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Host Specificity of DNA Produced by Escherichia Coli

I. Host controlled modification of bacteriophage A

WERNER ARBER AND Daisy Dussorx

Biophysics Laboratory, Uniwversity of Geneva, Switzerland
(Received 23 January 1962)

Lambda bacteriophage particles carry a “host specificity” determined by the
bacterial straing on which they were produced. Upon infection of a different
bacterial host (1) the phage DNA may be either accepted or rejected on the
basis of this specificity, (2) if accepted, the phage multiplies and progeny phage
are produced. Those progeny to which the parental phage DNA molecule is
transferred, in either conserved or semi-conserved form, also receive the parental
phage host specificity. All progeny containing only newly synthesized DNA
receive only the specificity of the new bacterial host. It is concluded that host
specificity is carried on the bacteriophage DNA.

Phage P1, present in a bacterial cell as either prophage or vegetative phage,
imparts to A DNA multiplying in the same cell a host specificity over and above
that determined by the host itself. Such Pl-induced specificity can be impressed
equally well onto replicating and non-replicating A DNA.

Introduction

Non-mutational changes of host range properties upon growth on new bacterial host
strains have been found for many bacteriophages (see Luria, 1953). For bacteriophage
A such a modification occurs if Escherichia coli C is used as host instead of the usual
E. coli K12 (Bertani & Weigle, 1953; Weigle & Bertani, 1953): phage A, adapted
to K. cols C, grows on K. coli K12 with a probability of only about 10~%. Other systems
producing host controlled modification in phage A will be described in the present paper.

The reproduction of phage A in a new sensitive host strain will be shown to be
submitted to two successive host control mechanisms (Arber & Dussoix, 1961): (1)
the infecting phage DNA is either recognized as incompatible with the host and
degraded, or is accepted; (2) if fully accepted, it multiplies and its DNA replicas
receive “host specificity’, i.e. the particular non-heritable stamp given by the host.
"The present study will be concerned with the establishment of this host specificity.

Host controlled modification of phage DNA can be governed by the genetic material
ol the bacterial host cell. In some instances the controlling loci have been mapped on
the hacterial chromosome (Zinder, 1960), while in other cases they are known to be
contained in the genome of an unrelated prophage. Prophage P1, for example, induces
modificntions of phages T, T3, 17 and 2 (Lederberg, 1957) and, as will be shown
heve, of phage A This modifying action will be shown 1o occur not only when A phage
mulbphien in eells Iysopenic Tor PUbut also following P osuperinfection of non-
Py cvcne celliin which Y eomualtiplying. The mame bolds trae for phages T'Eand P2 as
Fennd e pendent by by Clhivstenzen (1961,
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Malterials and Methods

Naotation, "The “host spectficity™ ol o phago will he repreesented e follow: the oy mibaol
of Lthe phage and ol s genoty pe (iF relevant) will be followaed by the name of the hoaeternd
hostosteain from which the phage acquired its host specificity, phago and bacterinl ayimbols
heing separaded by aopoint, IFor example, Aes 1K means: phage nmhdng elemwr plivgue Dy
mutant, having the host speciticity imparted by K. coli K120 Several host-apecifie chaeneton
may be formnd inone and the same phagoe particle, but we will give only the ones eanedered
m Lhe particular experimont. Classification of a phage stock with respect to host speciticit v
i possible both by consideration of its history and by determination of its eflicieney ol
plating on various hosts.

Ducterial strains. The following straing of I5. coli and some derivatives of them hive
heeen used.

() K. cole K12. The K12 strains referred to in this paper aro W3110, W33H0 (seo
Arber, 1960a) and C600 (Appleyard, 1954). All of these strains were used as howis Tor
crowth of phage A; only C600 was used as a plating indicator strain,

(b) K. coli B. Be (Cohen, 1959) and its derivative no. 251, a hybrid derived by trang
duction and carrying the malt-A® region from K12 (Arber & Lataste-Dorvolle, 1961).

(¢) F.coli C (Bertani & Weigle, 1953).

Dacteriophages

(n) Phage A**, wild type (Kaiser, 1957) and its mutants ¢ (clear plague, Jacoly &
Waollman, 1954), mi (minute, Kaiser, 1955) and b, (buoyant density mutant, IKellenberger,
Zuchichi & Weigle, 1960).

(h) Phage P1 adapted to K12 (see Arber, 19600).

Media

(n) Tryptone broth: 19, Difco Bactotryptone, 0-5%, NaCl, pll 6:9 to 7-1; for solid
medinm completed with 1-59 agar.

(b) Solid LB broth (Bertani, 1951), used for growth of phage I’1.

() Synthetic medium M9: 0-79, Na,HPO,, 0-39, IKXH, 104, 0-19, NH,CL, 0-059, Nat'l,
10 ' m-CaCly, 1073 Mm-MgSO,, 0-4%, glucose, 2 x 10-% m-Fo? I citrate, pll 7-0, compleled
desived with 19, Bactocasamino acids (= M9a).

(1) H medium, a glycerol-lactate medium (Stent & Fuerst, 1955) with phosphoran
~upplied only by 0-059, casamino acids, pH 7-2.

() Adsorption medium for phage A: 0-01 M-MgSQ,.

(1) Dilution media: tryptone broth or phosphate buffer: 0-79, Na, PO, 019 Nat'l,
e, KHLPO,, 0-029, MgSO,, pH 6-9.

