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/1.BSTRACT 

The abil ity of various pha~os to propagate on Escherichia 

coli st r a in l,r wus invostig;:i.ted , Phago s P1 , T2 , 1r3 , T4 , T5 , T6 and Ty 

c oul cl not be shown to form plnqv.c s on this st r a i n . Phagcs T2 , T3 , 

T5 and T6 prevented t ho development of a bactcri ,'.l l l a~,m when ;:i.dded to 

a plate a t an input r atio of abou t throe phage per bactcriu~; it 

appears t]103e phagos exerted a killing effect on strain W. Phage P 1 

and phage T4 did not exhibit this killin,1 eff e c t . Plugo T1 formed 

- 4 atypicnl plnques on st r ain U wi th an efficiency of plnting of 10 ; 

it appear c these plaques a r e due to mutan t s occurin1 i n the T1 

population nble to pro pagate on stra i n ·r. 

ill of tho :.i.bovo phagos adsor bed effic i ent l y to st r a in W 

with the except ion of T4 , explaining its inability to e ithe r 

propagatG on or kill st r Q. in ;'J. 'l'he i nfect i on of sti·ain U by P1 was 

simila r i n most r espects to that of °/\ but in ordG r to 0stablish the 

occurence of conventiona l r estrict i on , D~'...'1. degradation would need to 

be demonstr ated . 

Phages we r e i so l ated whi ch propngatc on st r a i n W; they a r e 

similar in morphology to phagcs T5 ;md ~ ,'.l.nd do not r eadily adsorb to 

]. coli str a ins n, C or K. 

The supernatant from broth cul tu.re s of strain W ,ms shown 

to contain two close ly r e lated phages , one pla ting on 111.£2.ll. C, and 

the other on .m, .£Qll K, Ea.ch possesses a characteristic pa ttern of 

p l ating efficiencies on stra ins C and IC when propagated a lternately 

in t hes e two hosts but the two phages were shown to be co-immune and 

identical with respe ct to heat sensi t ivity, morphology and serolOffY• 



Both tended t o l ose tho .::i.bility t o exclude phage P1 on l ysogeniDi ng 

str a i n C once havi nc mutat ed t o pl ate on s tra i n K. Thin mn.y be due 

t o the i nte:;r ation of tho mutated phage at a ltern.:i. t c 11non- restrict i ng " 

sites on the~ c ol i C chromosome . 

A ser ie:., or conjuGal crosses was cr..iployed to doter:nine tho 

sites of integration of the pha;;os on t:ho chromosomes of]. coli 

strai ns U ,:md C. 'i'ho phage present i n tho :,; su pernatant ·whi ch plated 

on K uas found to ii"tegr ate close to the proline loci on the 

chr omosome of _g .£ill W but the phage plating on C -1:ppearod to have 

mo r e tban one locus , one of eThich !:lay !llap close to tho 85 minute m.J.rk 

on the linkago oap of Q coli 1!! (36 , J?i0m·e 22) . ifo inforrnntion has so 

fa r been obt.:1i ;1ed concornine ti1e 8i 'Los of i:nt e:; r e.tion of -t:he w ph.:.ges 

in restr ictive a nd non- restrictive l:rsoge.:ns of .m_ ccli C. Tho failure 

to ob t.ai n 2. ' ca r ed ' strc.:.in of _i1 coli H by oli1:1inntion or the 

proph;:,ge inh'c r atod nt the two in::-!.1m.::d situs leaves opon the 

possibility of tl:o existence of noro than one integr ation si to of 

phage u . C on the J. colt 1:l chromosome . 
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9. 

IHTRODUCTIOH 

Several different mechanisms may prevent a viable pha,5e from 

multiplying in a host cell after the phage has adsorbed to the eell 

surface and injected its DNA . This abortive infection may take one of 

several forms : 

I Superinfection immunHy 

II Superinfection exclusion 
..1.. 

III Inhibi t ion by J:t' ' 

IV Restriction 

I Superinfection immunity 

This me chanism occurs i n l ysogenic cells where supe rinfecting 

phage particles of t he same , or similar type to the i n-c egr a ted pro phage 

are unable to initiate a round of vegeta tive propaga tion . Replicat ion 

of the superinfecting genome is prevented by the acti on upon i t of a 

cytopla smic repressor protein , which is synthesised under prophage 

direction and which prevents expression of genes responsible for 

initiation of a lytic cycle (1 , 2, 3, 4, 5) . 

II Superinfection exclusion 

When bacteria lysogenised by temperate phages such as.\ 

or P2 are superinfected by distinguishable mutants of their prophage, 

the superinfecting phage appears in the progeny released after 

induction of v&~ative phage growth. 

Work by Rao, :val sh and Meyn ell has shown this is not the 

case in P22 lysogens of Salmonella typhimurium (6 ,7). No super-
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infecting genetic marker s like c
2 

(clear plague) or h (host r ange ) 

appear in the phage obtained after induction, although superinfect i ng 

phage are adsor bed nor mally. The wild typo prophage in therefore 

t ermed excluding or x+. Compl ementat i on of ts P22 prophage mutants by 

superinfecting _:!;_§_ phage is a lso substantially decreased , indi catin~ 

the exclusion mechanism opera tes to block gene expression as well as 

r eplication . It is most likely that DNA penetration of superinfecting 

phage occt:rs as lysogens can be induced by superinfection at high 

mul t i plicity, suggesting the super infecti ng genomes are available for 

i nter action wi t h the phage immunity repr essor protein . 

DUA degradation was no t observed and hence this may rule out 

the possibility that exclusion is a restriction phenomena . This 

leaves open the possibility that exclusion is mediated by a ny one of 

the control mechanisms operating at thn series of steps required for 

informational transfe r from the genome . 

Mutants of P22 which ar e non- excluding (x) on lysogeny of 

_Salmonella t yphimurium have been isolated suggesting the excl usion is 

prophagc contro lled . These CTutants a r c indistingui shable from P22 ex+) 
in mor phology , neutralisation kinetics vnth ant i-P22 antisera, heat 

sensitivity and inability to l yse P22-lysogenic bacteria . 

J _ 

III Inhibi t i on by F ' 

The efficiency of pl a ting of certain phages , nota bly T3 (8 ), 

T7 (9), ¢I (1 0), ~II (11) and W31 ( 12) is r educed on infection of 

cells carrying F+. The inhibition of T7 has r ecently been shown by 

Malamy and Morrison to be due to a control mechanism operating a t the 

level of transla tion which affects production of certa in classes of 

T7 protein ( 13) 
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IV Rest riction 

(i) The restriction and modification processes . 

