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Salmonella typhosa hybrids able to adsorb lambda were obtained by mating S.
typhosa recipients with Escherichia coli K-12 donors. Afler adsorption of wild-type
A to these S. 1yphosa hybrids, no plaques or infective centers could be detected, E.
coli K-12 gal* genes carried by the defective phage Mdg were transduced to S. typhosa
hybrids with HFT lysates derived frem E. coli heterogenotes. The lysogenic state
which resulted in the S. ryphosa hybrids after gaf* transduction difTered from that of
E. coli. Ability 10 produce A, initially present, was permanently segregated by trans-
ductants of the S. ryphosa hybrid. S. ryphosa lysogens did not lyse upon treatment
for phage induction with mitomycin C, ultraviolet light, or heat in the case of
thermoinducible A. A further difference in the behavior of X\ in Salmonella hybrids
was the absence of zygotic induction of the prophage when transferred from E. coli
K-12 donors to S. typlosa. A new A mutant class, capable of forming plaques on S.
typhosa hybrids refractory to wild-type \, was isolated at low frequency by plating A

on S. ryphosa hybrid WR4254, Such mutants have been designated as’

X, and a

mutant allele of'Asx,was located between the P and Q genes of the A chromosome.
Plaques were formed also on the S. ryphosa hybrid host with a series of Ai2! hybrid
phages which contain the N gene of phage 21. The significance of these results
in terms of Salmonella species as hosts for \ is discussed.

We have. previously reported the conjugal
transfer of genctic material from Escherichia col
K-12 donors to recipients belonging to the genus
Salmonellz (2, 5, 11). Analysis of progeny derived
from Escherichia coli-Salmonella 1yphosa matings
disclosed that certain of these S. ryphosa hybrid
classes could support the growth of the virulent
T phages by virtue of the genetic material acquired
from the E. coli donor (4, 5, 11). Stadies of the
interaction of S. ryphusa hybrids with the
temperate bacteriophage lambda (\) form the
subject of the present communication. We report
the isolation of S. ryphosa hybrids which can
adsorb A phage without attendant cellular [xsis,
and we provide an initial characterization A
in these “foreign” hosts. We also repori the
isolation and preliminary characterization - i a
class of A mutants, termed Asx, which can be
propagated on certain E. coli-S. typitosa hybrids.

MATERIALS AND METHODS

Bacterial strains. The strains of £, cofi K-12 and
S. typhosa used are listed in Table 1 together with
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their pertinent markers and other descriptive informa-
tion.

Phages. The phages used and the source of the
lysates are given in Table 2.

Media. One-per cent Tryptone Broth (TB) con-
taining NaCl (5 g, liter), maltose (2 g/liter), and 0.02
M MgSO, was used for phage adsorption experiments
and as a general growth medium. Phage assays were
performed on TB plates comtaining 1.5¢,;, Difco Noble
Agar overlayed with TB soft agar (0.7¢, Noble Agar).
The minimal agar medium for selection of recombi-
nants has been described previously (5, 11). Eosin-
Methylene Blue (EMB) and MacConkey Agar base
(Difco) supplemented with 19, of a suitable carbo-
hydrate also wers employed for selection and purifica-
tion of recombinant« and transductants.

Procedures. The methods used for performing
bacterial matings have been reported in detail (5, 11).
Phage methods were essentially those described by
Adams (1). Procedures lor the production of ultra-
violet (UV)-induced low-Irequency-transducing (LFT)
and high-frequency-transducing (HFY)  lysates of
A, and transduction methods were siiailar to those
originally devised by Morsc et al. (18:. Induction of
lysogens by using mitomycin C (Culbiochem, Los
Angles, Calif.) or ultraviolet light wa. performed as
described by Korn and Weissbach (1.4, Induction of
strains lysogenic for thermo-inducil:ic N was per-
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TasLi: 2. Characteristics of bacteriophage preparations employed
Phage ;r Lysate prepn Description Source
A uv, milomycin in- | Wild-type K-12 (A) strains WI895, P4X-6
v ductions
At UV, mitomycin in- | Hybrid between \ and 434 K-12 (A434) strain B345, A. D.
ductions Kaiser

Avir Lytic infection Virulent mutant able to lyse A | A. Weissbach
and A4 lysogens {v,vav;)

INTLAYS Thermal induction ind-, thermoinducible due to | M. Yarmolinsky, K-12 strain
¢/ mutation W3350 (A\c)

Acli! Thermal induction Thermoinducible due to ¢/ mu- | M. Lieb

Aeli2 tation

b2 Lytic infection Deletion of b2 region A. Weissbach -

A-20hyl 1o | Lytic infection Hybrids between A and 21 A. D. Kaiser

A-200y-10

formed by shaking log-phase cultures at 45 C for 15
min, followed by shaking at 37 C, until lysis was
complete. After removal of bacterial debris by centrif-
ugation, the lysates were preserved by the addition of
a small amount of chloroform and stored at 4 C.

RESULTS

A preliminary survey of several Salmonella
species showed that they were unable to adsorb
A, a finding similar to that previously observed
with E. coli B (2). The inability of E. coli B to
adsorb A, however, was readily overcome by Pl
transduction of the E. coli K-12 malA genes
specifying, in part, the N phage receptor site (2).
Since the transduction of E. coli K-12 genes to
Salmonella was not feasible, we employed inter-
generic  conjugation  procedures to  construct
Salmonella hybrids with the M receptor locus
(Arept).

