enzyme, did not convert p_—aminophénylalanine to a periodat;z—okidizable

. I
product (R. Bhatnagar, personal communication).

1 o

VII. Chloramphenifcol Resistance in Strain HP-1 and the Cml Mutants

Cultures of strain HP-1 were sensitive to chloramphepicol early in

, the Jgrowt-:h phase before production of endogenous Jdntibiotic began, but

\

became resistant' after the onset of antibiotic biosynthesis. Resistant

3

cultures of strain HP-1 grown in the absence,of chloramphenicol returned

to a more sensitive state. Thus, chloramphénicol tolerance in strain

HP-1 resembles that in another chlgfamphenicol producer, S. venezuelae

-

strain '13s (Malik and Vining, 1972).

‘ All i2 Cml mutants were sensitive tob chloramphenicol added at a
st;ge of growth in which the producer, strain HP-1, had become tolerant,
Fu1;ther’more, Cml-9 was more sensitive than strain HP-1 to chloram-
phenicol adc}e‘d at the beginning of growth. ‘i‘his is in agreement with

Akagawa et al. (1979) who reported that low and nonproducing mutants of

S. venezuelae ISP5230 Arere more -sensitive to chloramphenicol than the
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chloramphenicobprodueiné strains from which they were derived. When
chloramphe;l\icol‘—supplemen\ted Cml™ cultures eventually grew, the cells
were then chloramphenicol resistant. However, mycelium transferred into
fresh. chloramphenicol~containing medium lagged slightly beh_ind unsupple-
men'ted cultures in growth. °'This lag may be due to heterogeneity of the
culturefs;\xfit\rg respecwt to resistance. Only in one of the Cml mutants
tested was éh_lo amgggnicol resistance ac?:ompanied by reversion to a
chloramphenicol-producing phenotype.

A surpri:sing finding was that resistant Cml cultures grown for 7 d'
in the absencé 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—

A

tance in the Cml mutants is different from that in the producing strain.
Malik and Vining; {1972 suggeste’dszt chloramphenicol tolera;xce 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 sele;tive pressure have acquired resistance by a different
mechanism, possibly through modification of the 50s ribosomal subunit.
Riboscmal modification throuéh 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 themse]:ves

from the toxicity of products that they produce. As an alternative to

target- site modification, the Cml mutants may have acquired changes
9 o ‘,’l . .
altering the reversibility of the resistance mechanism normally found in

a
.
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producing strains. Mutations causing constitutive rather than inducible

resistance in producing strains to the macrolide, lincosamide and strep-

togramin type antidiotics have been described (Weisblum et al., 1982).
Llearly, these suggestions require further study and might be explaked
by examining the susceptibility of ribosomes from resistant Cml mutants
fo the inhibitory effects of chloramphenicol, as well as by examining
uptake’ of the antibiotic. \ _ o

v

VIII. Fertility in Streptomyceés 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. yenezuelae
(strains VS191 and VS192) were obtained following protoplasf/ESZEZE}QQ
and regeneration.of strain VS113 (C. Stuttard and K. Wong, personal’
Eommunication). In spot—patch tests on MYM agar, spots of strain VS113
elicited inhibition of growth (lethal zygosis) of both VS191 and V§192,
and these latter strains elicited the reaction, in each other. A third
fertile strain, VS194, was derived frém.VSlleafter protoplast formation
and regeneration. Both VS191 and VS192 as'wéll as strain-VS8113 elicited
lethal zygosis i; this sérain.‘ Subsequent tests showed that the proto-
plasting treatment was probébly iffelevant in the generation of lethal
zygosis—-sensitive strain§ from strain VS113 as these could be isolated

-

with the same frequency from spores of unprotoplasted single colony

-~

isolates (C. Stuttard and X. 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, ¥S192 and VS194 have lost fertility plasmids which
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hd R ’
are as yet unidentified. The increased fertility of these gtrains in

crosses with other derivatives of S. venezuelae, including the Cm}l
mutants which are presumably fertility pl‘?smid+, might be due to
increased recombinat)ion in plasmid™ x plasmid® cro;ses compared with
plasmid +tox p1a§mid+ crosses. This would resemble the situation with
. fertility plasmids SRPl in S. rimosus (Friend et al., 1978) and SCP2 in
S. coelicolor A3(2) (Bibb et al., 1;977). -