Tho term restriction is employed to describe a particular 

type of abortive infection involving the endonucleolytic scisson of 

DNA molecules foreign to tho invaded cell at specific sites on these 

DNA molecules . I t is carried out by specific nucleases whoso synthesis 

is mediated by the host genome or by a plasmid carried by the host . 

Different hosts have different specificities . 

Restriction is almost always associated with modification 

which may involve either methyla tion or gl ucosylation , mediated by 

host cell or pl asmid enzymes at the specific DNA cleavage si tern . This 

modification protects host DNA and DNA of infecting phage which 

escape the r estricting system agai nst nucloolytic attack . 

Modification is not inheritable as a genetic 1:iarkor and 

al though retained as long as phage particles ar e propaga ted in 2. 

modifying host , is lost on r eplication in a cell population lacking 

r estriction and modifying activities except for the two parental phage 

DNA strands which still r etain their modification . (Reviews: 14 , 15,16, 

17,1 8 ,1 9) . An example of a typical system is the infection of] £Q1i.. 

Kand!~ C with phage A.. (Fi.5. 1) . See section (ii) for explanation 

of the nota tions used in the figure . (eop = efficiency of plating ) 



Infection of K with 
unmodified '\ .O (case I) 

I 
I r estriction 
1 system acti vo , event 

l occur s in ma jority 
of cases 

~ • 0 Dl;A degraded , 
cell survives 

No r est rict ion or 
modifi cat i on system 

Infection of C gi ves rise to a 
burst of >--. • 0 pro.g-eny with an 
efficiency of 1 • O. 'l'wo of these 
progeny derived fror:l the two 
par ental strands will still be 
:\ . K 

I one round. of 
r eplicat ion 

t 
Infection of Kat t his stage 
gives an eop of 2 x 10-2 

(assuming the bur st size to be 
1 00) due to presence of modified 
parenta l strands 

Info ction of K wi t h 
unmodified \ . 0 (case II) 

1 2 . 

r estriction sys t em 
defec t ive or phage 
e sca~es restriction­
froauency of event 1 4 X -10-4 

"- • 0 DNA survives and gi vc s 
rise to a bur st of progeny which 
have been modi fied to phenotype 
~- K by the bacteri a l modifi ca-
tion system I 

Restriction system1

1 

active but infect­
i ng phag2 modifi ed 

Infection of K gives r ise to a 
bur st of >. . K progeny vri th a 
f r equency of 1. 0 

l 
Hany rounds of 
r eplication dilutes 
out pa r en tal strands 

Infection of K DOW gi ves nn eop 
of 4 x 10-4 as the number of 
\ . K i s now i nsigni fi cant 

Figure 1: Rest riction and modificat ion of phage ~ in Escherichia 

£..21.;b_ strains Kand C. 
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(ii ) Definitions and notations (from Arber 14, 16) 

(a) Host specificity typos - these are noted by their bacterial or 

plasmid origin. Hence K, Band A signify host specificity cont rolled 

by ]1 £21.i strains K12 , B and A respectively, W signifies host specifi­

city controlled by the genome of phage ~J. 0 indicates the absence of 

any detectible host specificity, i . e . a strain exert i ng neither 

restriction nor modification (r- ra-) , such as E coli C. 

(b) Modification type carried by phage particles or DNA molecules -

these types are marked with the notation for the particular host 

specificity type preceded by a dot , For example \ . K indicates phage 

\ carrying K- specific modification . IJotntions such as \ .K. 0.K are 

used to express the history of a pha~c population obtained by 

successive infection of K, 0 and K bacteria . 

(iii) Breakdown of DNA. 

Restriction as defined above always involves breakdown of 

invading DFA. Infection of a restricting host with 32P labelled DriA 

has been shown by Dussoix and Arber to :;-i ve rine to breakdown products 

r anGins from acid insoluble fragments to oligonuclcotides and inor~anic 

phosphorus (20 , 21 ) . This process probably occurs in t.-10 steps - a few 

endonucl eolytic scissons by the restricting enzyme, followed by 

slower non-specific digestion by other, non- specific DHAses . Evidence 

suppor ting this view includes observation of a slight functioni ng of 

r estricted phage genes in a r estr icti ng host (22) and rescue of 

unmodifi ed phage genetic mar ker s f rom restri ctive hosts on super­

i nfection with modified phage (20) . 
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(iv) Factors governing the level of restriction . 

Restriction r esults in a r educed pl ating efficiency of phage 

on infection of a restricting host . In a specific system each phage 

has a characteristic probability of escnpo which is governed by 

several maj or factors . The smaller the number of specificity sites 

carried by the phage , the more likely i t i s to escape restriction . 

Wild type phage fd has two B-specificity sites and has a plating efficiency 

of 7 x 1 o-4 on E coli B. Arber has shmm that on the loss of one of 

the two sites its plating efficiency on B is increased to 3 x 10-2 (14) . 

This implies competition between modification and restriction activities 

for the sites . ~owever , in cases where the infecting phage has three 

or more sites it is unlikely that it would survive this competition 

and hence , in this case , t he plating effic i ency is probably a 

r eflection of the proportion of cells in a physiological condition 

which causes them to be weak or lacking in ability to r estrict . 

The se ' weak ' or restrictionless i nfected cells will still retain 

their modifiing act ivity and hence their progeny phage will be 

modified and will initia te a spreading infection. ReG t rictionless 

mutants do exist hut their levels are negligible in no1mal populations 

and hence centers of i nfection arise mainly from events initiated by 

the ' weak ' cells. 

Various external factors such as culture age , media 

composition, and temperature influence the functioning of the 

r estriction enzymes (14). When these factors are constant, the 

plating efficiency of a given unmodified phage on a specifi c bacterial 

strain is generally characteristic of that system. 
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(v) Restr icti on in ot her systems . 

Restr i ction i s not only confi ned to infectine phage DNA. 

In the case of bacter ial conjugati on and of phage- mediated t r ans­

duc t i on, a restr icti ve r ecipi ent str ain gives r ise to fewer genetic 

r ecombi nants or t r ansduc t ant s than a homologous nonrestri ct i ve 

r ec i pient s trai n , Hence r e s t rict i on nucleases also act against 

bacter i al DNA (23) . Wood has shown that these results a r e due to 

r est r i ction and not wholly to incomplete pairin:3" between t he DEA of 

the dono r and the recipient (24 ) . 