Initial matings between E. coli Hfr Cavalli
(WR2001) and S. typhosa 643 (WR4200) have
preduced hybrids such as WR4250, which have
acquired only the proximal genes of the Hfr
(3, 11). Further crosses between WR2001 and
hybrid WR4250, however, can result in the
transfer of approximately 309 or more of the
E. coli K-12 chromosome. The Salmonella hybrids
isolated from such intergeneric crosses are usually
unstable merodiploids which continually segregate
clones with the genotype of the Salmonella parent
and segregants which have stably retained various
segments of the E. coli genome (4, 11). The
available selective marker in WR4250 in reason-
ably close proximity to the Mrcp locus was the
marker xy/ (Fig. 1). We expected that, among
hybrids sclected for xplt, some would be Arept.
Matings were, therefore, performed between
WR2001 (met=, xyl*, hrept) and WR4250 (mert,
xy{~, Arep~) on minimal xylosc-agar. Salmonella
xyi" hybrids were isolated at a frequency of

CHROMOSOME OF DIPLOID SALMONELLA HYBRID
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FiG. |. Schematic representation of Salmonella
diploid hybrid indicating the approximate extent of
chromosomal material acquired from F. coli K-12
donors. The transfer of the E. coli gal region can be
accomplished by using the E. coli F* strain WR2000
us the donor.

approximately 10~% per donor cell. These hybrids
were essentially identical to the merodiploid
X30D (WR4251) which we described in detail
previously (4, 5, 11), i.e., they have received the
E. coli genes from the origin of WR2001 extend-
ing to the xy/* region (and often beyond; see
Fig. 1 and 2). Although most diploid hybrids are
very unstable and continuously segregate clones
which have lost detectable E. coli genetic material,
occasionally hybrids such as WR4251 are found
which yield two distinct segregant types designated
X30T (WR4252) and X30P (WR4253) (S, 11).
Segregants of the WR4252 type appear stable,
but have characteristically lost a segment of the
E. coli genetic material encompassing thc ara*-
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pil* regions. Colonies of the WR4253 type seem
be stable but are different from WR4251 in
ing lost the S. ryphosa Vi antigen (4, 5, 11).
repeated cultivation, however, it was found
WR4253 continued to segregate clones which
lost the rha*, tnat, and xyit E. coli loci
T singly or en bloc. WR4253 clones were
lly stable for the E. coli lact, ara*, and pil*
genes. Both the WR4252 and WR4253 segregants
appeared to be haploid for at least part of the
chromosomal region derived from E. coli because
they exhibited the recessive mer— alleles of the E.
coli parental strain. Hybrids of the WR4251,
WRA4252, and WR4253 types could be dis-
tinguished on ordinary nutrient agar on the
basis of their distinctive colonial morphology
(5, 1),

Adsorption of X\ by Salmonella hybrids. A
nuruber of xy/* merodiploid hybrids were
examined to determine whether any could now
adsorb . Approximately 2 X 10® A plaque-
forming units (PFU) were added to 2 x 10°
cells of each hybrid in TB broth containing 0.2¢;,
maltose. After 15 min at 37 C, the mixtures were
treated with chloroform and centrifuged, and the
supernatant fluid was assayed on E. coli for un-
adsorbed phage. A majority of the hybrids tested
adsorbed more than 80¢; of the added phage,
indicating the acquisition of the Arcp* gene by
these hybrids.

The Salmonella hybrid strains which could
adsorb A were employed as indicator hosts in
agar overlays to study the formation of plaques
by A and the M\ derivatives Ab2, Ai#34, and Avir.
The lysates which were employed contained 2 X
100 to 5 X 10° PFU/ml on the A-sensitive E.
coli indicator WR2000. No \ plaques were ob-
served on any of the Salmonella hybrid strains even
=t the lowest phage dilution plated (approximately
10° PFU). On retesting, each of the hybrids could
still adsorb more than 80¢, of added A phage. To
study this phenomenon, we concentrated our
efforts on strain WR4254, a segregant of WR4253
which lost the E. coli rha, tna, xyl chromosomal
segment, but retained Arcp (see Fig. 2 and Table
D).

Initially, it appeared that, after phage adsorp-
tion, there was no discernible effect of the phage
on the growth and viability of the hybrid. Figure
3, for example, shows that the growth of WR4254
is not affected by Avir even at a multiplicity of 20
phage per cell. Under the same conditions, the
E. coli strain WR2000 was lysed rapidly. In
addition, plate counts of WR4254, made at
intervals after the addition of Mvir at large
multiplicities of infection (MOI), showed es-
sentially the same viability as compared tc
control cultures without phage. The addition o:
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FiG. 2. Inferred genorypes of E. coli-S. 1xphosa
hybrid strains, -/, Diploid state in which the
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Salmonella chromosome. Diploidy is established by
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have not yielded negative segregants since first isolated
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A phage to TB broth cultures of WR4254 was
followed by a murked decrease in the titer of the
phage (presumably due to adsorption), but the
phage failed to show any evidence of new phage
progeny in samples taken hourly or even after
overnight incubation. Similar results were ob-
tained with the WR4251 and WR4252 segregant
types. All attempts to measure infective centers,
to demonstrate the production of progeny phage
after the adsorption of X to WR4254 and other
Salmonella hybrids, or to detect a lysogenic re-
sponse (<2 X 107* per adsorbed phage) were
fruitless. We considered that X might be restricted
and modified (2) after growth in a Salmonell:
hybrid so that any progeny phage which might
be released would have a different host range
than that of the input virus. Consequently, il
phage titrations were performed on both WR4254
and WR2000. There was no evidence of phaye
progeny which could plague on cither of thewe
strains after adsorption of X\ to the Salmoneli:
hybrid.