" Any explanation for the incireased fertility of strains VS191, VS19Z
and V8194 can be only tentat;'.ve at this time as ver;r little is known

abz‘t conjugational fertility in Streptomyces. In several other

4

bacterial and fungal systems there is considerable evidence for soluble

)

factors that influence genetic exchange {Gooday, 1974 and Goldfarb et

al., 1973). In Streptococcus faecalis, for example, plasmidless

recipient stxiains excrete pheromones ‘(Dypny et al.,, 1979). Conjugative
plasmids in donor strains prevent the formation of éndogenous pheromones
but allow these strains to respond to‘exoéefnoﬁs pheromone by forming
’aggregating clumps of cells. Plasmid and chromosomal gene transfer is

thus facilitated. In several instances, plasmids appear te be involved

in fertility in Streptomyces (Bibb et al., 1977, 1981; Hopwood et al.,
1983; Kieser et al., ]:982). Indeed, the. fertility of some strains hz;s
been increased by introducing plasmids from other species (Kigser et
al., 1982; Hopwood, 1984), Whether plasmids are essential for .all gene
exchange in Streptomyces and if so what role they play is yet unknown.
Their possible involvement in the production of subs;:ances or structures
that promote cell contact or fusion leading to gene exchange, or their
involvement in chromosomal’gene mobilization or recombination is an

interesting area of further study.
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[X, Mapping the cml Genes

All of the cml mutations iselated (except Cml-4 and Cml-10 which

have not yet been included in crosses) mapped to the chromosome of S.

N

venezuelae in the arc between his-6 and strA6, opposite the ade=10
regioq. Furthermore, when colonies arisying from L;nselected spores
harves'ted’from crosses between Cml* and le".,parents‘were tested for
chloramphenicol production, n’oﬁe of those bearing the auxotrophic
markers of the nonproducing,parent ’in each cross were Cml%; This
suggested that there was no independent transfer of chloramphenicol
genes in the absence of chromosomal markser transfer. From the results
of this study it appears that at least thrce of the chloramphenicol
biosynthetic genes - those coding for arylamine synthetase, p-amino-
phenylalanine g-hydroxylase, and the enzymel responsiblet for chlorination
— are located on the chromoéome in the same arc. Mutations in strains”
that did not accumulate identifiable intermediates, and din strains that
accumulate)d p-aminophenylalanine intraceilularly, valso mapped to this
region.-+In so far as elements Pegulating chloramphenicol biosynthesis
are represented by the f(?rmer- grdup, these all appear t(; be %ocated in~
the same chromosomal region.

Akagawa et al. (1979) reported that five chloramphenicol pathway
mutations, one causing production of deoxychloram\phenicol,' and four
otherg which were for the most part uncharacterized, mapped to the S.
venezuelae chromosome between met and ilv markers. Assuming a

similarity between the S. venezuelae and S. coclicolor A3(2) maps, the

met marker was thought to correspond to metA in S. coelicolor and the

o)
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w

ilv marker to il¥B (Akagawa et al., 1975). If as we predict, thé his-6,

et AN N
ade-10 and .strA6 markers used in this present study correspond to a

3

lesion in the hisA, B, C, F, G, I cluster, adeA or < ar}d strA in §S.

. coelicolor A3(2), then our Cml.-mutations and those mapped by Akagawa et

al. would be' locdted in the same arc.-
The three low-prodycing strains isolated by-Akagawa et al. (1979)

after treatment with "curing" agents carried mutatioms that showed no

13
¢

, linkage with chromosomal markers, and crosses between such strains

failed to yield recombinants that were high producers. These l”my

[N
+ &

producers were presumed therefore to have lost a plasmid with a regula-

£
tory role in increasing chloramphenicol production levels. Several

)

results presentted in this study raise doubts about this suggestion ‘of

plasmid ifivolvement: i) plasmid DNA was not detected in the majority of

[

chloramphenicol—prodlxcing strains; ii) pJVl, the only. plasmid isolated
N .

