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TEMPERATURE-SENSITIVE MUTANTS OF NONLYSOGENIZING

CORYNEBACTERIOPHAGE phi: THEIR ISOLATION, CHARACTER-

IZATioN AND RELATION To To XIONGENEsis"

MORIHIRO MATSUDA, CHIE KANEl and MASAHIKO YONEDA
Department of Tuberculosis Research I, Researclt Institute for Microbial Diseases,
Osaka University, Yamada-kami, Suita, Osaka

(Received February. 2,1971)

uMMARY Temperature-sensitive (-ts) mutants of nonlysogenizing phage Fin *
which form PIaques at 30 C but not at 38 C, \\'ere isolated after treatment with

nitrous acid, 2-aminopurine or nitrosoguanidine and \\, ere characterized. By coin-
PIGmentation tests 79 of the Is mutants thus isolated could be assigned to 10 CIStrons
and two-factor crosses between representative mutants from eaclT cistron yiclded a
genetic map of the ts mutations of phage F"' as one linkage group. Temperature-SIIift
experiments on cells infected with the mutant phage showed that the temperature-
sensitive steps for the mutations occurred at particular times for each cistron during
the intracellular growth of the phage. The order of the times of these ts steps in tlie
latent period was found to be roughly consistent \\, ith that of the locations of thc cor-
responding CIStrons o1t the genetic map. Analyses of phenotype were made on three
mutants of different CIStrons. The results indicate that two mutants ha\, e defects in

synthesis of inorphological components and the other a defect in DNA synthesis
\\'it IT all of the is mutants tested, synthesis of toxin \\, as found to occur in nontoxino-
genic diphtheria bacilli infected \\, ith mutant phages even under the nonpermissivc
condition (38 C) for the mutations. The relation of phage multiplication to toxin
production is discussed
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INTRODUCTION

The role of specific phages (, group) in deter-
mining the ability of Gory, !ebactert'tnn of 11h-
theylire to produce toxin has been thoroughly
established (Freeman, 1951 ; Groinan, 1953,
1955 ; Barksdale and Pappenheimer, 1954;

I An outline of this work wars reported at the 17th
Symposium on Toxins at Hakone, on July 15,
1970

Barksdale, 1955). However, the mechanism of
control of toxin production by the phage is still
unknwon. One approach to this problem
would be genetic physiological analyses of the
phage which carries the genetic factor control-
ling toxin production (" toxin gene "). So far,
only a very few genetic studies ITave been made
on corynebacteriophages (Groinan and Eaton,
1955 ; Holmes and Barksdale, 1969,1970) and
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they \\'ere all performed using a few classic
markers, such as host range, PIaque inorpho-
logy and immunity in relation to the " toxin
gene

Recently, A1atsuda and Ban<sdale (1966,
1967) demonstrated the PIOduction of toxin in
nontoxinogenic diphtheria bacilli during multi-
PIicatioi\ of stable, nonlysogenizing phagc ,sh*
Such phagc-directed synthesis of diphtheria
toxin during one cycle of phagc growth seemed
a very good system for investigation of the gene-
tic pilysiology of the phage in relatioiT to toxin
production, provided that suitable mutants of
the phage were available. \\'e thought that
temperature-sensitive (-ts) mutants \\, ould be
extremely useful for such a study, as ts inuta-
tions can occur in many genes controlling a
variety of different functions of the genome of
phage (e. g. T40) and are conditional lethals
that produce a lethal effect only under the condi-
tions \\, hich the experimenter can control (Edgar
and Lielausis, 1964 ; Edger at a1. , 1964). At-
tempts wei. e theI'efore made to isolate is mutants
of Flu phage-

This paper reports results on the isolation
and characterization of ts mutants of pin phage
and also some results of experiments on the
effects of ts mutations on toxin production in
nontoxinogenic diphtheria bacilli infected with
I'' phage