Thus, although we had isolated hybrids cap:-
ble of adsorbing A phage, therc was no positive
cvidence for the replication and maturation of
miture phage particles within the Salmoneliu
host. The data indicated that either the adsorp-
tion of the phage was a phenomenon unrelated
to phage infection or that some property of the
phage, the host, or both, was interfering with
the normal course of A development.

Transduction of gal* to Salmonella hybrids. To
study the possible fate of A deoxyribonucleic
acid (DNA) more readily in further experiments,
we employed the defective derivative Adg in which
bacterial galactose (ga/) genes replace part of
the viral DNA (8, 9, 18). Any replication of the
galt phage DNA after infection of a ga/~ host
would, therefore, be betrayed by the presence
of phenotypically gaf* cells (transductants).

Lambda lysates were prepared by the UV in-
duction of E. coli K-12 WR2004 and tested for
transduction of gal* to WR4254. For compar::-
tive purposes, the gal= E. coli K-12 straing
WR3060, WR3061 (\), and WR3062 (M%) were
also tested as recipients. Although gal/t trans.
ductants were observed with the E. coli recipients
at a frequency of about 10-¢/PFU, the lysates
were ineffective when used with the WR4254
hybrid under identical conditions. Heterogenote
transductants (gal~/galt) were isolated from E.
coli strains, and X + Adg, as well as \i®
Mg HFT lysates, were prepared from gal~=/galt
" transductants of WR3061 and WR3062 by mite-
mycin C induction. The HFT lysates showe:d
transduction frequencies of 2 X 1072 1o §
10-2/PFU with Ad-immune ... evli hosts and about
10 :0 30-fold lower with A-sensitive E. coli hosts,

COLIPHAGE » IN E. COLI-SALMONELLA HYBRIDS
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When these HFT lysates were tested on WR4254,
it was found (Table 3) that ga/* transductants
could indeed be isolated at a frequency of 10-2 to
3 X 1072/PFU. This represented a frequency of
about 0.01 to 0.05 that of WR3061 (A\) and about
0.5 that of WR3060, a A-sensitive strain of E.
coli. In the experiments presented in Table 3,
the MOI was adjusted to about 1 PFU per re-
cipient cell. Increases in the MOI resulted in
proportional increases in the number of trans-
ductants up to the MOI of 10 PFU which showed
a reduction in frequency.

Gal* transductants of WR4254 were isolated
after exposure to an HFT lysate at increasing
multiplicities of 0.3, 1.0, 3.0, and 10 PFU per
bacterium. At the lower multiplicities of 0.3 and
1.0, a large percentage of the transductants
proved to be stable gal/t clones, suggesting that
transduction was a replacement presumably
with elimination of the phage genome. When the
input ratio of phage was increased to 10, how-
ever, the percentage of gal~/gal* unstable hetero-
genotes increased, so that up to 95¢; of the trans-
ductants were heterogenotes (Table 4). Unstable
heterogenotes formed by transduction of E. coli
are the result of an addition of the transducing
phage to the host genome with or without an
active (nondefective) phage as well. These data
indicated that, after adsorption of X to the Salmo-
nella hybrid WR4254, gal* DNA did enter the
host bacterium and was capable of being repli-
cated. It was not clear, however, whether the
transductants solely represented the ‘“rescue” of
bacterial ga/t genes by the host, or if the gal*
genes were still maintained in association and
replicated with the phage genome.

It was necessary, therefore, to determine
whether the galf* transductants of WR4254 had
become M lysogens. None of more than 100 of the
stable gal* clones showed any detectable release
of mature N or Ai¢¢ into the culture medium.
Among the unstable WR4254 gal-/galt hetero-
genotes, however, about 209, released phage into
the supernatant fluid. Heterogenotes prepared as
a result of transduction with (A + Adg) HFT

TanLE 3. Transduction of galactose utilization
by HFT lysates of phage lambda®

Strain HIET lysate
Escherichia coli WR3061 (\) |
E. coli WR3060. 0.03-0.1
Salmonella hybrid WR4254 0.01-0.05

+ MOI was adjusted to approximately 1 PFU/
bacterium by adding 2 X 10° phage to an equal
volume containing 2 X 10° recipic:t bacteria.
After incubation for 25 min at 37 C, ::¢ mixtures
were plated on EMB agar containing I° . galactose.
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Fanta b ddnalvsas of transductants o) Salmonella
hvbrid W RIS ar increasing muditiplicitios
aof infection

. Tteterogenotes Heteraenotes

MOES Stable s 0% er cent e e
sal xal? prwlur(-}im: A
0.3 o) 40 7
o 47 53 g
10 RN 65 10
10.0 5 93 R

+ The phage Tysate used was prepared by thermal
induction of a heterogenote derived by transduc
tion ol gul’ o WR3061 using an LET lysiate ob.
tained by thermal induction of WR2020.