4

from the eigilt‘producers screened, does not appear to have' any role in
chiloramphenicol production; 4ii) mapping studies using blocked mutants
failed to‘ provide any evidence'oﬁ- extrachromosomal genes involved in
chl.orampheni‘col productic;n; iv) no physical evidence of a plasmid din
S. venezuelae st;'ain HP-1 ‘could be obt’aine;l. It has been guggested (C.
Stuttard; personal confmunication) that the lethal zygosis phe;nomenoq
seen when VS113 is spotted on lawns of the ;fer'tile skrains, VS191,
VS192, and VS194 could result from absence of one or more fertility
plasmids in these latter strains. If this is so, such plasmids appar-
ently have no role in chloramphenicol production as all three deriva~
tives of VS113 produce better than 100 ug.mL-1 of chloramphenicol.

Although the mechanisms causing it remain to be fully explained it

is becoming increasingly obvious that the instability of such features

'
o
]
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as antibiotic production in Streptomyces cannot usually be attributed

solely, to‘_@,asmid loss (Komatsu et al., 1981: Tkeda et al., 1981b;
Nojiri et al., 1980 and Yi-guang and Davies, 1981)., Schrempf (1982),
for example, demonstrated that although a large plasmid could be elimi-

\
nated from strains of Streptomyces reticuli with acridine orange or

ethidium bromide and variants producing no aerial mycelium , speres,
anti\giotic substances nor melanin were thus obtained, these variants
also cpntained ampfified nucleotide sequences within their chromosomal
DN;L The ﬁumber and size of th;. amplifications varied from strain to
strain. It was assumed that the alterations in secondary metabolism
wvere due to changes within ébth the chromosomal and plasmid DNA s of S.
reticuli. Similarly amplified chromosomal sequences have been found to
agcompan‘y spontaneous phenotypic changes (chloramphenicol sensitivity
and a requirement for arginine) in S. lividans 66 (Altenbuchner,‘ 1984 )
and chromosomal deletions have been shown to accompany alte;atlons in
melanin production in §S. glaucescens (Hintermann et al‘., 1981). Future
research may#well reveal that mechanisms such as DNA rearrangement are

the principal cause of the generally-observed instability of secondary

metabolism in Streptomyces. »
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SUMMARY and CONCLUSIONS

%

Of eight chloramphenicol-producing streptomycetes screened for the

presence of ¢cc DNA, only S. phaeochromogenes NRRLB-3559 was found to
harbour a plasmid.’ This plasmit.:l, pJVl, could be eliminated using a
combination of two techniques:. ethidium bromide treatment and proto-
plast formation and regeneration. The elimination of pJV1 had no effect

¢n chloramphenicol production in S. phaeochromogenes. It appears that

plasmid DNA is not found in most chloramphenicol producers and that pJVl
in particular plays no role in the production of this antibiotic.
Twelve mutants of S. vénezuelae ISP5230 blocked in the production
of chloramphenicol were isolated following treatment of spores with EMS,
1ong—wage1ength ultraviolet light in the presence of 8-methoxypsoralen,
or short-wavefength ultraviolet light followed by plating on a medium
with and without caffeine. One of these mutants accumulates D-threo-1-
p-nitrophenyl-2-isabutyramido-1,3~propanediol, D-threo-1-p-nitrophenyl-
2-propionamido-1,3-propanediol, and .__l;~_tp_r_§_g_—1—p_—nitrophenyl—-2—acet—
émido—-l,B—propanediol and is presumably blocked in the reaction that
chlorinates the substituted a -amino group. Three others accumulated p-
aminophenylalanine and are probably blocked in «the hydroxylﬂa‘tion
reaction that converts this 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 pathwa"y

suggested for chloramphenicol biosynthesis but the isolation of a mutant

accumulating nonhalogenated acyl analogues, of the antibiotic suggests

\
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v

that the acyl substituent is(}chlorinated before attachment to the
phenylpropanoid intermediate. In the absence of the halogenated
acylation substrate, a low-specificity acyl transferase catalyzing the
acylation reaction accepts less preferred substrates such as acetyl-,
propionyl-, and isobuty£y1— coenzyme A.