,,

3 . A, /ed^h

Deferrated PCT medium (Barl<sdale and Pappen-
helmet, 1954). to \\hicltl{no\^n concentrations of iron
were added if needed, \\'as employed for growing
bacteria and phage-infected bacteria in all except
genetic cross experiments in \vhicl, deferrated inodi-

fled Pope'SITtediunt (Yoneda andi\intsuda, 1961) \\. as
used as gro\\'tl. medium

Prior to inoculation, a sterile 50% solutioit of in al-

tose (" Difco " certified) deferrated by the calcium
phosphate gel ritethod (A, Iuellcr and Miller, 1941)
\\ as addcd to tlle ritediuin at a final concentration of

4% and 396 for PGT ritedium and Pope's medium,
respective Iv. IToiT was also added to the medium

before Lise as a sterile 0.01 96 solution of FeS0, . 7H*O
in 0.1 q, HCl

Deferralted PC itteditim (PCT medium \\ithout

tryptophane) was used for \\ ashing phage-infected
bacterial without supplemeittation \\, ItIT n, altose
Hard and soft agar for plating phages were prepared
as previously described (iVlatsuda and Ban<sdalc,
1967)

IVIATERIALS AND ATETHODS

I. Bacter!a! sti din

C7( - ) is a nonlysogenic, nontoxinogenic 1/1/'11s
strain of Cory"eb"cte, 11,111 d, >halle, IQe (Barksdale and
Pappenheimer, 1954) and \\. as Lised tllroughout this
study as host bacteria for experiments and as plating
indicator

4. Ci, /1111 a! 711ethods

Cultivation of bactcria in liquid medium was car-
fled out in ETlcrimeyer flasks (volume of medium
equal to one-tentlt of the volume of the Hasl<) by in-
cubation at 35 C in a rotary shaker in a \\. arm-air
incubator or in a water bath, at 160 or 130 rotations!
ruin. respectively. Estimation of bacterial growth
was made by reading the optical density (OD) at
590 in A in a Bausclt and Loinb spectrophotometer
(one OD unit is equivalent to 1.3 xiO" colony form-
ing bacterialin I)

2. PIMge $170, ',,

Corynebacteriophage ,s'", obtained as a multi-
step nonlysogenizing mutant of temperate phage ,3
and similar to phi'64rox' reported previously (Ma-
tsuda and Barksdale, 1967), was used as the wild-type
for lsolation of temperature-sensitive mutants

120

5. Flinge 1'11ec!1011 @11d one step g, 'Darn,

Bacteria actively growing to a concentration of 2.0
x IO' bacterialin I in medium containing an appro-
printe amount of iron (0.04 14g iron!in I for toxin pro-
duction and for preparation of inutagen treated phage
or 0.1 Ag iron!in I for genetic cross experiments) \\. ere
infected with phage or witlt phage mutants. The
procedLires used for synchronizing the infection and
for one step growth experiments were as reported
previously (A{atsuda and Ban<sdale, 1967) \\, ith the
following modifications. Deferrated TSNa buffer
(Tris 0.05 A1, Na succinate 0.01 \I, NaC10,075 \. I, pH
7.4) prepared by omitting casamino acids, cystine and
tryptophane from CST medium (Uchida and Yoneda,
1967) \\. as used to resuspend the bacteria at a con.
centration of 4 x 10' bacterialinI for adsorption of
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phage. Depending on the experiment, ajiquots of
4.5 inlot 5.0 inI, 10 inland15in10finfected cultures

\\. ere distributed in 100 in I, 300 inl and 500 inI ETlen-

meyer flasks \vhiclT had been cleaned witlt clTromic
acid. L}. sis of infected cultures was determined b},
me asLiring the optical density of samples at intervals