(-} "Tris buffer: 0-05 m-tris, 0-5% NaCl, 0-19%, NH,CL 10 % m-MgSO,. comploted with
10t dilution of phosphate buffer.

(i) 3NXD medivm: 0-45% KH,PO,, 1-059% Na,[1PPO,, 039, N1, CL 0-03%, Mp=O,, 71,0,

I, casamino aeids, 39, glyecrol, 0-0039% velatin, 3 x 1001 m-(a(L,.
lecparation of 22P-containing FL moediim: 217 of the desived activity and ensaanino

sov b (half of which had been rendered P'-free) were evapornted to dreyness aned then
aopended in the easamino acid-freo I mmedivin. Preparation ol dedtoerated oedivm -
s almixture (except CaCly) and casamino acids were cvaporated Lo dryness, resaspended
w0700 DL,0 and eompleted with CaCl, and glueose.
b seneral phage techniques are deseribed by Adians (1950) and those partiealne (o A
P Arher (1958, 1960¢). The CsCL density gradient contrilupation techinigune i denerided
Lo Menelson, Stahl & Vinograd (1957) and by Weighe, Merclzon & Paieen (19509) 1oy

slbdensity greadients the swinging bucket votor SW 39 o the Spinco prepartive centeifupao

aoran for 16 he ad 22,000 rev /mine A hole wies punchied e the ot tom of caeh tahe

cache drop s collected inasepaente tahe containmg Tando ol ey plone brot

Vo Lhe ITyvsopenie condifaon s not adable mmnny ISE2P 1) sdenmgs ondy yormge enltaren
srown from recently e molnted e colarnen were aeed e oo cuperiment Theae
conchibrones veeoeed o peeaporbion ok e Ivsopenae seprepamte ol leso Phan o8
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Results PR
Definition of systems giving host controlled modification of A
The efficiencies of plating (e.0.p.) of some variants of phage X are given in Table 1
for different host strains. The e.o.p. on the host strains on which the phage stock was -
- . . . . . o s L
produced is put equal to 1. For A-K this procedure is justified, since the plaque- | o = =
forming titer on K12 and the number of ) particles, as determined by electron :
microscopy, are approximately equal (Kellenberger & Arber, 1957). The similarity of m o mm
the titers found in lysates of A-K(P1), A-B and A-C and those in A- K lysates suggests o TARNIELE
that the former lysates also do not contain many more A particles than plaque- Th
formers on their competent host. 8
& o E): - ;u: (]
TasLE 1 w0 o | owa X
) 7 1< L R
Efficiency of plating of phage X variants on different host strains -H SEE e
oy B R grome
i i i .. |=2222zz22 | 52665
Efficiency of plating on host strains b g o WM ON X X XX T Ao o
Phage variant & e e T e D Iy ¢ 8.5
K12 K12(P1) Be 251 C R NI -
AK 1 2x10-3 104 1 ;j o & 5.5 9
A-K(P1) 1 1 104 1 “ gl CEC 5
AB 4x10-1 7x10-7 1 1 R f}:,. = | 3 g
A-C 4x10-1 4107 2x 104 1 . S AR - B
= e ann pe
A g0 Ewds
Indicator bacteria were grown in aerated tryptone broth to about 4 x 108 cells/ml. and then T ;f: é % — T § 2 oa A (j
starved in 0-01 m-MgSO,. Pre-adsorption was for 15 min at 37°C. For K12, either C600 or W3110 . . = E - = = = éﬁ
was used. R S| da z EET g
@ L *j ) o 'E Jsi= ~
o i = nE2L?
. R . . . . bl b=
The physiological condition of the recipient bacteria does not greatly influence the &8 2885 E
. . . . & = R
e.0.p., although small fluctuations are found if the age of the bacteria or the medium i Sl L EETE
are varied. Treatment of the infecting phage stock with DNase does not change T e Cf M
TG e
the e.o.p. ELoE 0
Hosts containing several factors known to restrict the acceptance of a given phage Sotw
result in a lower e.0.p. than hosts in which only one restricting factor is present, e.g.
. o]
K12(P1) accepts phages A-C and A-B at a frequency of only 10—6 to 10~7, while K12 Pt

non-lysogenic for P1 accepts the same phages at a frequency of 103 to 10-2,

F
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Modification of phage X upon vegetative multiplication in a new host

Phage A-K(P1) is accepted without restriction in the non-lysogenic host K12. The
injected phage genomes multiply vegetatively and after the usual ) latent period the g
bacteria liberate active progeny phages with about the same burst size as if A-K were L
used for infeetion. The great majority of the progeny phages show host controlled I 4
madilication, i.c. are A-K. A low proportion of A-K(P1) is found, however, since i
plating of the Tysate with the indicator strain 1K 12(P1) gives a number of plagues

distinetly higher than attribatable to the usual e.o.po ol A K This reappearance of - S . o
apparently non moditicd AP was stadicd inoo nomber of one-cyele growth o ol AN

experiments inowhich non vsosenie T2 was infeeted with A- (1) and the reseling Pl
nleetive centeen and suhaedquent Iymdes were acayed Tor dotal plagoe former: by ] SR
prlabore st IN T Do term aned Tor ) NPT by platie witle KE2CPTY I 'Tabbe 2o iy

b een Chad Davebaras e ted swth o e & (0T pavteles m souele an s perimiend 1




B WICRNER ARBIGK AND DATLSY DUSSOIX

havve aovery agh probability (abaut 03 Lo almost 1, varying with different experi-
mental conditions) of lihernting ot least one infective A-K(I'1), Le. of forming a
plavue on KE2PT). Phe average A= KT burst size per productive bacterium is only
about one, wherens the burst size of A K is, as normally, between 100 and 250. This
finding suggests that, the A- K(I1) progeny phage found after one cycle of growth on
K12 are composed of material transferred from the parent A-K(P1) phages.