An interestin~ phenomena was obser ved in bacterial 

conjugation by Glover, Copeland and other workers invol ving a brenk­

dovm i n the restrictive mechani sm of the zygote about twenty minutes 

after the commenceCTent of mating. This may be due to saturation of 

the restr icting nucleases with incoming unnodified donor DNA (25 , 26) . 

(vi) Isolation of restrict i ng nucleases and determini.l tion of the 

nature of the specificity sites . 

The restricting nucleases for llaemophilus influenzae (27) , 

] <22.11 K12 (28) and~ £21.i B (29) have been isolated . The nuclease 

f r om Haemophilus i nfluenzae i sol ated by Smith and Wil cox was active 

agains t DUA f r om a wide variety of sour ces i nc ludi ng that of 7:7 , P22 , 

.§. t yphimurium , ]. subtilus and sal mon sperm. I t was not act ive agai ns t 

Haomophilus infl uenzae Dl'!A. Wi th 7:7 DNA it produced fo r ty double­

stranded 5 ' - phosphoryl , 3 ' -hydroxyl mol e cu l es , each about 1000 base 

pairs long. It appear s likely t hat the ability of t he endonuc l case 

to r ecognise only a few specifi c s ites r esides in the site base sequence . 

On t he a ssumpt ion of a r andom sequence any uni que run of s ix nucleot i des 

will occur once in 1024 base pairs , the r efore six base pairs s eems to 
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be the likely length for the r ecognition site of T7 . 

The substrate site sequence was dete rmined by sequencing 

the DNA on either side of the cleavage point . The sequence from tho 

3' end was found to be unique for a distance of thr·ee base pair s and 

complementary to the sequence from t he 5 ' end for a distance of three 

base pairs , hence tho enzyme ap,ears to r e cognise ~ six nucleotide 

sequence in the 1:1iddle of which is sitl1_ated t he "chopping " site (Fig . 2 ). 

5 , • . • • • • • Gp Tp Py t p Pu 

3 1 
• • • • • • • C:p Ap Pu p t Py 

p Ap C •• , • • .. 3' 

p Tp G ....... 5 ' 

Figure 2 : The specificity sit e nucleotide sequence of 

Haemophilus i nfluenzae . 

It is likel y that the Gnzyme i s made up of subunits - one a 

r ecognit ion subunit , the other a nuclease subunit . It seems very 

likely on the basi s of economy of genetic inform~t ion and tho symmotI'\J 

of the site tha t there a r e in f act four subunits - one r ecognition 

subunit r ecognising pe rhaps ~TPy on one strand on one side of tho 

chopping site .:1.nd anot~er identical subu.~it r ecognis ing the same 

s equence on the compl ementary strand on tho other side of the chopping 

site . A nuclease would be associated with each recognition subunit , 

severing a single str and in each case . 

Present evidence tends to suggest the nucleases a r e located 

in the poriplasm between the cell wall and the cell membr ane . This 

evidence includes treatments which are lrnown to remove surface 

localised enzymes such as EDTA treatment (30) , conversion to 

spheroplasts (31) and an experiment in which Schell and Glover 
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infected restricting cells with unmodified pha ge at a temper a ture 

which decreas ed r estriction. When the s ys t em was r esuspended i n a 

hype rtonic me dium at 37°c r estoring restriction activity ns evidenced 

by t he fact t ha t i n a cont ro l , phage which infected cells aft e r t his 

ste p were r estricted , a significant nunbor of phngo e scaped r estriction, 

indica ting t hat once penetrat ion had oc cur ed t he phage was no lon:ser 

susceptible (32, 33 ) , In t ho case of t he ])_ coli W systen whe r e 

prophage w - media t ed r estric t i on but no modifica tion occurs, t he 

bacteria l genone canno t be modifie d and hence must be protec ted, 

possib l y by compar tment ali sat ion of the nucleases i n t he periplasm. 

The r e i s a lso, however, t he pos s i bi l ity that st r ain W lacks the 

sequence recogni sed by tho prophage w-mediated r e s t r i c t ing f unct ion . 

(vii) Funct ion of restr i ct i on . 

The function of rest r iction seecs to be ~ bacterial def ense 

me chan i sm agai nst vira l attack . However, thi s sys t em woul d a l so seem 

to i nhibit dive r sif icat i on of gene t i c cateri ol by con j ugation and 

t r ansduction and thus r etar d bacteria l evo lution although one of it s 

f unctions may indeed be that of gent.!t i c isola tion . 'l'o quote Arber 

( 14 ) " .••.•. modification and re s t ric t ion provides 'l uni que de f ense 

mechanism for t he bacte ria l cell , DNA fore i gn t o the stra i n is 

specifically identified and inactiva ted . This sys t em is particularly 

eff ective towa rds a virus which ha s been r ecently introduced from a 

foreign environment , a virus to which t he bacteria l popula tion has 

not yet built up an immunity. Although this , or mi analogous 

restriction process ha s not as yet been identified in cells of 

higher organisms , the existence of such a mechanism remains an 

intriguing possibility. " 
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(viii) Tho nature of modification . 
' 

DNA which overcomes a restriction activity and is produced 

in a par ticula r host strain i s not restricted when it again enter s 

cells of that strain . This Dl~A is said to be modified . Modification 

f r equently consists of a specific methyla tion of oither adenine or 

cytosine at tho specificity sites , rendering the DHA ir.sensitive to 

the specific restriction a ctivities . The possibility tha t methionine 

is i nvolved was suggested by inhibition of modification in experiments 

involvi ng nothionino starvation (15) and pro infoction with U. V.­

irradia tcd phage T3 which ci:mses cleavage of s - adonosyl methioni ne (34) . 

These methods are limited i n that physioloeical conditions which 

affect modification may also inhibit phage growth . 

Another line of evidence is thu determination of the 

r e l ative amounts of r:;iethylation of modifie d and unmodified DHA . A 

e1ajor problem is that most bacterial and phage DlJA in extensively 

methylated for unknovm reasons mid the few extra mothyl at ions duo to 

modificat ion ar c not r eedily detected by present unalytical methods 

(35) , Arbor , however, W.'.1.S able to dm:ionstra.tc n correlation between 

B--spccific modification a..~d tho rrcsonce of 6- methyl amino purine 

(6- MAP) in phage fd , which is not extensively methylat ed . In labelling 

experiments f d. O was shown to have about one 6- MAP per 4, 000 nucleotides 

while phage f d . B was shown to have two 6- MAP per 41 000 nucleotides . 

A single-stranded fd molecule contai ns 6 , 000 nucleotides hence the 

difference between fd . O and fd.B is about two methylat ion events . 