6. F1 epai'all'o11 DIP/nil jig bac!eii'a ajid phoge assay

An overribht CLIlturc of C7(-) bacteriain medium
containing 0.1 Ag iron!in I was diluted in medium
containing 03 14g iron!in I to an OD of 003 and
grown with shaking for about 3.5 hr. \\'hen the
OD of tile culture reached 0.3 (3.9 xiO' bacterialin I),
tlte bacteria \\. CTC concentrated 4 times by centrifuga-
tioiT and r'suspension in frcsl, incdium. A1iquots of
0.1 in I of this preparation \\. ere used for plating
Samples for phage assay \VCrc first diluted appro-
printely witlt sterile phosphate buffered saline (NaCl
4.0 g, 1<H, P0,3.0 g, Na, HPOj 7.0 g per liter) con-
taining 0,001q6 gelatin (Difco) and I in xi \IgSO. , and
subjected to the procedure described b}, Adams
(1959)

three inutagens as frillo\^s
I) Preparation of nitrous acid treated phage :

Phage was treated for 40 min at 25 C \\'ith 02 xi
NaNO* at pH 4.2 in 0.2 xi sodium acetate-acetic acid

buffer. The initialphagc titer \^as about lo'' PIaque
forming particles!in I of reaction mixture. The reac-
tion was stopped by rapid 100 fold dilution in chilled
phosphate buffered saline containing magnesium and
gelatin as described in the section cn PI!age assay.
The surviving fraction was approximateI\. 10~'. As
a control, phage was incubated for the same time In
tite same buffer in tile absence of NitNO". VCrv little

loss of infectivity \\, as observed
2) Preparation of 2-aminopurii\e (2 AP) treated
phage

The phage-infected bacteria obtained as described
in the section on Phnge ridect, o11 a, !d o11e $1ep g, 'Dzutl,
were resuspended in fresh medium a x 10' infected
bacterialin I) containing 2-aminopurine nitrate (Sigma
Chemical Co. ) I ing!in I. The reaction mixture \\, as
incubated at 30 C with gentle shal<ing (130 rotations!
min) for 170 min to allow Iysis. This Iysate \\, as
diluted and used as a source of rutitants

3) Preparation of nitrosoguanidine (N-methyl-N'-
nitro-N-nitrosoguanidine) treated phage

The phage \\. ere treated in the same way, as 2 AP
treated phage. The concentrations of infected bac-
tena and of nitrosoguanidinc were 2 x 10'1ml and
10 Ag!inI of medium, respectively

Temperature-sensitive mutants of the " and a series
wetc isolated at random from phage after nitrous acid
treatment or 2 AP treatment as follows. 'The inuta-

gen treated phage \\. as plated after dilution to give
100 to 200 piaques per plate and incubated at 30 C
overnight. \\rell separated piaques were each stab-
bed \\, ith a sterile pin and transferred to pairs of plates
seeded \\. ith C7(-) bacteria. One of the duplicate
plates \\. as incubated overnight at 38 C, and the other
at 30 C. Phage clones \\. hich formed PIaques at
30 C but ITot at 38 C were picl<ed up and Tetested
three times by diluting and plating at 38 C and 30 C
After at least three successive single piaqucisolations,
the purified clones were propagated and the stocks
were stored at 4 C

The mutants of tl, e e series \\. ere isolated by the

special selection procedures described by Edgar and
Lielausis(1964) as fullo\^s. PITagc treated with nitro-
soguanidine as described above was used to infect
C7(-) bacteria witl, a multiplicity of about one phage
per bacterium. The infected cells \\, ere incubated
at 38 C in fresh medium in the presence of antiphage

7. Prepoint, 'oil of hiki, t, 'ter phoge stocks

The procedures employed were the same in princi-
pie as those reported previously (A1atsuda and Barks-
dale, 1967). In the study reported here, an actively
growing culture (2.0 x 10' bacterialinI) of C7(-)
obtained by overnight growth in medium containing
0.04 I, g iron!n\I \\. as infected witll ph"ge Iysate ob-
tained by extractioit of conHLient Iysis plates. After
infection all .ncubations \\. CTe carried out at the low

temperature (30 C) \\. ith gentle shall<ing (130 rotationsj
min) in a \\. ater bath. After addin" CaCl, to a con-
centration of 4 inki, the phage-bacteria mixture \\, as
incubated for 40 min. Then the mixture was chilled

and the phage-infected bacteria were concentrated to
4 XIO" bacterialinI by centrifugation and gentle re-
suspension in fresh deferrated medium with no added
iron and distributed in Hasks as described in the sec.