Joint transfer of host specificity and DN A

Since it is known that A parental phage DNA may be transferred to the progeny in
one cycle of growth (Kellenberger, Zichichi & Weigle, 1961 ; Meselson & Weigle, 1961)
the question arises as to whether transferred DNA and transferred host specificity are
found in the same or in different phage progeny particles. Two types of experiments
were desighed to answer this question.

(a) Inactivation of parental and transferred A- K(P1) by decay of incorporated 3P

Heavily 22P-labeled A-K(P1) were prepared, either by infection of K12(P1) with
A-K(P1) or by u.v.-induction of K12(P1) (A)/}, in H medium containing 2P at a
specific activity between 200 and 800 mc/mg. Phages thus obtained and stored at
4°C in 3XD medium show an exponential inactivation due to the decay of the 32P
incorporated in the DNA (Hershey, Kamen, Kennedy & Gest, 1951). Aliquots of the
32P.Jabeled A-K(P1) stocks were allowed to grow for one cycle in unlabeled non-
lysogenic K12 in unlabeled medium. The lysates thus obtained were also stored at
4°C in 3XD medium and assayed from day to day. Two typical experiments are
represented in Fig. 1. The stock used for the experiment of Fig. 1(a) apparently
contained a low proportion of the original parental phage which had not adsorbed and
therefore remained unlabeled and stable to 32P decay, and possibly also contained
some progeny phages with a significantly lower than average labeling because of
transferred parental 3'P atoms. The stock used for the experiment of Fig. 1(b) was
obtained by induction of lysogenic cells and contained no detectable amount of non-
labeled transferred prophage material, although the bacteria had been put in 32P
medium only after induction.

The results of these experiments, done at low multiplicity of infection (m.o..)
(Table 3), are as follows:

(1) The total phage progeny after one growth cycle of 32P-labeled A-K(P1) phage
on K12 non-labeled cells shows no detectable inactivation as a function of storage
time, as is expected, since the bulk of the phage DNA is newly synthesized material.

(2) All progeny A-K(P1) phages (plaque-formers on K12(P1)) are sensitive to
2P decay. Henee the phages with transferred host specificity all contain transferred
parental phosphorus. We conclude that the substances providing host specificity to
the phage are physiceally linked to the DNA molecule.

(3) For the transfereed Y- K (P progeny the rate of 321 deeay inactivation is about
hall thad of the pareental A K(PT) 245 and 1697 Tor the expertments plotted in Figs,
L) and Th) renpectively. Other experimentas, nols deseribed here in detadl, gave 32
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Cranslereed | nmnoeiated with o new v synthesized unlabeled danghter strand, to oach
A1) progeny phage. Althongh the parental DNA strand serves as template one
or-more times i the course of vegetative phage multiplication the parental host
specilicity does not separate from it.

That the transferred A-K(11) is inactivated at slightly less than half the inactiva-
tion rate of the parental phage may be due to breakage and reunion recombination
between labeled parental DNA strands and unlabeled progeny strands. As will be seen
later some such recombinants can indeed be found.

(b) Density labeling of parental A- K (P1) with deuterium

Preliminary experiments showed that differently modified variants of phage A
(tested A-K, A-K(P1) and A-B) have the same buoyant density in CsCl, within the
precision of the determination by the drop-collecting method, whereas many genetic
mutants are known which differ in their density from the reference type (Kellenberger

et al., 1960).
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Fra. 2. Density distribution of deuterated A+ K(P1), after centrifugation in OsCl density gradient.
Deuterated A+ K(P1) was obtained by u.v.-induction of strain W3350(}) (P1)/A, which had been
grown for many generations in M9 medium prepared with 99-7% D,0. H,0-grown A*+-B and
Ach,- B wore ndded as density reforences and they were assayed on B (strain Be 251).

In the oxperiments to be described here phage A-K(P1) was grown in a synthetic
MO medium prepared with 9979, D,0 instead of normal water. Such “heavy”’
deuterium-labeled phages formed, tpon centrifugation in a CsCl density gradient, a
hand as sharp as normal (HL0-grown) phages (1% 2). We conclude that our denfaer
aled phage stocks were composed of uniformly denge phage parcticles. The exaet,
density wan not memsared bl wan compared with the densitics (p) of phage Aby, ad
A prown sl O and v, o T em sond ELOK e respectively