" Pereentages are based on a minimum of 100
tested transductants which were purified by re
streaking on EMB agar containing 17, galactose.
To test tor phage production, colonies of each
transductant were picked into TB and incubated
for 1R hr at 37 C before being spotted on overlays
of WR2001.

lysates showed only N phage, whereas hetero-
genotes prepared from N 4+ Nde HFT lysates
released N4 mature \, or. in most instances,
both phages. The phages liberated by these
heterogenotes still failed to produce plaques on
S. typhosa hybrid WR4254, being detected only
on E. coli WR2000 and other suitable E. coli
strains. The percentage of heterogenotes releas-
ing mature phage into the supernatant fluid in-
creased with higher muliplicities of phage used
for transduction (Tabl. 4). The possibility of
external phage contamination was eliminated by
treating phage-producing clones with A anti-
serum and demonstrating that phage could still
be found in the supernatant fluid of overnight
cultures. The number of PFU spontancously
produced by the Salmonella hybrid was, how-
ever, considerably lower (about 10 to 10¢/mD
as compared to E. coli heterogenotes (about
10%/ml). The spontancous production of phage
by these hybrids was interpreted as a2 presump-
tive indication of lysogeny.

Scgregation of phage production from Salmo-
nclla heterogenotes. The stability of the presumed
lysogenic state was tested in six independent
heterogenote isolates of WR4254, Each clone
initially identified as a phage-producer was re-
isolated three times, grown in broth, diluted,
and plated. Individual colonies were then scored
for the presence or absence of mature phage
particles in the culture fluid. The percentage of
progeny among the series of different WR4254
heterogenotes varied from 2 to 90¢; (Table 5),
indicating that phapge production (and presuma-
bly phage persistence) was an unstable trait

BARON LT AL, J
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rather than the very stable property exhibited by
lysogenic £, coli K-12. The possibility of external
phage contamination was again excluded by
treatment with A antiserum. Clones treated with
antiserum were streaked and examined for phage.
producing ability throughout four cycles of
single-colony reisolution. The ability to produce
phage segregated independently of the presence
of the gal* genes (Table 6). In no instance
have we observed any reappearance of phage
production once this ability was lost. Clones with
the presumptive genotype (N + Adg) were ex-
posed to M4, but in no instance were plaques
or infectious centers demonstrated. Similarly,
heterogenotes which retained the galt phenotype,
but had lost phage-producing ability, could not
be stimulated to produce phage once more by
A3 guncerinfection. It should be noted that
clones which had lost the gal* phenotype and
phage-producing ability were not superior to the
original WR4254 parental strain as a recipient |

TasLr 5. Phage distribution in Salmonella hybrid
WRS254 heterogenotes with lambdas

!
Heterogenote

Na. of colunies (olonies releasing
\WRA25E strains tested phage
e
1 202 . 44
2 230 8
3 155 . 16
4 112 : 2
5 220 i 90
6

179 ; 83

* Gal* heterogenote colonies were picked into
TB and incubated for 18 hr at 37 C before being
spotted on WR2000.

TABLE 6. Persistence of phage in a Salmonella
heterogenote producing phage®
i ' 1
’ i (olonies

l Colonjes

‘Transfer no. . gul” Clones | releasing | gal Clones| releasing
| ; phage | . phage
Lo Lo

Ist 87 75 121 82
2nd 189 i 83 | 40 | Sl
3rd 107 ¢+ 90 47 14
4th 133 19 28 21

i {

« Colonies of a heterogenote strain with per-
sistent phage production were examined during
four serial wransfers of single colonies. A single
gal* colony was picked into broth, diluted, and
plated on MacConkey Agar containing 1, galac-
tose. Individual colonies wvere picked into broth
and spotted on overiays conlaining WR2000.
This procedure was 1epeated for four successive
single-colony transfers.
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in subsequent transduction experiments. Despite
the obscrvation of instability, however, gal*
phage-producing <lones continue to remain in
most populations. It seems fair to conclude that
A can lysogenize S. ryphosa carrying the Arept
locus. Clearly, however, the infection and lyso-
genization of Salmonella by ). is at considerable
variance with the situation in E. coli.

Attempts to induce Salmonclla lysogens. The
establishment of lysogeny in Salmonella permitted
us to test whether the mechanism of prophage
induction was operative in this host. Viral de-
velopment in lytic infection and after release
from prophage repression (8, 9) 1s gencrally
similar. Since the lytic response to external infec-
tion was clearly blocked in some manner in
Salmonella hybrids, it seemed important to deter-
mine whether this was still the case once the
prophiage had become established. The parental
Salmonella hybrid WR4254, a heterogenotic
phage-producing  derivativ. ' WR4254  Het29
(AN 4 Ndy) and E. coli WR2001 (M), was
trecated with the effective  prophage-inducing
agent mitomycin C. WR4254 and WR4254 Het29
were unaffected by growth in 2 ug of mitomycin
per ml, whereas the cells of WR2001 (M) lysed
within 180 min. The concentration of mitomycin
C was increased to rule out any differential sensi-
tivity of the two species to the inducing effects
of the drug. Although a difference in optical
density was discernible between WR4254 and
WR4254 Her29 at a concentration of 20 ug/ml
of mitomycin C, there was no major change in
the titer of phage produced by WR4254 Her29
over the course of the experiments (Fig. 4). The
phage titer of the F coli strain increased by
about a million-fold. Similar experiments were
performed with more than 10 separate hetero-
genotes derived from WR4254 with similar re-
sults. When another inducing agent, UV light,
wis employed, there was similarly no effect on
the Salmonella lysogen.