tion on PIMge lireci!o11 alld o11e step gio"th. The
infected culture was then incubated for about 611r to

allo^. Iysis. Aftcr centrifugation the supernatant of
the Iysed culture \\. as filtered througl\ a Millipore
filter (HA 0.45 A Corp. , Bedfo, d, A{, ss. ). These
stocks 11ad titers of about 10" piaque forming parti-
cles!in I and were stored at 4 C

8. 1301ati'o11 of ninja, its

All the mutants described in this studv were iso-

lated fronT pin' phage after treatment witlT one of the
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serunt (K- 7 in the growtlt medium ) \\. itIT gentle
shaking (130 rotationslmin) for 200 inilI. After in-
CLIbation the culture was diluted and plated at 30 C
for surviving infective centers. From titese surviving
centers, mutants wereisolated by the method Lised for
the " and a series. A{utants with a reversion fre-

quenc}' of more than 10~' \\. ere discarded
i\jutants were named as described by Edgar and

Lielansis (1964)

9. Co, ,, pie, ,lei, tallo, I tests

\\'arm tryptose agar plates were overlayed with soft
agar plus indicator cells together \\'itIt one of tlTe
known ts mutants (lo' phagejplatc). \\'Ilen the top
agar became solid tlle plates \\. ere Itept at 38 C for
about 30 min, and titen one droplet (about 0.01 inI)
of each tinl<nown nititant to be tested (jo' phagejml)
was spotted on the plates and these were incubated at
38 C overnight. Complementation bet\\, een pairs
of mutants was always tested as follows : one me in-
ber of the pair \\, as spotted against the plate seeded
witlT Indicator cells together \\. ith the other member
and an'ce "ei'sri. As a control, agar plates seeded \\. ith
indicator cells only \\. etc used for spotting eacl, test

01.1y negative complement attoi, \\ as takenmutant

as significant

11. Electron 1111c, DSCopy

Samples \\. ere placed on grids \\, itit carbon-sup-
ported collodion films and excess liquid \\'as removed
by application of filter paper to the edge of the grids
The grids were dried in air, \\, ashed once with dis-
tilled \\. ater and then negatively stained with I %
uranyl acetate. Observations \\, ere made witl. a

Hitachi electron microscope, type HU-110-S
Fields of \, Ie\\, were photographed at a magnification
of x 41,000

10. Gel!et!'c CIOss ADCedi, I'e

A suspension of actively growing C7(-) cells (4 x
10" cells!inI) in TSNa buffer \\. as prepared as describ-
ed in the section on PIMge 1'141ectJ'o71 alld one step
gi'Darth. Then 0.008 A1 KCN or chloramphenicol
\^as added to the cell suspension at a final concentra-
tion of 200 14glml. The cells \\. ere mixed \\. ith an
equal volume of phage mixture containiitg 4 XIO'"
particles inTl of eacl. parental type. 4 in*I CaCl, \\. as
then added and the mixture was shaken gently at
30 C at 130 rotations!min for 22 min. Then anti
,sh* phagc serum (K- 35,0.15 inljinl of reaction mix-
ture) was added and incubation \\ as continued for
7 min. The mixture was then diluted 100,000 fold
with gro\\. th medium (deformted modified Pope's
medium containing 3% maltose and 0.1 Agiron!inI),
and a 50 inI allqtiot \\. as put into a 100 in I flask and
incubated at 30 C for 180 min with gentle shaking to
allo\\, Iysis. After Iysis samples \\, ere plated at 30 C to
assay total progeny and at 38 C to measure wild-type
(ts') recombinant progeny. As controls in each case
the Input phage \\. as plated In parallel at coinparable
dilutions. Recombination values \\ ere calculated as

t\^Ice the percentage of ts' progeny

12. DNA detei, ,1111at, 'o11

For measurement of DNA synthesis the method of
Buston (1956) as in odin. d by Epst"in at "I. (1963)
was employed tal<ing I inI samples colttaining 4I 10'
iiTfected cells!in I from the experimental cultures