(Isellenberper o af 1060y Ty (e contibupation ol lieayy el ohbmed by everald

HOST SPEciraerey ol DNy s

Ivtic growth steps on K12(PT), the normal Aby, and AL} control Tanids were :'u~|v:u‘:>|h|-¢l‘
l;y 20 drops and the deuteratod Ab, formed o band 3 drops on the hl':l\'l(‘f' ailes :.»I 1l
,\./);' control. In the centrifugation of heavy AL (Fig. 2). obtained by v induction of
srain W3350(P1) (A)/A, the distance between the H,0 grown Al ;-uul Ab) control
wag again 20 drops and the deuterated Aby banded at o distance of 17 drops on Hhe
heavier side of the Aby control.f
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11, 3. Density distribution of Lysates obtained by one cyele growth of dewderated XK (1) on nornnad,
won Lysogenic K12 (strain W3110). . - .
(n) Lysate of oxperiment 23/8a (seo Tablo 4): mio.i. o 0-019. Aliquot contrifuged s 09 il o
[t 82 drops collected, - e
\“\‘ AL l((l]’l) assayod on K12(P1). B, tolal A1 assayed on K120 O  density eeferencee A 13
Cddensity referonee Aehy- 1. - g -
i) Lysato of oxperiment. 23/3d (soo Table ) o 280 Aliguot. centrifuped: 0-00 b o
Vo, '%.‘\’ drops collociod. . e
o \e'ly ~|\'(Il’l) assayed on KI2(P1). B, tolal Adch,, wssayed on K20 o0 densily relerene

\ 1 A densily reforonee A, 13

The deuterated A KT phage stockes were allowed Lo wrow for one eyele ,. v‘l multa
plication on non-lysogenie K2 bacteria in medium preparald with 11,0 (Tuble 1)
thie eate of I‘rxln::r("l' ol the host ::lu'(‘i“('ily‘\' wars a fonnd Tor normal, non denlerated
VL) The one step Iyiaden were centriluged o (|1-||:;|l‘\'. vradient :mt.l |‘|l'!‘
Colbected Teaetions were asyed Tor total plinee and plage willo Py bl speerienty.
P Uy prend destbechutions are reprodoeed e Fige 38
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e with denteraded parental material were able to grow on IKE2(PD). On Ghe other
pleg I IS4

land, derderian abel was ound among the phages restricted on IKE2(P1), eliminating
the possibility that parental A- K1) could not exchange material with A-K genomes

hecanse of the differeince in host specilicity.

TABLE 5

(hross of deuterated Abyemit - K(PI) with normal Abgetmi-K on non-lysogenic
K12 (strain W3110)

Genotypes
Parental Recombinants
cmi+ ctms cmi ctmat

Multiplicity of infection 4-3 3-6
Free phage/ml. after adsorption and 8-0x 10t 3-0x 105

washing
Infective centers/ml. before (K12 3-3x 107 (359, mottled)

lysis, assayed on L KI12(P1)  2:4x%107 (0-69%, mottled)
Fraction of infective centers yielding 0-73

A-K(P1)
Progeny phage/ml., plated on K12 8-5x 108 3-4 x 108 3-3 %107 1-5x 107
Fraction of recombinants per parental 3-99% 1-89,

Aemit - K
Progeny phage/ml., plated on K12(P1) 1-1x 107 (1041 1-8 x 10° 7-5x 1031
Fraction of recombinants per parental 1-69%, 0-079,

Aemat- K(P1)

+ Corresponds to the spontaneous modification rate of the 3-4 x 108 phages Actms-K/ml.
1 Mostly heterozygotes c/ct.

Production of A-K(PI) variants induced by superinfection with P1 of a K12-X complex

In the preceding sections, we studied the modification of host specificity in the
progeny of A-K(P1) which had infected a non-lysogenic K12 strain. The reverse
experiment, to study the modification of A-K multiplying in K12(P1), cannot be
done in the same way since by virtue of the host specificity the infecting A-K DNA
is recognized and subsequently degraded (Dussoix & Arber, 1962). This restricted
acceptance can, however, be surmounted if, instead of an already established P1-
lysogenic acceptor K12(P1), a K12 recently infected with P1 is used or if phage P1 is
introduced only after adsorption of A on K12.

These superinfection experiments have been done by infecting K12 bacteria of strain
W3350, grown in tryptone broth to 109 cells/ml. and subsequently starved in adsorp-
tion medium, with phage Ac- K. After 10 minutes of adsorption at 37°C, fresh tryptone
broth was added and the complexes were acrated at a concentration of 4 x 108 cells/ml.
Al various times aliquots were superinfected with phage P1 (grown on W3350). Good
adsorption was insured by adding 1/500 m-CaCl, to the bacteria 10 minutes before the
infection with P For Plsuperinfections simultancously, before, or shortly after the
ifection with A, thisyenceal plan had o be slightly moditied. After adsorption of both
Aand P othe non aadzorbed phaoen were measared and fhe infeeted Daclerias were
it ed i ey pione heoth to o concentration of about 105 cella/ml Fxeept o the eases
of very late capenadection waith PEomlectine conters were then measured on hoth
T ok By e hieatore N o0 Lo G0 e after Che anfections wath Akl the

HOnvr e e ey oF N A | N
Vprodiacing hacterie led Dyvsed s o revenled by peviadieadly mensaring ot mu
cotreellufar A phages The Tyaaten were chlorotormoed alto 60 1o 7h mmuten after A
wileebion and ansayed on INE2 and K2 tnedicntors for the varmnl Lypen ol 2y
proveny . Nonslysogenic: baeterin infecled with both A and PLophapes produce
pomeipally A phage particls with o latent period characteristie for the IWE2 A com
plevers Iy our experimental conditions very Tew P progeny phages are found, 10 to

10 s many as A

" \
I'avni 6

Tud uced modification of host specificiby by superinfection with phage D1 of K1
bacterioe anfecled with X phage

A-K(P1)