The induction of prophage by growth in mito-
mycin C and after UV irradiation is most likely
an indirect conscquence of the inhibition of host-
DNA replication. Another treatment which more
directly causes repression release was attempted.
In this case, the treatment employed was thermal
induction of temperature-sensitive A mutants,
Thermal induction probably involves the direct
iniactivation of the repressor responsible for the
maintenance of the prophage state (8, 7, 15).
HFT lysates of the thermoinducible mutant
Ael857 were vrepared ing E. coli and used to
rransduce WR4254, Heterogenotes  containing
ANel857 -+ Nel8S57 dg were treated at temperatures
ranging from =0 to 48 C. There was no observed
lysis nor phage release in the Salmonella hybrid
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Fig, 4. Log-phase cells of E. coli WR2001 and
S. tvphosa hyvbrid WR4254 and the Het29 derivative
of WRA4254 were diluted imto TB medium prewarmed
to 37 C and treated with mitomyein C (MC) at the
concemtrations indicated. The cultires were incubated
in a shaking-water hath at 37 C and agitated vigorously

Jor maximum aeration, Phage titrations were performed

ar the poimts indicated by assaving samples of the
supernatant fluid from the growth media on W R2000.

under conditions which resulted in efficient pro-
phage induction in E. coli (Fig. 5). Further ex-
periments of a similar nature with two other
thermoinducible mutants, Aelt! and Aelr2 (15),
gave identical results. Morcover, the Salmonella

"heterogenotes carrying the thermoinducible mu-

tants were equally stable at both high (45 C) and
low (30 C) temperatures. Thus, even under con-
ditions which sould have inactivated the immun-
ity repressor, irreversibly ia the case of Aeli2,
the phage did not successfully enter into lytic
growth nor give significant ccell killing. There
was also no evidence of curing of the phage as
occurs in £, coli cells which have survived treat-
ment (8,9, 15).

Isolation of A mutants capable of forming
plaqucs on Salmonella hybrids. Failure to demon-
strate any kind of lytic response by A-infected
Salmonella  cells prompted us to detetmine
whether exceptional members of the phage popu-
lation could be isolated which lysed the Salmo-
nella host. We fed that the isolation of such
mutants would provide some clue to the nature
of the block which prevented normal phage
maturation as well as simplifying an examination
of the internal state of N in the heterogenotes.
Phage lysates of N, M4 and Avir excecding 101
PFU/mil were plated with WR4254 in qpar over-
lays and carefully examined for plague formation.
A few indistinct plaques resulted from the initial
plating of all three phages on WR4215, These
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piaques, which appeared at a frequency of about
1071, were picked and cloned by repeated plat-
ing on WR4254 to eliminate the wild-type phages.
High-titer lysates of the mutant phages were pre-
pared by the confluent lysis method. Mutants of
N lysing WR4254 were designated as Asx. The
isolation of Asx permitted us to determine the
immunity specificity of WR4254 heterogenotcs.
The pattern of immunity of the lysogenic Salnio-
nella (Table 7) fits the classical picture of E. colf
K-12. Clearly, repressor was being produced by
lysogenic Salmonella, and Asx mutants were
sensitive to repression.
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Fi. 5. TB cultures of the Het3 derivative af S.
typhosa hybrid WR4254 and E. coli WR3063 were
incubated ar 45 C for 15 min and then incubated at
37 C for 140 min in a shaking-water bath with vigorous
shaking for maximum aeration throughout the experi-
ment,
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The plaques of Asx were clearer and smaller
in size than the typical turbid plaques of \ or
A9 Asx Derivatives (except of Avir) cannot be
classified as virulent, as they were repressed by
homoimmune phages. Moreover, it was possible
to lysogenize E. coli strains with Asx, albeit at a
frequency at least 100-fold lower than observed
with A. All attempts to demonstrate a lysogenic
response of WR4254 to Asx have been unsuccess-
ful except by transduction with (Asx + Asxdyg)
HFT lysates prepared by induction of K-12
heterogenotes. The titer of Asx lysates on WR4254
and WR200C was approximately the same no
matter which host was used to propagate the
phage. The Asx phage grown on E. coli and the
Salmonella hybrid were restricted equaliy by
mal* strains of E. coli B.

To define the region of the A genome which
had been altered to permit plaque formatic.. by
Asx mutants on Salmonella hybrid WR4254, a
series of crosses were performed between Asx
and cells carrying isolates of Adb lysogens. The
A\db prophages employed were derivatives of A
which carried biotin (hio) genes (13). As bio is
on the opposite side of N from gal, the gene con-
tent of defective biotin-transducing phage is
dilferent from that of \dg. Whereas \dg is de-
leted for viral genes affecting ‘““late” phage func-
tions, Adb possess deletions affecting ‘“‘early” and
regulatory gene functions (8, 9, 13). The Asx was
employed to infect cells harboring various Adb
derivatives. By using Adb with deletions extending
various distances into the phage chromosome,
it was determined that wild-tvne A recombinants,
i.e., A which plated on E. coli but not on Salmo-
nella strain WR4254, could be obtained so long
as the Adb derivative included a region between
the A genes P and Q (Table 8). Thus, the mutant
Asx phage owes its ability to plate on Salmonelia
WR4254 (at least in part) to a gene (or gencs)
which maps between the P and Q markers in A.