Two mutants accumulated p-aminophenylalanine intracellularly but
not in culture broths, raising the possibility that they are defective
in excretion of cﬁloramphenicol intermediates. The final four mutant
strains did not accumulate aromatic amino- or nitro- compognds either

extracellularly or intracellularly, nor did they produce any "masked"

aromatic amino compounds. The possibility exists therefore that some or
N

s ——

all of these are regulatory mutants. .
Cell extracts of S. venezuelae converted p-aminophenylalanipe to a
product, probably_Qfami?ophenylserine, more susceptible to periodate
\Bﬁ'/idr:ztion.'E Although conclusions at this point are tentative, this
activity is expected to be as;ociated with the chloramphenicol pathwa§
enzyme responsible for B-hydroxylation of p-aminophenylalanine. '
A116F the chloramphenicol-nonproducing mutants isolated were more.
sensitive to chloramphenicol than the wild-type strain but became
resistan% after exposure to the antibiotic. Unlike that in thé wild-
‘type, this resistance was not reversible. The nonproducing mutants may

thus have acquired resistance by a diff%rent mechanism.

All of the cml mutations included in crosses mapped to the chromio-

some of S. venezuelae in the arc betweeE the markers his-6 and strA6
opposite to the ade-10 region. From the results of this study, it

appears that at least' three of the chloramphenicol biosynthetic genes,

¢
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i.e. those coding for p~aminophenylalanine B-hydroxylase, arylamine
synthetase, and the enzyme responsible for chlorination, are located on

the chromosome and in the same arc, *
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Table 25.Effect of chloramphenicol supplement on growth (ODG 40) of
nonproducing mutants of S. venezuelae

4

. - A
* Chloramphenicol (150 xg.mL lfinal concentration) was addeal where.
{ndicated after 4 d growth in glucose-isoleucine P:ed:l,pm.

Culture Supplement# . Age of culture (days)
' 2 4 6 - 8 10 12
L3
Cmi-1 ¥ 0.36 0.40 0.60 1.00  1.40
- 0.34 1.64 3,20
- 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
tml-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 1144 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-11 + 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 )

¥
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. )
Table 26. Effect of chloramphenlcol on growth (0Dg40) of chloramphenicol-
resistant nonproducing. mutants of S‘\yenezuelae* . ' '

, ¥
|
y

\
Culture Supplement Age of cuflture (days)
2 4 6
Cml-1 T+ ©oooa2 116 2.9
- 0.20 1.30 2.24
Cml-2 + 0.24  0.80; 3.60 a
- 0.24 1.6/ 2.10
* le"-3 + 0.16 ) “ 0048 1&40 N
o - 0.20 0,90 2.40
Cnl-8 + 7 0.0 0.8 1.60
- - T 0,32 1.10 1.90
cml-9 + 0.40 1.20 . 1.80
- 0.70 1.80 2.70
¥
» Cml-10 + 0.20° 1.86 " 3.00
- 0.34 2.70 3.00
Cml~12 I 0224 0.60 2:85 ,
. - 0.26 0.70 2.85

* Inocula from cultures grown *in the presence of chloramphen-
icol (150 ug-» «mL-1 ) For'8 ~ 9 d were transferred to fresh
" glucose~isoleucine medium,with .and without chloramphenicol

* (150 1pg- «ml~1). .
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Table 27.Effect of c:hloramphen:ncol on growth (ODg4q) of chloramphenicol-

»

A}

resistant nonproducing mutants of S. venezuelae grown fof one
week in the absence of chloramphenicol® :

. \
° ¢ é
Culture Supplement  _ Age of culture (days)
2 4 6
o Cml-1 B 0.10 1.00 2.25
. ’ - 0.30 1.70 2.85
Cml-8 + 0.34 1.20 1.70
- 0044 1-54
Y Cmd-9 g 0.14 2.00 y
s .- 0.20 3.80 ° ..
Cml-10 AR 0.20 l..0 - ~ﬁ1.95 )
. .= 0.54 2.10 1.95 .
ml-12 =S 1.08 280
. - 1.30 3.20
\ ‘l * 2 ,

* Chloramplpenicol;resistant“: cultures were grown for 1 week in
glucose—isoleuc:lne 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-1). . . :,

r ~
?
.
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