Proportion
I total A

Timo of addition of

superinfecting 'l Infoctivo Liysates chloroformaod
(min) centors —
before lysis al 60 min nl 75 min
{ 097 077 074
10 0-H0 0-17 0-1hH
15 0-80 0-33 045
20 0-91 0-24 0-34)
25 0-52 0-22 0-30
30 0-13 0-083 018
350 0-025 0-005H 0-11
10 0-019 26 x 108 0-02
45 0-022 A1 x 10 ° 0007
Without superinleetion 2x 10 ® 3o

Ldcchion of K12 (strnine W3350) with phage deby- K al 6 0 min (muodi. 0:6), Superinfection
bt cnmons Linses (meodi. - 5ed). For procedire seo lext. iest appearanea of indracelinlne
Vpdungee pieticlen, Bhernted by ehiloroforming the cullare, al 32 min, Fivst nppenraneo ol osben
ool A pligee paeefieles (Inbents period) ad 40 min. Massive liberation of first A progoeny complotod

wd ol nan

The veanltn ol o Lypieal experinient. are represented in Table 76, Nemnllancous
cofoctron waithe Vand P asually induces the Plaspecilie moditicadions i almogt ol
Vieoducmp complexes. Inothe Iysates (he fraction o phages showing the hoat
peshaly Cepical Tor IKE2(E1) i reneradly between 5000 and almost. TOO - of (he
et phoee anbpul, s the superintection with PUis delayed the Traction of modified
plover deerennes For the Gt 20 minates irvegular varintions helween b oand 1007
sl ationss were Tound | depending more, perhaps, on the melabolic condition: than
vt clleetinve time ol supermtfeetion. Ao the st intracellulare A phiage parbicles
cppe o the possibality o modiicition deopssvapidly ancldizappenrs almost. completely

ale e hevrmye of Iyaes B should he pointed ool that the acltual Lie ol PPl
P tea b ondo the INE U comples o few mintes after the measured P21 addition
e B e oy e .‘l1|“.lil'[>|l1>ll and tngection are nol fnmediate, Ta the cxperinents

b e e clep Iyt were clidorolon peed 220 e tnore o ben afber the occarrenee
e e by e ey Late P capenmilechones mdueed some detectable odiieatons
P bt bedboe oo o Tt o Divetera ceGaeded o the preodocetion ol Ao

v b b tod hacberia prodhierae o ceond venerationc ol A
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Hipher frequencien of moditication are Tound if o righ maltiplicity of PLis used for
superimlection. Mter simaltancous infeetion with A- K and P maximom modifica-
tion may already he attained with a nudtiplicity of 5 Pl phages per bacterium. At very
low PI multiplicity the A-1K(P1) producing centers increase linearly with multiplicity,
and it is possible to caleulate the probability of modification occurring in a cell
infected by a single P1. In one particular experiment this probability was 349, but
it may depond on the experimental conditions. The multiplicity of A- K does not seem
to influence the frequency of modification.

These experiments show that the conversion of a A-K-producing complex into a
A-K(P1)-producing complex occurs soon after the infection with phage P1. This
conversion certainly does not depend on the presence of A at the time of P1 infection,
but may occur also if P1 is introduced into the K12 cells previous to the infection
with A. Experiments designed to explore this situation indicated that, indeed, late
superinfection with A-K of K12-P1 complexes is possible for a relatively long period,
and that a high proportion of the A progeny phages are thereby modified into X- K(P1).
These results suggest that the control of host specificity by the presence of P1 can be
dissociated into (1) the control over the acceptance of non-adapted DNA and (2) the
control over the modification of non-adapted DNA. The first control mechanism
seems to be established only slowly, perhaps in parallel to the establishment of Pl
lysogeny. The control of modification, however, is established rapidly, as already
shown, and is also induced by the virulent mutants of P1 which do not yield stable
lysogenics. More experiments are hecessary to explore the connections between the
establishment of these two control mechanisms on the one hand, and the steps leading
to either vegetative multiplication or cstablishment of P1 lysogeny on the other hand.

The results presented in Table 6 suggest that A-producing cells which are converted
by superinfection with P1 may liberate mixed bursts of both non-modified A-K and
modified A-K(P1) variant types, since the relative proportions of plaque formers on
K12(P1) are smaller in the lysates than if the productive bacteria are plated before
their lysis. The mixed nature of host specificity types liberated by individual bacteria
has, indeed, been confirmed by single burst experiments.

It is of interest to know if the A-K(P1) phage particles contain only genomes which
were newly synthesized after the conversion by superinfection with P1, or if the new
host specificity may be given even to finished, non-replicating phage genomes. We
first tried to answer this question with genetic experiments of the following type:
K12 was infected with A and, after various times of ineubation, superinfected with P1
and—simultaneously or after a short delay—with a second, genetically distinct type of A.
After lysis had oceurred, the liberated phages were classified for their genotypes and
their host-specificity types. The proportions of modification diminished as super-
infection was retarded, but for all superinfection times the relative amount of modified
A-K(P1) among the genotypes of the first infecting parent and the superinfecting
parent was roughly equal. The possibility that P1 host specificity may be given to a
non-replicating DNA is thus suggested, although the experiments ave not conclusive.
Ideed, only very late superinfection at a moment where finished DNA is already

withdrawn from the vegetative pool could give sure results, bat by that time stpoer-
ifeetion with o second A is no longer suceessfal, e, he superinfecting A doces nof.
participate in the vepelative growth (Séehand 196G0).