This correlates with gene tic evidence which su~gests wild type fd 

carries two B-specific sites on its DNA (1 6) . 

The second t ype of modification involves t he T- even phages 

(17). These phage possess hydroxy-methyl deoxy cytidyl a t e (dHMP) 
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instead of deoxycytidylate (dCNP) in their DNA . The hydroxy- methyl 

group is normally g lucosyla ted . Glucosylation is mediated by phage­

induced gl ucosyl transferases utilising uridine diphospho gl ucose 

(UDPG) . Lack of either glucosyl transferases or UDPG in an infected 

host prevents modification of i nfect ing phage DNA, thus exposing it to 

res t riction by various hosts . In cont r ast to infection by \ 

however , restricting cells a re frequently killed ( 17) . 

A significant operational difference between the two systems 

of methyla tion and ~lucosyla tion is that the bacterial methyla tion 

system includes both a restrictin~ and a modifying component which are 

specifically related to one anothe r and in w!-iich the two Gene ti c 

loci are closely linked . '.rhe modifying component acts on i n ternal 

endogenous DNA, as may t 11e restrictin6 component . (This is presumably 

the function of modifi cation - to prevent breakdo1m of host ba.cterial 

DNA which is carrying a restriction a ctivity, ,,.1 thou 5h there is some 

evidenc e for compartmentalisation of the restriction uctivity) . 

Modification of T-even phage DNA (:;lucosylation) is brought about by a 

mechanisr:i completely separ ate from u~at of restriction. - that of phage­

induced g-lucosyl transferases utilising UDPG provided by the host cells . 

( ix) The genetic determinants of the r est riction and raodifying 

activities . 

Genes containing structural and regulatory information for 

the production of restr iction and modifying enzymes are carried on 

bacterial chromosomes and on the chromosomes of many plasmids . 

Restriction-deficient bacterial and prophage mutants (r­

phenotypes) have been isolated (1 4). About one half of the r- mutants 
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were found to be of them phenotype , unable to ca rry out strain-specific 

modif ication. + -No strains isola t ed wer e r m - the only known 

occurr ence of thi s phenotype i s in ]. co li r1. Thi s mny reflect t he 

me thod by uhi ch the mutants we r e isola ted, i. e . by selecting cells 

affected in restriction - no direct selection techni que is available 

for selection of m phenotypes - but it is more likely to reflect t he 

possibili ty that r m cells a r e nornally l ethal. 

]. coli K, .B , 1 5 and A have been shown to lose their 

restric t ion ability completely in one step mutations indicating tha t 

each strain possesses the information for only one system of ~ost 

specificity. This wa s confirr.ied by mappi ng the restr icti on and 

modification (or hos t s pGcifici ty , 1~) clwr r=tcters by conju::;ation and 

t r ansduct ion . The hs markers for K-, 13- , 15--· and A--spocific modi fication 

and restriction form a closely linked cluster of :;enes with a location 

abou t one minute to t:i.e l eft of thr eoni ne on the link::t:se m:i.p of .fil coli 

K1 2 ( 14 , 36) . The hs ,genes of thenc stra i ns have bcct1 sho1,m to be 

a llelic as concluded from their cotransducibility with ser I3 nnd 

This allelism mi ght suggest tlw.t the p~ genes of the 1 coli 

stra ins a r c r elated , ;1aving evolved from a common ancestor . 

I t has been postul ated that the ]1s site consists of thr ee 

genes - the h:al:. and hsm genes which code for the r estric ting nuclease 

and the modi fyi ng enzym0 r espectively, and the hss gcm0 ,-,hich codes for 

a product which carries out site r ecognition for the r estr iction and 

modifying activities . Nei t h0r the hsm nor hs r gene product is postulated 

to be functional unless it is associated with that of the hss gene . This 

is supported by complement ation studies where an F- prime factor 

ca rrying hs genes of lmown phenotype is introduced into various 

bacteria l strains carrying hs genes of known phenotype , 

such as the diploid (F ' - r- m- / r - m-) in which compl ementation 



21. 

occurs, enabling restriction and modification to truce place . TI1is c an 

' + 
best be expla i ned if the s ys ten is in f a ct (r 1 

- hsr- hsm-r h:::;s / 

hss- hs r+ hsm+ ) (1 4 ) . Tho hss gene product soer:w to be er.J.uiva l ent t o 

t he postuL,tod subunit whj_ch reco ·;-n:i_ses the m,A clci.lvage site i 11 

IIemophilus _influenzae al though no concrete evidence f or this ho.s yet 

been pres ented . 

(x) ~iestrict ion i n ! .£9li W. 

Supern.::itc1.nts froTJ. log phi.1.s o broth cultures of A coli W 

contain a phage, w, \1hich forr::::; \-like plriq_t1.os about 2-3mm i n 

dio.meter on §. coli C (Pl 2te 13) o. t rm efficiency a.rbi trarily ca l led 

1. 0 (37) . These cultures conb.i n .::tbou t 10
6 

plaque forr, ine; uni ts per 

3 cm . The phage i s non induci h l o by UV radic. tion . 

P1 and P2 , but not \, have 1:ioc:m sl:ov r. by Glovor to be 

anti~enica.lly relz:,.tod to w, P2 r.1ore so than P1 . 'I'hc 1ouyant densi tics 

of w and P2 arc ver-<J simila r , as vrel l c.:::: their moi~:phology . 2;10ctron 

mi cro;r2phs show a t o.dpole -like phagu very s i ,7lil~n · to P2 .:t;.::l T1 . It 

has a head. a::;iproximately 65 x 65nm .::. 11d :.i tLil 140nin long ,ri th n 

contra ctile she.J.th (Plates 14 ,1 5,1 G, 13) . In spite of t hose sinilo.ritios 

between wand :::>2 thoy a r e not co-immuno as P2 :;:ilates on C(w) :md w 

plates on C(P2 ) . Phage w a lso pla t es on C(P1 ) 1.md hence P1 o.n d w nr e 

not co--immune . 