An unexpecied finding with the Asx mutants
was the marked differerice between WNR4254 and
its parental merodiploid WR4251 and the segre-
gant WR4252. Although all of these strains

TABLE 7. Pailern of response to cross-infection shown by N and xsx phages®

3 : . ) " S. typhosa
: ; : - ; E. coli S. typhosa N. lyprosa 3’ )
S nfect h L. col E. coli (V) i Sypa hybrid WR4254 | hybrid WR42+4
uperinfecting phage coli ! (\ %) hybmf\ R4254 (h + Mdg) A4 )
A + - \ + - - -
Auu + + — — — —
Nvir + + l + - - _
AsXx 4 - 4 + - _
Niddgy + + - + + -
Avirsx | + + + 4- + +

« Symbols: 4, lysis; —, no lysis.
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could adsorb A and were transduced to goft by
HET Iysates of X, WR4251 and WR4252 did not
permit the Iytic growth of Asy. This observation
suggested that the state of the E coli genes in
Salmonella may be w critical factor and further,
that in addition to Arep, the E. coli genetic con-
tribution to the Salmonella hybridgs has an im-
portant bearing on the fate of X after infection.
Based on these results, we have attempted to find
a class of Salmonella hybrids which would permit
plaque formation by wild-type A. Subsequent
mating experiments have resulted in the isolation
of such a class of Escherichia-Salmonella hybrids.
li has also been possible to isolate nitrosoguani-
dine-induced mutant hosts from WR4254 which
now allow normal lytic growth of Avir and \i43¢
though not of A\. The properties of these mutants
as well as the class of hybrids which svpport
Iytic prowth of wild type A will be reported in
detail in future publications.

Growth of X\ derivatives on Salmonella hybrid
WR4254. The successful isolation of X mutants
which could undergo at least some degree of
norma! lytic development on S, ryphosa prompted
us to reexamine some of the many laboratory
derivatives of N phage which were available. It
was possible to obtain plague formation on
WR4254 with phage recombinants selected in
crosses between A and phage 2.1 (Table 9). These
reccombinants  studied by Liedke-Kulke and
Kaiser (16, 17) could form plaques on WR4254
if they contained the immunity region of phage
21 (A1), Phage containing the immunity region
of rhage 434 could not form plagques on the
Salrionella hybrid. The region of A which is re-
placed by the homologous immunity region of
phaee 434 and by phage 21 is shown in Fig. 6.
The Salmonella hybrid type WRA4252 was not
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lysed by any phage derivative tested, but rare
mutant plaques could be seen in the case of two
of the A% phage hybrids. These mutant phages
have been isolated and are currently being studied
to determine how they differ from Asx which
forms plaques on WR4253 and WR4254,

We also tested a X mutant, Ae/7 (20) which is
insensiiive to replication inhibition and shows
constitutive synthesis of genes O and P whose
functions are required for replication of A DNA.
This phage mutant did not show plaque forma-
tion on cither WR4253 or WR4254.

Absence of zygotic induction in Salmonella
aybrids. In E. coli conjugation experiments, the
results of a mating may be dramatically influ-
enced owing to the induction of A prophage on
transfer to a sensitive recipient (22). Two conse-
qquences of this zygotic induction are that the
numbers of recombinants recovered are markedly
reduced and A lysogeny is not observed in those
hybrids which do appear. Since E. coli-Salmo-
nella genetic hybrids did not support the vegeta-
tive multiplication of wild-type A, nor could we
induce N lysogenic E. coli-Salmonellu  genetic
hybrids, we performed experiments designed to
determine whether zygotic induction would occur
or wis similarly inhibited. For these experiments,
Hir H (WR2002) was lysogenized with wild-type
\ so that the resuiting strain Hfr H (A) could be
compared with its nonlysogenic parent in matings
with WR4254. Both the lysogenic and nonlyso-
genic Hir H derivatives were mated with WR4254
on a medium which could select galt Salmonella
hybrids. In our initial experiments, the frequency
of reccombination was so extremely low that a
valid comparison was not possible (Table 10).
We supposed that the low frequency of recom-
bination observed with Salmone'le and both E.

TauLk 8. Mapping of isx mutaiion by growth in xdb lysogens:
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Paw 9 Sensiviviry of 1 coli WR000 and Salmonella hybrids W R4254 and WR4252 10 A dertvativess

i
i
A Derivative !

A
\b.
Avir
Ael7 ‘
)\n:n i
ANy !

2! el 34 |
Hhy2 el 34w 2fell '
20hvd 21h immst 2lell :
2HhyS N imm? 21ell ‘
20hyv6s 210t aelllimm® ;
2ny? Nh 2lelHHimm®

2/ hyvE Nh imm

219 imm\ hell

2yviQ) imm*t held

— e = o b i o et ot b —— o

. i I8, typhose hybrid WR4251]
. colt WR2000 i (NJOW)

0
0
0
0
)
0

0

0
0
0
0
0
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.0
0

Frequency of plating on

N.typhosa \WWRA2S2 (X 40'1)
| B T PEPTE
| <1079 l <109

<10-? : <10
<10 i <100
<i0* 'g <10-*
<10 | <10~
1.0 ' <10-Y
1.0 . R > 10
1.0 1.6 X 1090
1.0 <10
1.0 <10 ¥
0.25 <ig-?
: 0.51.0 <109
; <10 ; <10 @
<10 | <100
<l ? i <109