Fococder to anrmonnt these ditliculiieg, we demipned nnother experiment, haved on

Ehe Bvet that s alter andection ol higeh maltephicity . conneryved phoge DN o he

) i
OSSP S rerrrerry or pNA | 1
e tion i 1 T
tanclerred Lo the preogeny, nppneently withoud aelive parti ipntion im ||'|<~.\u;{u|l:| ;
U Dovcberia (it " e nmultancouaty mlected with

et Nown ysiogrenne I0E2 Daeterie lrmme WETTO) werd )

donterated Ak, K (o, 20) and normal P (neoa, 627), Alter Th minuten of

i aded i yplone hroth, After
sl ption, the complexes were washed and then incubated in tryplone broth /I\H'
o . " .
{ ! H v YL . . 3 i),
oo, free phage titer and titer of productive centers were measur A ('nble '7)

TavLw 7
. . O D
Modification of X- K inlo X+ K(P1) by swperinfection with phage 1”1
K12 hactorin (steain W3T10), grown Lo a concentration of 107 colla/ml, nndd

starved in 0:01 M-MgSO,, wero simubtancously infoctod with deutoratod
Achy - I and normal P1.

20
6-7
1-8 x 10%/ml.
9-3 x 10°

M.o.i. of deatorated Aeby - K

M.o.i. of 1’1

Ireo A+ K afler adsorption and washing
Infoctive eontors/ml. (plaque [ K12

titer hefore lysis) assayedon | K12(1’1) 87 x 10% = 94,
) K12 1-1 5 100
I’'rogeny phage/ml. assayed on K12(P1) 9-4 % 108 = 85,
118

Total burst size

This lysate was centrifuged in CsCl density gradient, sco Wig. 4.
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The lysate, eliloroformed after 60 minutes of ineubation, was assayed on KE2 and
K20PT) and an adiquot was analysed by density gradient contrifugation (Fig. ). 11,
may be seen that not only phages containing newly synthesized DNA (cither entirely
new or hall new-hall conserved) showed the modified host speciticity character, but
also phages with fully conserved, transferred DNA were modified in about equal
proportion as the total lysate. Similar results were obtained in two other experiments
using Ach - K at m.o.i. of 25 and 12-5 respectively. These findings allow the conclusion
that replication is not necessary for modifying A-K into A-K(P1) after conversion of
the productive host cell by superinfection with phage P1.

Discussion

Many bacterial viruses show a pronounced specificity in respect to their host range.
Several independent factors may restrict the number of hosts which can be infected
successfully by a phage.

(1) The first condition for phage reproduction is its specific adsorption to the host.
Tests for resistance to phage adsorption are easily performed and indicate the absence
of appropriate phage receptors on the bacterial cell wall, Tt is possible to surmount
this barrier either by isolation of bacterial mutants which can synthesize such phage
receptors, or by isolation of phage mutants able to adsorb to the existing sites.

{2) After adsorption of a phage particle, its DNA must penetrate into the host
(injection). Very little is known to date about aberrations which might occur at this
step of infection, and whether such aberrations might be governed by bacterial or
phage properties or both.

(8) As the phage DNA enters the bacterial host cell its “host specificity” is
recognized by some at present unknown means. If the specificity is incompatible
with the host, the DNA may be at least partially degraded. Such control over accept-
ance of DNA of foreign host specificity seems to be a widespread phenomenon and will
be discussed in more detail in another article (Dussoix & Arber, 1962). This type of
specificity is here shown to have its site on the DNA molecule, despite its non-
mutational nature (Bertani & Weigle, 1953).

(4) Many processes are known or could be imagined which inhibit the replication
of fully injected and non-degraded phage DNA, or which do not allow one of the other
phage specific syntheses necessary for the production and liberation of new, in-
fective phage particles. Such inhibitions may be governed either by baeterial or phage
genes or by both, rendering the phage-bacterium complex incompetent. Examples
are provided by the A sus mutants (Campbell, 1959, 1961) and the T4 amber mutants
(Epstein, personal communication) which grow on certain bacterial strains, but not on
others. Many defective phages (Appleyard, 1954) are known, for which no competent
host has been found and which can be reproduced only with the help of an active,
superinfecting phage (Arber & Kellenbergoer, 1958).

Forcian DNA introduced into a new host is not necessarily degraded, and can in
Fact be fully aceepted even though it differs in host speceificity from phage DNA that
i produced Dy the host cells in question, Pl acceplance is found either (a) in a fow
celbs ol hactevial population otherwise showing restriction., or {(b) in the total popula-

Bon ol certain hacterial hostaasin the case deseribed here in whieh /7 coli Caceepts

prhcveese VN e B e well s e adapted A CONaelh extended hosi range systems,

wlneh NREET |>|1 v DINCN G boverony o ::|n'1‘|li«'|f.\ Cenahle anto :‘.llnli\‘ the Proves