13. assay of diphthei in 10N',,

I) The MRD (minimal reacting dose) \\'as deter-
mined with sterile culture filtrates (kilniporc filter
HA 0.45 A) by a modification of tlTe incthod of lenseiT
(1933) using standard diphtheria toxin. No. 108,
obtained from the Vaccine Production Plant of our

Institute (The Kanonji Institute of the Research
Foundation for Microbial Diseases of Osaka L'niver-
sity, Kagaw'a). Samples to be tested were diluted
witlt Nil5 phosphate buffer (pH 7.0) containing
0.02% gelatin. A1iquots of 0.1mlof diluted samples
were injected intracutaneously into the bacl{s of dep-
ilated rabbits. The effect (erythema) \\'as examined
after 48 hr. A value of 10' A{RD corresponds to I
Lf unit coocculating unit) \\. hich is equivalent to c"
1-9 Ag of toxin protein

2) Lf units (Hocculating units) were determined
semiquantitatively using Ouchterlony's agar double
jinmunodiffusion technique (Ouchterlony, 1948)
with pepsin-treated ITorse antitoxin No. 68 and a
preparation of crystalline diplttheria toxin as a re-
ference. The former contained 1300 limit Hocculat-

ing units (Lf)!inl and \\. as obtained from the Vaccine
Production Plant of our Institute (The Kanonji
Institute of the Research Foundation for Ajicrobial

Diseases of Osaka University, 1<agawa). TITe latter
was prepared as described by Hirai at a1. (1965).

14. Anti>hage sellJ, ,I

A purified ,3th' phage preparation obtained after
4 c>, cles of differential centriftigation (35,000 xg, 100
min-10,000 x g, 10 min) \\. as used to jinmunize Tab-
bits. Rabbits \\ere injected \\. itit 2 xiO" piaque
forming particles in incomplete Freund's ad. ju\, ant
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(Freund, 1951). After 30 days tite rabbits received
a booster Injection of the same dose and 8 days later
they were bled to obtain sera. The K \, alues of the

antiphage sera obtained ranged from 15 to 35.

RESULTS

I. 1301att'o11 of mutants tt"of coinp/emeiitdt, 'off
tests

Wild-type ,h* phage formed piaqucs \\, ith equal
efficiency of plating (e. 0. p. ) at temperatures of
30 C to 38 C, but above about 39 C the growth
of the plating bacteria \\, as impaired and the
e. 0. p. of the phage decreased. Thus tempera-
ture-sensitive mutants which formed piaques
at 30 C but not at 38 C were isolated as de-
scribed in the A'IATERIALS AND METH-
ODS.

Temperature-sensitive mutants of the it
series \\, ere isolated at random from phage after
treatment with nitrous acid. A small fraction

of PIaques obtained by plating this phage stock
at 30 C failed to produce piaques on incubation
at 38 C but did produce PIaques at 30 C. More
than one hundred mutants 01 scrics) were ISO-
lated and stocks were prepared after successive
single PIaque Isolations of eacll of them. Coin-
PIementatioit tests \\, ere performed by modified
spot tests. Analyses of fifty-six " mutants re-
vealed some Intragenic complementations in
some of their combinations, but unfortunately
all these mutations fell into one functional

group, even though most of them \\'ere isolated
independently.

Isolation of ts mutants of the a series at Tan-

do in from phage after 2-aminopurine treatment
was found to be more difficult than in the case

of " series mutants. The few mutants of the a

series obtained \\, ere all assigned by coinple-
meritation tests to one cistron \\, hich was dif-

forent from that of the " series mutants.

when cells infected \\, ith " or a series mutants

were kept at the elevated temperature (38 C),
they Iysed at the time characteristic of the wild-
type phage but \\, Ithout productioil of viable
progeny and thus these mutants appeared to be
" late mutants "

Since we were more interested in early
mutants than in late mutants, as discussed later,
in isolation of e series mutants, we attempted to
" enrich " the population of inutagen-treated
phage with respect to early mutants by taking
advantage of differences between early and late
mutants. In this manner twenty-one mutants
were isolated.