Glover (37 , 38 ) was unable to demonstrate plating o f the 

] coli U supernatant (w. W) on stra in K. Phage w propagated on C, 

however , would inf ect Kat a frequency of 1 o-6 • A suspension of 

phage prepared f rom a sing l e plaque on K plated with a n efficiency of 

1 . 0 on both Kand c. This phenomon a is not due to host endowed 

modification a s after severa l cycles of growth in C the phage still 
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retains its ability to plate on K. It wan postulated tha t a w phage 

pa rticle able to pla te on K is in f a ct a host r ange mutant wk . 

w. W 

w. c 

wk . K 

wk . C 

Phage Pla ting Bacteria 
K C 

<1 0-6 
1. 0 

1 o-6 
1. 0 

(or w.C.K. ) 1. 0 1. 0 

(or 1-1.C .K. C. ) 1. 0 1. 0 

Tabl e 1 . Effi c i ency o:i..' pla tin; of phage w on 
Escher i c hi a coli st r a i ns Kand C (37) . 

Hota tions suc½ as ,·rk . K ohould not be confused with the 

notations de:i n i ng host specificity und me r ely i ndicate the ser ies of 

hosts i n which tl,e phage was gr own . 

fo contr &st to these rest .. lts , :?izcr et al ( 42) r eport ed 

that s upe r nutant from the ] £.<?Li ~,r st r a i n with which they wer e workin_; 

pl ated with 311 eff iciency 01 1. 0 on both str ains K and C. 

Phage Pl a tinr; Bacteria 
C K 

w.W 1. 0 1 • 0 

w. C 1. 0 10- 5 

w. K 1 o- 3 1.0 

Tabl e 2 . Efficiency of p l ating of phage won 
Esche richi a Qili stra ins Kand C (42) . 
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Phage wand its supposed mutant w. k were used by Glover to 

prepare the lysogenic strains C(w) , K(wk) and C(wk). Phage >., is 

restricted in W to a level of 10-10 (39), hence it was of interest to 

determine if the vr lysogens were also restrictive. ~ coli C(w) was 

restrictive for ~(eop <1 0-8 ) but K(wk ) and C(wk) were not . DNA was 

found to be degraded in W(w) and C(w) on infection with \(38). 

Therefore wk might be r egarded as a mutant which has lost its ability 

t o direct the degradation of A, DNA and thn t this mutati on is somehow 

linked vdth the change in host range . 

Damaging to this hypothesis was the discovery by the same 

workers that not all C(w) isolntes behave in the same way; 

different strains of C lysogenised with w did not restrict A. and again 

some lysogens gave inte rmediate levels of restriction . The frequency 

of these three differont classes among C(w) lysogens varied according 

to the strains of: made lysogenic . The r eason for these differences 

is not lalovm . Houever , w is very much like P2, and like P2, ::nay 

occupy several alte n1a te locations on the chromosome of E coli C. 

Furthermore, 8ome of these P2 integr at ion sites seem to be located in 

different positions in K12 (40 , 41 ). If tl~ expression of restriction 

is dependent on chromosome location it should be possible to demon­

strate differcmccs between the location of w in C(w) strains which 

restrict ~ and those which do not . 

Glover was unable to obtain a cured strain of W by normal 

screening methods (37) , although he did obtain ~trains no longer 

producing w but which nevertheless failed to propagate the phage . 

These bacterial isolates were presumably still lysogenic for a 

defective form of w. Lederberg (42) claimed to have obtained a 

cured strain of W called WS by selecting for sensitivity to infection 
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by phaGe T2 . (T2 infection of Wis abortive1 Again this isolate 

produced phage in its supernatant but would not readily propagate 

phage w. W. It would , however , plate w at a very low frequency when it 

had previously been grown ir. strain IC. It is possible that this loiv 

plating efficiency may be attributable t o a ~'l genome restriction 

activity but seems excessively 101:1 compc1 rod wi t]·1 the -:_r ~enome 

restriction exhibited on infecti on ,rith ~ 'H ( 3<.'3 , see later) . St r ain WS 

has ao far been used exclusively in experiments i nvolving abor tive 

infection of ~·l by the 'I'-even phages aY1d T5 . 1r.1c mechanism of abortive 

infection of 3;_ coli W by 'l'5 and the T-cven i)}·,a.;es seems to be somewhat 

less straight forwar d and. \'Till be de~l t with more fully in the 

f ollowin3 section . 

'.;lover therefore used lysogens of strain C to demonstrate 

the role of prophage w in restriction of .\ (38 ) . Ph.'.1go -\ was 

demonstrated to have a lou :platin:::; efficie,1cy o~ \'land on c(,·t ). 
7.2 

Adsorption occurs noxmally in ::ioth cases hence le.belled :; P. 

was used to infect C(w) . It was founl t; tat greater than 20 perce:1.t of 

the 32P became a cid soluble shortly after infection , a figur e 

comparible to i:r.fection of strain K b~, -phnge -\ C. Hence i:c the 1/:::iogen 

c(w) , thew prophage contr o l s a restriction pr ocess which ope r a tes 

against .\ like that contr olled by P1 . It uas found , however , that no 

w-specific modificati on was carried by the smal l number of ..\ particles 

which escaped this restr iction process . ~/hen str a i n U i s infected 

with -\, a small f r action (1 0- 4 ) of infected cel l s give r ise to small 

bur sts of phage pr ogeny, unabl e to form plaques on \'l . Hence phage w 

contr ols a host specifici ty type which fulfils all the r equi rements of 

+ -a r m system. I n such a phenotype it mi ght be expected that the 

r es t riction enzymes speci fied by the prophage would indulge in a 

suicidal attack on the host Dl'TA . A mechanism must however , be 
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oper a ting to prevent this from happening . This may take the form of 

nuclease compa rtmentalisation which is in agreement with the likely 

site of the nucleascs in the periplasm , or alternativel y there may be 

a lack of specificity sites which arc r e cognised by tho w-specified 

nuclcases on the C, Kand W gcnor:ies . 

A mutant of phage ..\ , \ w, was isolated which forms pl aques 

on strain W and on C (w) lysogens with an efficiency of' 1. 0 (38 , 39) . 

\ -10 This mutc.r..t occurs i n the "'\ popul ation at o. frecrr.ency of about 10 • 

It was concluded that it carried a mutat ion a t the s~ecific nucleotide 

sequence recognised by thew r estriction nuc l oas2 . Ph2.ge ~ w grown in 

strain W plates on ':J with an efficiency of 1. O. Grown in strain C or 

C(w.C), it plates on U with .:m efficiency of 10-3• It was concluded 

that there is a '.I-specific host modification and Testriction mechanism 

controlled by the ·11 genome , and the actual frequency of \w muto.nts in 

\ -7 -1 0 the -'\ Population is probably therefo~e 10 , not 10 , as the ~utants 

are ab l e to avoid tho prophaze w-specified restriction but r..ot that 

of tha TT gonomo-spocified type . 
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ABORTIVE InFECTION BY T5 AND THE T--EVEN PHAGES 

Infoction of K12 (\) by an rII mutant of T4 i n abortive (43). 