By whoe b the new peceliod vparted dovme the sowth ol proceny paobelen

OGS T rec T ey ol BN 1 ha
Pl Fate ol the Bostoapestherty o INCEPE) wan mvestiated moone eyele prowth
cotnnent an foeolr P2 whieh tally aceept A ISP 1) DNAL Boughly oo mnny
I'I'EP cny phage parbieles were lotnd 1o earey the parvental hoat pecthicnly :n.:\.ln:nl }.N‘('ll
aocd Lon leetion, and all other phapes were A enreying, the hoat speeiticily ol Lhe
vl LT Hont specilicity o V(PP DNA G thos tranalerred o the |n'«.|;u-||'\
fat ol veplicated. Material Tinkage of transterved host :'VIN‘i'ilill'”‘:\‘”\\l'II feanslvred
e ndal DNA could he demonstrated inexperimentas using bwo 1l|l|¢~|‘<~.nl‘ leehnigues
Cbelnec (1) incorporation ol enough #17 to destroy the :l}'“\‘“;\' .“‘ {he ')l.l.‘l“"l' 1
e onne ol radionetive disintegrndion. (2) incorporation of dealerm to ;'I\"" Uhie
foh b phiage o higher than normal density. These Tabeling experiments pave divect,
wlonee that the transferred A1) host spectlicity does nol separate from the
peental DNA moleenle with which it was originally associated even in the conrie ol
1 Ureplication during vegetative phage growtl Indeed, A:!ll progeny |)||:!;gv::, \\ ||‘|4'le
S hle suceesstully to infeet 112011, were, in Che ease o 321 Iabeling, st sensbove
Chomderration of t‘wvh(-‘ 321 contained in the biekbone of the transferred DNA st
Con m the case of deuterium Labeling, at least partially heavy duce to the label
Caneed The DNA of phage X is believed Lo be bwosstranded . When sach DNA
aoloct o host eell at low muldtiplicity we assume that the two parental Hirl{':\II(IH .~-u-|>.:||-:||«-,
v oplication and synthesis of new DNA ocens, This hy pothesis predicts Lhe formn
foon ol hivheid DNA molecules, earrying one parental and one new H“I',:”A"I' lmlvm!, (lw»
Pl |>:n-l‘i('los obtained (in Jow m.oi. experiments) wihich show JH»IIIL “.”“;‘Ih.l:( T‘»Ih
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Lo bween ik corresponding to conserved DNA transter and that of non deuterate
phocee parbicles, o . o i
I mleresting to note that another sort of information 1'<m'(~vrnmg “!(. sens ‘1'\‘1 3
S DINA to deeay of incorporated ¥ comes from the l:l:l)('llll;l; <-.\|w|'nm-|||:»:., 'l
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conbiands between Che teansferred X IGPEH) parent and o superinfecting A=
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mechanism. These reeombinants, as well as those which are about semi-conserved,
fose the original host specificity if by recombination they lose more than a small part
of the parental genome.

It would be interesting to know if one parental DNA molecule may give rise to
two or only one hybrid progeny molecule carrying the parental host specificity. In the
present investigation, no experiment was designed to answer this question. Tts resolu-
tion may be quite difficult, since transfer of 32P label into the progeny DNA is known
to be incomplete and so probably also is the transfer of parental host specificity.
Part of the phage DNA, parental and replica, is indeed not yet assembled into
finished phage particles at the moment of lysis, and is thus lost. Furthermore one does
not know if parental A-K(P1) DNA strands, conserved or semi-conserved, appearing
in new infective phage particles, obligatorily contain their parental host specificity,
or if they can lose it even without recombination with genomes showing the new host
specificity. We could not find a definite answer to this question either, since many
genetic recombinants in unmarked regions of the genome behave genotypically like
the parental type and may have nevertheless lost their host specificity by
recombination.

We have discussed the modification of A-K(P1) into A-K during growth on K12.
In the opposite modification, from A-K to A-K(P1), which is easily induced by
superinfection of the K12-A-K complex with phage P1, the appearance of phages
with conserved DNA but nevertheless modified X-K(P1) host specificity is clearly
shown by the data summarized in Fig. 4, which show that the proportion of modified
progeny phages stays constant for the density gradient fractions representing A
with conserved, semi-conserved and completely new DNA. The presence of phage P1
can thus induce the modification of A DNA even when the DNA is not replicating and
when it is transferred as a conserved parental molecule.

The possibility that such modified, conserved genomes could be in reality “almost
conserved” breakage and reunion recombinants formed between the heavy parent
and a vegetative copy having acquired the new host specificity is excluded (1) by the
high frequency of conserved particles showing modified host specificity and (2) by
the fact that a large part of the A-K(P1) DNA is needed to confer the K(P1) host
specificity to a A genome.

The rapid onset of modification of A-K to A-K(P1) after superinfection of the
K12-A complex with phage P1 is not paralleled by a rapid establishment of the control
mechanism over acceptance of A-K DNA. Indeed K12-P1 complexes may still be
successfully infected with A-K for a relatively long period after P1 infection. This
asynchronous appearance of the two effects induced by the presence of phage P1 may
be interpreted in two ways: (1) control over modification of A-K into A-K(P1) and
control over acceptance of non-modified X-K DNA are established by at least partly
independent steps; or (2) establishment of the “modification” mechanism oceurs at a
low level of some Pl-induced substanee, whereas a much higher level of this substance
is needed to establish the “aeceptance” mechanism.