To group mutants \\, ith a common func-
tional defect and thus to reduce the number of

crosses required to map the mutations, coin-
PIGmentation tests \\, ere made between all POS-
SIble combinations of pairs of mutants, before
mapping. The results of these tests and the
distribution of various mutations among the
CIStrons are summarized in Table I.

TABLE I. Dastrz'butt'0" of temperature-senszt^be
in"tat, 'ons of F""

CIStron name

A

B

C

D

E

F

G

H

Representative
mutant

e 21

e 12

e9

e 14

al

e 22

e4

e7

it 53

el

Number of
mutants

Number of CIStrons 10

On the basis of the complementation tests,
the seventy-nine ts mutants isolated were as-
signed to ten functional groups. As seen in
the table, the mutations are not distributed
uniformly over the genome ; some CIStron con-
tain only a few mutations, \\, hile others Ilave
more than fifty.

2. Mapping of inMtati'oils by 12,101actor ci'OSses
To construct the genetic map, two-factor

crosses between is mutants \\, ere performed with
representatives from each CIStroiT determined

9

4

2

3

I

56

I

A1ATSUDA, AT. at al. Tell4pei'nil, I'e-sellsit, be MMta, its of cory, ,ebttctei'fophage ,s'"

Total in Litants 79
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A

e 21

1.1 0.85

20 ^

2.2

C

e9

D

e 14

FIGURE I. L, ', Ihttge Innj> of is 1111!tail'o113 of co, y, !ebnctei'Ibphage ,s"
A'l, ,, 16ers PI gif\ed by letters I ofe, to re, ,JPei\!111'e-sei!$111te (- ts) 71,111n, its

I , .._,, , .025' o59. '~~' '

14^,,',;,,,' ::;~~~~I I 311'"I14 I 2.0^,_

~'~I~'~I 11 , ,
2.8- -.--^-^4.7"

E F

o1 e22

--;

by complementation tests. Fig. I shows the
results of these experiments as a tentative map
of ts mutations

As can be seen, all these mutations could be
arranged in one linkage group. Recombination
values in the ," phage did ITot show good ad-
ditivity. in repeated experiments the recoin-
bination values varied some\^hat, but results
were in good agreement with respect to the
order of mutations.

G H

e4 e7

I I
n 53

3. Tempei'at",'e-shift expel'linents on Inwta"I
phage-I'vected cells.

To obtain information on the function of the

genes oriented in this way by mapping, physio-
logical studies \\, ere made on the mutations
using a temperature-shift regime to reverse the
phenotypes of the conditional lethals, tempera-

in the middle of ature-sensitive mutants,

single cycle of intracellular phage growth
These experiments \\, ere to determine the time
of temperature-sensitive step for each inuta-

el

RecoinbJ, jail'o11 '01/1es 011 90 o1'e shore, ,

cubated \\, ith gentle shaking at 30 C. At van-
ous times after infection, flasks \\, ere transferred
from the \\, ater bath at 30 C to the one at 38 C

andincubated with shaking for 160 min. Then
the cells \\ ere removed by centrifugation and
the yield of PIaque forming particles in the su-
pernatant was assayed by plating at 30 C.

Fig. 2.3,4 and 5 show plotts of data from
some of these temperature-shift experiments.
As can be seen in these figures, \\, hen the culture
was transferred to the high temperature before
a particular time during the latent period, no
PIaque forming phage particles were produced,
while on transfer of the infected cells after this

time PIaque forming particles were obtained.

TABLE 2. Tempei. at uru-senstl^be ( = Is) steps of
ts mulattons tit the latent perl'od of phage
gintcth

tion.