In addition , a bortive i nfection occurs following adsorption of T5 

and tho T-ovon phagos to Shigella c;!ysontcriae lysogcnic for phage P2, 

to Escherichia £21:i 1
·/ and to Escherichia coli Co 270 . (42 , 44 , 45 , 46 , 47) . 

Aborti v0 infection of Escherichia coli B l.lv non- glucosyla t ad T-even 

phagcs has boon covered (p.18) . 

With r ofore:1ce to tho caso of abortive infection of K12 ( A ) 

with T4 rII ' Krylov found that t he surface charge of~ coli D cells 

infected by r 11 ~utants differ ed fron that of r+ infected cells (48) . 

He suggested tha t the rII protein participates in tho sealin,z of the 

cell envelope followin:; infection of bacteria with t he T-evon phages 

and that a non- functiona l rII ~,;enc r osul ts in leakage of cell 

constituents leading to death of the coll . 

A similar mechanism has boon suggested by Pizer, Fie l ds and 

othe rs to be responsibl e for the abortive infections observed in the 

r emaining c::i.sos (42 , 45) . A comparison of events occurinJ after T2 

infection of SH(P2) with those occuring after T2 infection of E coli W ---
i s relevant as str ain W carries a prophage which is morphologically 

and antigenically related to P2 (37) and which is responsible in part 

for restriction of T2 in! £2.li. W. (42) Tho abortive infection of T2 

in both SH(P2) and W is characterised by an abrupt, early cessation 

of all macromolecular syntheses . In the infection of strain W by T2, 

degr adation of 20- 50% of T2 DNA has boon reported by Smith and Pizer 

(42,46), but they have suggested that DNA degradation may not be the 

cause of abor t i ve infection as intact T2 DNA was detected by sucrose 

gradient centr ifugation analyses long after phage infection had 
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occured (46). In addition , these authors and others could detect no 

de6radation of T2 DNA on i nfect ion of SH (P2 )(47). 

To determine whether the presence of the tempe r ate phage w 

is responsible for the i nability of ! coli W cells to act as hosts for 

T2 and T4 , a cvred strain of U, WS , was isolated by Pizer . This 

strain al lowed adso r btion and propagation of both T2 and T4 . Phage 

T2 adsorbed to and killed the lysoc-en WS (w); but phage were produced 

in less than percent of i nfected cells . Pha{5e T4 did not readily 

adsorb to WS (w) , suggesting a change in the cell envelope which is 

mediated by the w prophage . No phage progeny resulted from t hose 

adsorption events which did occur. 

In further support of the view that prophage w is responsible 

for the abortive infection of str ain 11/ by the T-even phages , phage w 

-2 lysogens of strain C plated ·r2 ,vi th an efficiency of less th·m 10 , 

Hhile 'N failed to produce phage on ei ther C or C(w) . Lysogens of 

strain K, however , could be successfully infected with both T2 nnd T4 

and therefore the presence of the w prophage does not se em to be the 

only factor involved in limitinG i nfection . In a par allel situation , 

lysogen B (P2) acts as a normal host .for t he T-even phages (44) . 

Three separate lysogens isolated fol lowing infection of US 

by w were challenged with T2 . Two of these degraded the T2 DNA but 

no DNA degradation was detected on infection of the third lysogen . 

None produced phage progeny , This seemed to support the view that 

degradation of T2 DNA may not be an essential feature of abortive 

infection in ! £ill 1:l or SH(P2) 

There is evidence (49 ) that virulent phage may damage the 

cytoplasmic membrane of the host cell during the infection process 
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but possess the capacity to repair this damage. Pizer et al have 

suggested (42,45) that the presence of either P2 or w as prophages may 

r esult in an altered membrane which the infecting phage more readily 

damage s or is unable to repair . As a consequenc8 of a damaged 

membrane, the cell may leak metabolites and be unable to concentr a t e 

nutrients from the medium; Fields has demonstra t ed leakage of ATP 

and an inability to accumulate gal actoside s in T2 ·- i nfected SH(P2) 

cells (45). In either C8.se , as a consequence of deple tion of sub­

stra tes, macromolecular s:mthesic would soon cease. The differenc e 

in behavior after infection shovm by different bacterial str a ins 

lysogenic for the same pro phage may result from differ ences i n cell 

envelopes, and hence the degree of alteration produced by the estab­

lishment of lyso~eny . 

However , any hypothesis involving the reua ir of the host 

cell mcr:ibr ene by phage induced enzymes has been rend.e r ed l ess credible 

by evidence pr esent ed in a recent paper by Duckworth (50 ) . This 

worker studied the me t abo lism of ~ coli B cells infected ui th phage 

T4 and T4 ghosts . It was shown that adsorption of the phage protein 

coat can inhibit all ba cterial macromolecular syntheses within two 

minutes and can also inhibit the transport of many small molecules 

into the cell, but that the intact phage can very rapidly reverse or 

prevent these latter effects even in t he presence of inhibitors of 

protein synthesis . Cells prelabelled with nucleosides and then infected 

with T4 ghosts almost immediately released labelled material into the 

surrounding medium; phage-infected cells had the ability to maintain 

their soluble pools at their preinfection levels: nucleoside 

retention occured even in the presence of chloramphenicol and 

puromycin , suggesting that production of phage-mediated repair 
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enzymes may not be necessary for this retention. 

The following hypothesis was put forward to explain these 

results . Attachment of tho phage prot0in coat causes allosteric 

changes in certain membrane proteins leadinz to functiona l (but not 

necessarily physi cal) detachment of tho host chromosome and loss of 

other membrane associated functions; the inj ection of the phage DITA 

and/or internal protein and its attachment to the cell membrane allows 

the membrane to retain its function, but in a slightl:r a l terc d state 

that allows phage macromolecula r biosynthesos in lieu of those of the 

host cell, 

It is tempting to employ this hypothesis to explain tho 

abortive i nfection observed in T5 and 'I'-even phage infection of 

~ coli Wand SH(P2), Adsorption of phage may l oad to loss of 

membr ane function; the invading phage genome nay fail to attach to 

the cell membrane due to a mechanism media t ed by the prophage 

carried by tho host cell and l ead to death of t ho infected cell on 

the one hand and failure of the phage to propaga t e on the other . A 

mechanism other than DNA de~radation may prevent attach.~cnt of the 

phage genome to the cell membrane as no DNA degradation has been 

detected following infection of SH(P2) with T2 . The hypothesis 

also l eaves unexplained the inability of T4 to adsorb to str a in WS 

after it has been lysogonised by phage w • 

.An additional anomaly was reported by Pizer et al (42a, 47) 

who observed that only 50 percent of T2-cellular interactions resulted 

in death of the cell on infection of strain W. This survival seemed 

to be linked with the ability of some of the cells to degrade T2 DNA; 

all T2-cellular interactions on infection of SH(P2) , which apparently 



does not degrade T2 DNA , resulted in death of tho infected ce ll , 

Hence it seems tha t some cells can survive after infection in spite 

of the presence of an a dsorbed pha~e coat . 