Nothing is known about the chemieal nature of host, spectficity, about the way it
ioprodaced by the host, nor about Che wany it is recognized upon infection of aonew
host This spectlicd y conld he due Lo he presence or absenee, induction or repression
ol particalr sabalanees Pl oo spectlicily impareted 1o X DNA i the presence of
phaye T bo evanple conld he o sabatanee which 1 produced under the deeetaonn ol
P pretattachied o the A DN A Upoo maltplication ol aoeh DN i ICE cell o

O Sremerrrerry ol N | 4o

1 peattic aubatance would he produaced because ol the absence of w0 PP penome nnd
dbnew DNA rephes would thus laek the parental PT host specilicity,
Tentative models for the explnation of the phenomenan in relation o haont
P ity should he able Lo accomnt for the following points 1-::|:||n|i::lu't|lll_\‘ our
cpermmental datae (1) Every host cell produces DNA of its own hostospecilicity e g
VONA produced by Foeolr IKE2 earries the host specificity characteristio for K120 0
PN produced by 10 cole IKE2(P1) earries the host specificity charvaeteristie Tor INT2
oul that characteristic for the presence of phage PEEA DNA produced by Ieold BT
Cvoes Lhe host speeificity characteristie for B and for the presence ol phage PPECaond
o Only further studies will veveal if all these different. host specilicition wre
vobtediin their natore, and to what extent they are additive rather than substitatove
c Hont specifie characters are closely assoctated with DNA and ean be teanstoreed
bl in growth involving active participation in replication (semi-conseryed
reon tery, New replicas, however, do not carry the parental host specilicity imbeas the
vl has the same specificity. (3) Genetie recombinants formed between A genomen
4hillerent host specifieities may or may not preserve the parental hosto speciticity
poshably depending on both the length and the location of the gene region mvolved
£ Conversion of the host cell in respect to its specificity during A replication as by
apentection of a K12-A complex with T, can induce modification of hoth veplicad
s ond nonereplicating A DNA.

o i epecificity may play a very important role in vieal infections as suggested Dy
the foot that host controlled modification is a widely spread phenomenon. Tt should
v comembered here that our system is only a representative case and that for oy
vroon astem some aspects of host specificity might be different. Luria & Thiman

by deseribed, for example, a case where a modified phiage seems to he no longper
v phod by its own host, Further studies will have to he made in order to know il all
the oo may be explained by any single model.

o the experimental level, host specificity gives us a useful hiological label 1o
vl the parental phage DNA molecule in phage infections.

I v hoto thank Drs. E. Kellenberger and J. Weigle and Mes. Gl Kellenherger o
I e ha for thelr active interest in the work and Diso Do Pradt and B Fpstein ol
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Host Specificity of DNA Produced by Escherichia Coli

1. Control over acceptance of DNA from infecting phage A

Datsy Dussorx AND WERNER ARBER

Biophysics Laboratory, University of Geneva, Switzerland
(Received 23 January 1962)

DNA of A- K (A phage grown on . colé strain 1K12) is shown Lo be degraded upon
infeebion of tho new host strains K. coli K12(P1) ov K. coli B, This bhreakdown
heging shortly after phage attachment and suceessful DNA injeetion. ##1 laubol
from the A-K DNA submitted 1o this degradation appears partly inaeid

soluble components  (organic and  inorganie) and partly in acidiinsoluble
conmpounds. The host cell survives such an infection and permits diffusion of
A fraction of the degradation products into the mediun, while probably ro-uing
another fraction.

Cenelic markers from A- I are rescued in K12(P1) host cells infeeted with
Loth restricted A- K and unrestricted A- K (1), Since DNA brealkdown conpeton
m Lime with the reseue, the probability of marker rescue is high if the unrestricloed
phapo infeets first and low if the restricted phage infeels first. Only elosely
Lioleed markers have a good chance to bo rescued together,

The host specificity imparted to phage DNA by the bacterial strain on which il
waes produced is thought to be responsiblo for il recognition i incompad ible with
4 new host strain, Bacterial mutants are deseribed which, despile the prerence
ol prophage P1, accept infecting A-K at relatively high rates.

Introduction

o 1 apeciticity” of phage DNA has been shown (1) 1o be determined by the hontom
Tl the phage growth oceurred and (2) to be elosely associated with the DNA
avalecnle of the phage genome (Arber & Dussoix, 19G2). [f phage A KL grown on the
oot hossh Bscherichia coli IKT2, is used to infeet a new host strain, two alternative
o ultare possible aceording to the nature of the st rain used.

V0 The infeeting phage DNA ix accepted by the host. s allowed to mualtiply
cahvely, and mature phages are produced. Inthe case of host. K. cold € nndd
(o U I most of the progeny phages differ from their parents in that they are no
Eacr able o grow on K12 (Bertani & Weigle, 1953). They have now the lvonsl

o ey bypiead of f. coli (! which therefore is said 1o have produced oo hont

Lol modifieation” of A Only the phages containing transfeered parental PNA
aoonnnladso preserve Lhe parental host specificity and ean thus grow on K (Arher

e cas, 1962).

S Uhaee A K adsorhed Lo certim new hosts, e the bysogenie Kocoli K2

anly exceptionally (elfticiency o pliting o ooy example 200 ") No
plonton for this [iluve of veprodhiction wase fonnd ol recently althouph
bt horo (1007) presenteld evidenee Chal ool the DN Trom cestrieted phoge Tl
b oatadd Lo B ol 1Y entees the hond codlaned Tater didbozen ont o the medimm
Vo e Tomnd The samne elavnn for DN A GE VIS idectmge Iy ey colbsmed ahown
Sl et b s eoncerpiein e ol the Tieeala o ol pduges DNA {Cher & Do

1