A. tirely gym*'ing C7(- ) colts (4 x 10'jinl)
it, ere infected synchronously \\. Ith each ts
mutant at a multiplicity of about five, as de-
scribed in MATERIALS AND A{ETHODS

Allquots of 4.5 inI of suspensions of mutant
phage-infected cells in fresh medium \\, ere dis-
tributed in 100 inI ETlenmeyer flasks and in-
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CIStron

A

B

C

D

F

G

H

Mutant

e 21

e 12

e9

e 14

e 22

e4

e7

it 53

el

ts step (niln)

28

40

60

56

62

68

70

70

80
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This clearly shows that the temperature-sensi-
tive step occurred at a particular time. The
results of these experiments are summarized in
Table 2.

The table shows that the times of the tern-

perature-sensitive steps during intracellular
growtl\ are characteristic of ts mutation from
each CIStron.

4. Analyses of the pile"otype of some mutants
Fig. 6 shows data from a one step growth

experiment on mutant ts "53 in C7(-) cells at
Ion, (30 q and high tomperature (38 C).

The mutant phage-infected cells Iysed also
38 C at the time characteristic of the wild-type
phage but they did not produce PIaque forming
progeny phage. This \\, as also the case with
mutant ts al

The Iysates of both these mutants at high
temperature were examined by electron micro-
SCOPy for the synthesis of in orphological coin-
ponents.

As shown in Fig. 7 (a) and 7 (b), in the Iysate

at 38 C by mutant Ms3 no complete phage par-
ticles were detectable and only head-like in a-
terials were observed.

The Iysate at 38 C by mutant al showed no
distinct inorphological structures upon electron
microscopic examination.

The total amount of DNA in the cells began
to increase shortly after infection \\, ith the wild-
type phage or Is mutants at low temperature.
The DNA increased linearly with time and at
the end of the latent period reached a value 2
to 3 times that at the time of infection. Even

at ITigh temperature (38 C) cells infected with
mutant 7153 or ttl showed DNA synthesis coin-
parable to that at low temperature (30 C) or to
that \\, ith the wild-type.

Another group of is mutants did not Iyse cells
at the high temperature. The effect of one
mutant in this group e21, \\, hich had the earliest
ts step, on DNA synthesis was cxamined. It
\^as found that there \\, as no appreciable in-
crease in DNA in cells infected with this mutant

at the elevated temperature

53
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FIGLRE 6. 011e $1ep g, 'o2,111 of ninjaij! phn. qe is 11,531Jj
C7( - ) c, //,

Z ~'Z : PIOqi, e 107,111 Jig I>hage pal 11c/es pro-
di{ced o11 111c!!6,110i, at 30 C

If~ ~ ~ ~I: PI"q!, e 107, "111g phdge par!Ic/es p, '0-
d!, ced o11 111c!, bot, 'o11 at 38 C

. ^. : optical dellst'Iy of c!Inure at 30 C
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FIGURE 7 (a). Elect, o11 ",,'crogr@ph of C7(-) cell
Iysate at 38 C by te, "peruttrre-sells, t, "e Intrt@,, t, ts 7153
of co, VPIeb"cteiJbph"ge ,3"".

nil'11ti! 7110g, jincat, 'o71 x 47,000. Mai her- I, 000 A
Prepo, ajio, ! neg"ti"efy, $101'71ed coith My",, yl acetate and
exa", illed 1111der a Hi!@chi electro, , ,,, ICJ OScope, type
11U-110-S
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FIGURE 7 (b). Electron ,, Iicrogr@ph of 07(-) cell
Iys@te at 30 C by te", per@INre- saw't!"e Jimto, it, ts 7153
of coyy, Ieb@cte, ', bphoge ,3nv

firit, till""g, ,ification x 41,000. Marker-1,000 A
Prep@, at, '011 Ilegdti"ely St"i, led to ith arm, Iyl acetate alld
exami, led 1111der a Hitachi electron ?"ICJ'OScope, type
HU-770-S
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5. 1:1ffect of Ie, "per@t",'e-re"siti"e MMtatz'ons of
phage ," 0" to XI'" prodi, ct!'o11 171 Montoxihoge"ic
of JPhther!'" boring

The effect of the is mutations on toxin pro-
duction was studied under the condition (38 C)
which was lethal to these mutants using the ts
mutants which had been characterized.