30. 

It appears that one of two events may occur on infection of 

strain W by T2 . Firstly, DNA degr adation may occur resulting in 

survival of the cell; secondly , in those cells which fail to degrade 

the infecting phage DNA a CTechanism may ope r ate resulting in death of 

the cell , pos sibly associated with loss of membrane function . 
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AI MS OF THE I ~vES'l'IGATIOH 

1. To determine tho presence or absence of abortive infection of 

.fil coli ~·l with respect to va rious strains of l abor .'.:l.tory phage 

by measuring their pl.'.:l.ting efficiencies a..~d ndsor~tion kinetics 

on strain W; 

2 . To isolate pho.go fror::1 vnrious sources which would propagate 

r eadily on 1i}, £Qll W; 

3. To clarify tho con.f usion surrounding the pla.ting efficiencies 

of pha:;e from tho supernatant of .J ~gsili W on strains C '.lnd K 

and the subsequent plating efficiencies o f the phaeo particles 

on C ;::nd K :..ft0r po.ssago throur;h these strnins; 

4 , 'I'o attempt to gain c:.n insight into th,,:; l)asic r.1ocho.nisms of 

abortive infection and r0striction op0rutin;;; i1~ _§ ££1.i 1:'T . 



Strain 

Eacherichia 
coli W 

Escherichia 
coli C 

Sscherichia 
coli :3 

Escher ichiD. 
coli K12 

Subotrain 

ATCC 9637 

160-37-P2 

D2-8 
+ 

D2-H3- 1-0 

D2 175/4 

F2 

F2- 3 

F2- 3- 27 

F2- 3-1 9 

G-1 -1 

Gi - 53 

G1 - 53 O+ 

G-1 2- 0+-9 

C1-a 

C1-n/4 

c1 - a/4/50 

T186 

AB 266 

Pl 240 

AB 259 

Hfr800 

BACTERIA 

Phenotype 

TJild-type (TTT) 

pro- orn- , F­

pro- orn - cit - , F-
- - - r pro l cu , F , Sa 

orn-met - , Hfr
808 

pro- or n- met- hi ::; 

pro -his - :net··, F­

met - his - , Hfr,. na 
(jl,v 

met - his - , Efr
800 

pro -orn- t ryp-, Lfi·
312 

·0ro - orn - tryp - , Ef:r 
236 

pro- tryp- , Hfr
236 

pro-t r yp-, Hfr
313 

W'l', non ly~o genie , l"-

thr-

thr - pro 

l·J°711 li'-. ' -

thr - leu- B1 pro·· gal-
- r -lac Sn: , F 

WT \ + 

WT, Sm6 , HfrH 
"i.fT, Sms 

Table 3. Bacterial strains . 
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Source 

D. F. Bacon 

D. F. Bacon 

D. F. Bo.con 

D.F. :i3acon 

D.F . .I3acon 

D.F. Bacon 

D. F . Jacoi: 

D.P. Bacon 

D .F . 33.con 

D. F. Bacon 

D. F. &icon 

D. :I<' . :Bo.con 

D.F . ilicon 

S. Howarth­
'.i'hoJ11pson 

from C1-a 

from C1 - a/4 

:J . ? . Bnco:1 

D. l' . .B:.icon 

J . S . Loutit 

P. Bergquist 

J .S. Loutit 

D. F. Bacon 

The derivation of the substrains of fl. £Q1i Wis described 

in Figure 3 . Strain T;I Hfrs were originally obtained by D. F. Bacon who 

employed K12(Hfr) x W(F-) conjugal crosses involving selection of late 

donor marker s (51) . The Hfr type is denoted by the figure following the 

mating type description. The origins and direction of t ransfer of 

marker s of these Hfr strains are depicted in Figur e 4. 
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Derivation of Substrains of Escherichia coli Strain W 
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G1 

+ G1-1 ser A Hfr 
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F2-3-27) + 
F2-3-19)pro Hfr 

Markers involved in selection of Hfr strains only are noted. 
Other markers are detailed fully in Table 3. 
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Figure 4. Linkage map showing the point of origi n of 

chromosome t r ansfer for several Ef r stra ins of 

Escherichia coli. .AJ.T owheads on the i nner circle 

indicate direction of tra..n.sfer . 'I1he fi r st and 

l ast marke r s kno1'm to be transferred by each 

Hfr a r e di spl ayed on the out er circ l e (36 , 52) . 

Gene symbol Map pos ition (mi n ) Phenotypic t r a i t aff ected 

a r g F 5 Orni tl: ine transcar bamylase 

fda 60 Fructose 1 , 6 diphosphate 
a ldolase 

ilV 74 Isoleucine- vali ne 

me t C 59 Cystathiona3e 

pil 88 Presence or ab sence of pili 

pro A 7 Proline synthesis 

pyr B 84 Aspar tate t ransca r bamyl ase 



Phage 

T1 

T2 - '1:7 

P1 

V7 

V10 

V11 

Table 4 . 

BACTERIOPHAGES 

Source 

S. Howarth-Thompson 

J . Pi ttard 

from culture fluids of PB 240 

from culture fluids of an 
.fil coli strain isolated f rom 
cat rib 

fror1 culture fluids of an .fil coli 
strain isolated from sh8ep 
intestine 

from culture fluids of an 
.m_ coli strain i s olated from 
fm,rl liver 

Bacteriophages . 

36. 



Modified Lennox broth (ML broth) 

Bacto -tryptone 

Yeast extract 

NaCl 

MEDIA 

Tris (hydroxymethyl) methylamine buffer 

Glucose 

0 , 05M 

Distilled water 

1 5 g 

4 , 5 g 

7 , 5 g 

1.2 g 

3 4 . 0 Clil of 

37 . 

50% w/v solution 

a dded after 

autoclaving 

2 . 0 cm3 added 

after auto­

claving 

1 liter 

The medium was adjusted to pH 7 , 2 with 2!J HCl before 

autoclaving . 