» Phage lysates containing about 2 X 10* PFU were prepared on E. coli strain W1485 and assayed on
WR4254 and WR4252. The number of PFU on the Salmonella hybrids were expressed relative to the E.
coli strain which was taken as 1.0. The extent of inm?t and imm ¥+ are shown in Fig. 6.
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FiG. 6. Genetic map of X\ showing the approximuai
location of markers mentioned in the text (8, 9). T/
regions of \ deleted in phage Ni$4 and phage N which
have been replaced by the homologous immunity regions
of phage 434 and phage 21 are also indicated.

coli donor strains was probably due to differences
in genetic fine structure (11). To overcome this
difficulty, the gal* iegion of E. coli was intro
duced in WR4254 by a mating between the F*
strain WR2000 and WR4254. A stable gal* hy-
brid of WR4254 was isolated from this mating
and treated with the mutagen N,N’-methyl nitro-
soguanidine to produce a suitable gu/~ derivative.
This strain, WR4255, was considered to have the
E. coli K-12 gal region ard was employed as a
recipient in matings with the A-lysogenic an:
A-sensitive Hfr H strains. There is a high fre.
quency of WR4255 galt recombinants isolated
from matings with both the A-lysogenic and
A-sensitive E. coli donors (Table 10). On the
other hand, in comparison to control matings
with the A-sensitive £. coli K-12 recipient, the
\-lysogenic donor caused a far more dramatic
decrease in number of recombinants due to
zygotic induction. Since the frequency of recom-
bination measured with the Hfr H A-sensitiv.:
strain was of the same order of magnitude with

TasLe 10. Frequency of recomdination for gal*
in crosses hetween Hfr H (A} or Hfr H and
Salmonella hybrids

’ ¥requency of
Donor Recipient i‘;lt:t:e;g;“:)(;o

| donors
WR2062 Hfr H WR4255 | 4.0
WR2003 Hfr H (\) WR42535 3.6
WR2002 Hfr H WR3060 4.5
WR2003 Hfr H (\) WR 3060 0.08
WR2002 Hfr H WR4254 0.000039
WR2003 Hfr H ()\) WR4254 { 0.000033

both the E. coli A-sensitive recipient and WRA425S5,
it can probably be concluded that the comparison
of recombination frequencies is valid. Thus, if
some degree of zygotic inductiocn did occur in
the E. coli-Salmonella genetic hybrid, the effect
is markedly reduced as compared to that seen
‘a E. coli.

It has been established that the recovery of
gal*t \-lysogenic progeny from an E. coli Hfr H
(\) X E. coli F~ mating is virtually nii and this
was the case in our experiments (Table 10). Since
we now had at our disposal Asx derivatives, we
could apply the rule that the presence of immun.
ity to Asx in the WRA4255 gal* hybrids would
indicate the acquisition of A prophage from the
Hfr H ()\) donor strain. More than 304} of the
galt Salmonella recombinants of WR4255 iso-
lated from the mating with Hfr H (\) had ac-
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qun_rcd immunity to Asx infection, but not to A1434
sx anfection. These data again support the potion
that the vegetative multiplication of wild-type A
is inhibited in Salmonella.

DISCUSSION

Our data show that some E. coli-S. typhosa
genctic hybrids can adsorb and be lysogenized
by the temperate coliphage A, Wild-type N phage
did not, however, multiply lytically to any dis-
cernible extent nor kill the bacterial host. Fur-
thermore, A prophage once established in Salmo-
nella could not be induced to follow the normal
Iytic development cycle c¢ven after treatment
which normally inactivates specific phage re-
pressor. This behavior of A in Salmonella hosts
necessitates a consideration of the nature of the
inhibition by S. ryphosa on the usual expression
of the N ytic response,

Ordinarily the Iytic response involves the
orderly temporal cxpression of “carly gencs'
concerned with DNA replication as well as regu-
lation followed by the expression of “late genes”
which specify phage structural proteins (8, 9).
The alternative lysogenic response requires the
repression of the Iytic developmental cycle and
results ordinarily in the establishment of pro-
phage at a specific site oa the host chromosomal
DNA. We have shown that the block to lytic
development of N in S. ryphosa hybrids can be
overcome by cither the selection of phage mu-
tants, which we have termed Asx, or by the isolu-
tion of suitable host mumants. The study of lyso-
genic Salmonella hybwids and Asx  derivatives
indicates that some host effect on the properties
of “carly genes,” specifically the N, O, P, and Q
genes, is involved in the inability of wild-type
A to multiply Ivtically in E. coli-Salmoneila ge-
netic hybrids.

It seems valid to conclude that the DNA repli-
cation genes (O and P) do act to some extent,
since we can demonstrate that Adg prophage can
be maintained indefinitely in Salmonella. By the
same token, however, the instability of Adg and
ihe limited ability to produce phage in Salmo-
nella hybrids suggest that this replication might
be slower than that of the bacterial chro.osore.
It may be noted that even constitutive A [ /A
synthesis as characteri ed by AeJ7 (Table 9) was
not suflicient in itself to permit normal X develop-
ment. The Asx mutants which do grow lytically
on Salmonella hybrids are a class of clear mu-
sants which were mapped at a site between P
and Q genes. Gene Q is a regulatory g :ne in-
volved in the activation of the “late” » genes
governing head and tail proteins us well ..s lysis.
It has been sugrested that N probably carries
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out regulation of late proteins through activation
of gene Q; the N gene products also regulate
DNA replication and recombination (8, 9). One
reasonable hypothesis for the ability of Asx to
bring about lysis of Salmonella would be that
the need for the N product to activate the Q gene
is obviated.