Fig. 5 shows the yields of toxin and of PIaque
forming phage particles with cells infected with
mutant Ms3 phage obtained in a temperature-
shift expelment. In sharp contrast to the
yields of PIaque forming phage particles, the
yields of toxin were not affected by the tern-
perature-shift and tl, ,re was no difference in

the yields of toxin at 38 C (transfer at O time)
and at 30 C (transfer at 180 min)

WitlT all the mutants, including the very
carly mutant e21 in \vhic;T DNA synthesis was
defective, even under the non-permissive con-
dition (38 C) for these mutations, cells (4xlO'I
in I) infected with the mutant phage produced
as much toxin (about 6 x 105 MRD!inI or. 5-
10 Lfjml) as under the permissive condition
(30 C) for mutations or on infection witll wild-
type phage.

in order at a respective time. The gene order
requires more precise determination by three-
factor crosses. The questions of whether the
linkage map of phage p"' is circular and of the
relative location of the " toxin gene " on the
map also must await further study

The present investigation showed tha+ in all
the ts mutants tested, phage-directed synthesis
of diphtheria toxin in nontoxinogenic C7(- )
cells could occur under the nonpermissive con-
dition (38 C) for the mutant with which the cells
were infected, Just as under. the permissive
condition (30 C). This clearly indicates that
the " toxin gene " can be expressed irrespective
of the expressions of the various genes in the
phage genome corresponding to the Is inuta-
tions tested and suggests that toxin synthesis
can occur without processes in phage multi-
PIication such as phage Iysis, maturation or even
DNA synthesis. Indeed, previous 1<1netic ex-
penments with wild-type ,ti' phage have al-
rcady shown that the bull< of to xiiT begiits to bc
produced at a time inuclT earlicr than the be-
ginning of phagc Iysis (Matsuda and Barksdale,
1967 ; Matsuda, 1968). In the particular case
of C7(-) cells infected with the mutant is e21,
toxin production was found to occur at 38 C,
thc nonpermissive temperature for the mutant,
at whiclT Do DNA synthesis occurred and de-
velopment of the phage was arrestcd at an early
stagc. Thus there appears to be no invanablc
associatioiT of phage multiplicatioi\ witlt toxin
production or if any relationship does exist, it
may be in a very early stagc of \, ITal devclop-
merit. ISOlatioiT of " early, is mutants " re-
lated to very early functions are now in progress
to elucidate this point.

Finally, it should be mentioned that the inu-
tant is e21 provides a inuclT simpler system than
that previously described (Matsuda and Barks-
dale, 1967) for inVCstigating phage-directed
synthesis of diphtheria toxin. Thus, in this
new system, nontoxinogenic diphtheria bacilli
such as C7(-) are infected with the Is e21
mutant instead of the \\, lid-type phage and in-
cubated under the nonpermissive condition

DISCUSSION

Thc results presented Ilere show the successful
is o1atioi\ of thc various temperature-sensitive
(-ts) mutants of nonlysogcnizing corynebac-
tcriophage 13"', wllich can be groupcd into 10
CIStrons by coinplcmentation tests, and that
thcse CIStrons cal\ be mappcd as one linkage
group. Tl}ouglT the results of the coinplemen-
tation tests were ITot entirely uriambiguous, that
these were valid \\, as supported by the results of
temperature-shift experiments, \\, hich showed
that the temperature-sensitive steps of the Is
mutants each occurrcd at a time characteristic

of the CIStron to wllIch the mutant bclonged.
The order of the times of the ts steps were
almost consistent willT thc order of the location

of the corresponding cistrons o1\ the genetic
map. This may bc a reflectioil of the temporal
scquential development of the phage during
which the function of each CIStroiT is expressed
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(38 C) for the mutant phage, so that the mecha-
nism of toxin synthesis can be analyzed without
the complications of the influence of most of the
metabolism of the host and most of the process
of viral development. Making use of this ad-
vantage, precise analyses of toxin synthesis in
the C7(-)-ts e21 system are now in progress
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