Thus the mutant site in Asx between P and Q
could represent a locus which ordinarily interacts
with the N gene product and controls expression
of gene Q. Presumably the N product of wild-
type X\ in S. typhosa hybrids is somehow blocked
from activating Q, whereas in Xsx this require-
ment is by-passed. A locus termed byp has indeed
been identified in A between P and Q, which per-
mits relatively norma: - -ic response in E. coli
in the absence of the N g. 2 product (6, 7). We
have not confirmed that byp and the Asx muta-
tions are in fact identical, although it would seem
quite likely.

The postulated important role of the N gene
on the ability of wild-type A to grow lytically in
Salmonella receives support from the observa-
tions with A2, In contrast to all other A deriva-
tives that we have studied, Ai?' shows relatively
normal lytic development in the Salmonella hy-
brid. The recombinant phages A and N4 were
selected in crosses between A and phages 21 and
434. Recent experiments have delineated the 434
and 21 immunity regions sut:tituted by the A
genome (8, 9). Recombinant phage A!4¢, which
cannot plate on the Salmonella hybrid has in-
corporated the phage 434 genes for ¢/ but retains
the A N gene. Recombinant phage A, however,
has incorporated the phage 21 N, cl, and cll
genes. The N gene, therefore, seems a likely
prospect for the difference in behavior of these
two phages, since the N gene of phage 21 does
not complement the N gene of A. At any rate,
certainly a critical region determining lysis of the
Salmonella hybrid is defined by the A immunity
region.

The behavior of ANN~ mutants (A having two
susN mutations) in E. coli shows some striking
similarities to the behavior of wild-type > 1n
Salmonella. \NN— mutants show a pleiotropic
defect in production of late structural proteins
but can lysogenize the host (8, 9, 21). ANN™ mu-
tants are also defective in DNA replication al-
though at least some basal transcription of O
and P is Jetectable. The rate-limiting -tep appears
to be initiation of replication rather than DNA
synthesis itself (19). Signer (21) recently reported
that a ANN— mutant replicates as a plasmid in
E. coli and can effectively transduce but not
grow lytically in this host. The replication of wild-
type N in Salmonella as a plasmid as well as the
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climination of N\ prophage from hybrid Salnio-
nellu by agents which “cure” plasmids is reported

in an accompanying paper (10). A major differ--

ence between the behavior of ANN~ mutants in
E. coli and wild-type X in Salmonellu is in their
apparent ability to cstablish repression. Signer
(21) reported that NN~ X phage cannot efficiently
establish the normal level of repression after in-
fecting 2 nonimmune cell. Lysogenic Salmonella
are, however, immune to infection with Asx,
which implies that either repression can be estab-
lished or that, as in the case of E. coli (8, 9), the
super-infecting phage initiates repressor synthesis
in the resident prophage. Recent experiments
have shown that the product of the rex gene, an
independent measure of ¢/ function which acts
in the lysogenic state to block the growth of I/
mutants of T-even phages (12), is active in
A-lysogenic S. ryphosa hybrids (Baron, wunpub-
lished observation), suggesting that N\ prophage
in Salmonella may establish ar effective level of
repression. The role of repressor in Salmonella
lysogens will be reported in a subsequent com-
munication. At any rate, it does scem that a
reasonable first hypothesis is that the primary
function of A which is blocked in Salmonella
hybrids is either the production or the function,
or both, of the N gene product, A corrollary to
this hypothesis is that the “blocking substance”
is produced by the host Salmonella hybrid.

It seems remarkable that Salmonella hybrids
can synthesize a cellular product which can so
effectively block the normal lytic development of
wild-type M. It should be noted that this ability
is not solely a property of S. typhosa hybrids.
Identical results with A have been obtained with
S. typhimurium hybrids, so that this may well
be a general property of Salmonella species
(Penido and Baror, Bacteriol. Proc., p. 30, 1966;
Pcnido, Ryman, Falkow, and Baron, Bacteriol.
Proc., p. 30, 1966). In addition, the inhibition of
Iytic phage development seems to exhibit some
degree of specificity. For example, the lytic
growth of phage 434 is inhibited to roughly the
same cxtent as A, whereas ¢80, another lambdoid
E. coli temperate phage, can both effectively lyse
and lysogenize Salmonella hybrids as can the
generalized transducing phage P1 (Penido, Ry-
man, Falkow, and Baron, Bacteriol. Proc., p. 30,
1966). It is not yet clear, however, whether the
varying responses of Salmonella hybrids to differ-
ent E. coli temperate phages represents a qualita-
tive or quantitative difference.

The specific nature and cellular location of the
Salmonelia cellular product remains unknown.
The hypothesis we have suggested requires that
this cellular product actively interact or, alterna-

BARON ET AL

J. BacrerioL.

tively, fails to interact, with the AN gene or its
product(s). We hope that a continued study of
both phage and host mutants which permit the
normal lytic development of N in Salmonelly will
provide a novel and useful approach to the
study of host-controlled steps in A infection.
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