Modified Lennox plate agar (ML agar) 

ML broth 

O. 5M 

1 liter* 

5. 0 cm3 added 

after autoclaving 

Agar (NZ Davis) 10 g 

3 Thirty cm of }:!L agar was dispensed per plate to form the 

basal layer. 

* The 0 . 05M Cac1 2 was omitted and the glucose was added after autoclaving . 
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~odified Lennox soft agar (ML soft agar) 

Prepared as for r.1L agar with the exception of the agar which 

is added to give a concentration of 0.6:0. Stored i n 50 cm3 quantities . 

Minimal Uedium 

K2HPo
4 

KH
2

Po
4 

Sodium citrate . 2H
2

0 

IlgS0 
4

• 7H2O 

(N:i!4)2 S04 

Distilled water 

IJ.lucose 

f'Iinimal Agar 

Ihnimal medi um 

7. 0 g 

2. 0 g 

0 . 5 g 

0 . 1 g 

1.0g 

1 liter 

4-. 0 cm3of 50% w/v 
solution added after 

autoclaving 

1 liter* 

Agar (HZ Davis ) 10 g 

Twenty crn3 was dispensed per plate . 

* Glucose \-Tas added after autoclavi ng, medi nm and agar were autoclaved 

separatel y . 

Tetrazolium Soluti on 

Triphenyl tetr azolium chl oride 

NaCl 

KCl 

Distilled wate r 

0. 3 g 

0. 8 g 

0. 04 g 

100 cm3 



Pla te count a~a r 

Dehydrated Difeo Bra in - Heart 

Infus i on Br oth ( BHI) 

Ae;a r (NZ Davi s) 

Distilled Hater 

Slant cul tur e agar 

37 g 

10 g 

1 liter 

Dehydr ated Difeo l'Tu trient r;roth Agar 

Ha.Cl 

23 g 

5 g 

Disti lled water 1 liter 

39. 
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METHODS 

Severa l of the methods below have been a dopted f rom Adams 

(5 3) . Unless otherwise s tated, all temper ature controll ed experiments 

were held at 37°C ; i ncub.J. tion was a lso a t 37°c . 

(i) Tetrazolium a15ar overlay techni que for phage ti t r a tions 

A soft agar overlay consisting of 1 cm3 of tetrazolium 

3 3 solution, 2 cm of ML soft agar, 0 . 1 cm of overni ght bacteria and 

0 .1 cm3 of an a ppropriately dilut ed phage l ysate was poured onto a 

plate of ML a,;-ar . The tet r azolium in t he overlay i s initia lly colour­

less but i s r educe d to the r ed formazan by growth of the seed bacteria 

in the overlay . Very small plaques can be resolved wi th this method 

-,1hich either would not be seen or would be seen with gr eat difficulty 

on the mo r e t r adi t iona l overlay platen . Tetrazolilll'.l overlay pla t es 

also permit easier countinr~ of l ysogenic phage ; t he plaque arens 

appearing a lighter red . 

(ii ) Prepa r at ion of high ti te r phage stocks 

(a) Tube method (for lytic phage ) 

0 . 1 cm3 of a phage l ysa t e con tai ning 1010 pfu per cm3 was 

added to a 10 cm3 culture of I'IIL broth containing approxima tely 5 x 108 

sensitive log phase bacterial cells pe r cm3• The mixture was 

aerated and f requentl y cleared after sever a l gener a tions giving rise 

to a l ysate containing 1010 - 1011 pfu per cm3. These lysates we r e 

centrifuged for 10 minutes a t 10 , 000 x g to remove bacteria l debris 

and stored over chloroform at 4°c. 

(b) Plate method (for lytic or temperate phage) 

A dilution of phage was added to 3 cm3 of soft agar and 

poured onto a plate of ML agar . The dilution was such that the 
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plaques were almost confluent when fully developed , Three cm3 o:f 

ML broth was added , tho soft agar overlay broken up , the resultant 

suspension shaken vigourously , allowed to stant 30 minutes , centrifut5ed 

at 10,000 x g for 10 minutes and the supernatant (or lysato ) stored 

o . 10 11 over chloroform at 4 C. I'hese lysc,tes usual l y contained 10 - 10 

pfu per cm3• 

(iii) Isolation of phage which propa gate on Escherichia coli 

strain W (ATCC 96 37) 

(a ) Temperate phage . 

~ coli strains isolated during post- mortems on various 

species of ani mal were spotted onto I'IL agar pl ates which were 

incubated overnight; the r osultant colonial growth on t he pl ates was 

exposed to chloroform , killin~ the bacteria present . NL soft agar 

overlays containing .£ coli strain W 1-rere now poured onto the plates 

which wore then given an additional overnight incub:ition . A zone of 

clearing around a colony is indicati vo of oi ther a temperate phage or 

a colic in acti vo on tho seed b:=i.cterium (m_ coli 'tl) present in the 

overlay (plate 5) . Colicins tend to Give larger clear zones , 

Bacterial st r ains which produced zones by thi8 test were grown over-

night , centrifuged , and the supernatants titrated against m_ coli W. 

Only phage would be expected to give rise to plaques . 

(b) Phage from sewage . 

A sewage sample was centrifuged at low speed to remove 

debris , cm3 of supernatant was added to 30 cm3 of ML broth contain­

ing 107 cells of .fil coli W per cm3 and incubated overnight . The 

resulting growth was centrifuged at 10,000 x g for 10 minutes and 

the su-pernatant titrated against .fil coli W. 
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(iv) Isol.s.tion of T-phnge-resistant mutants of E coli B. 

Enough phago was added to a young culture of strain Bat 

5 x 10
8 

cells por cm3 t o givo nn input r at io of 30 to 60 phage per 

cell . Thi s l'.lixture was al lowed to adsorb for 30 minutes after which 

3 0 . 1 cm was spread directly onto ML agar pl a tes . The colonies obtained 

wer e subcultured to remove residm.t l phc1cse then spr ead as lawns onto 

ML agar pla tes onto which we re spotted T-phage (at appr ox . 1 o3 phage 

per spot) in order to check for cross resistance patterns . 

(v) Preparation of samples for the electron microscope 

(a ) F'or obse rva tion of l ysates . 

3 10 3 Ten cm of a l ysa te containing a t least 10 pfu pe r cm 

was spun in o. prcpar.:i.t:Lve ultracentrifuge at 100 , 000 x g for 2 hours, 

the supen1at ant decar, tod and t he pellet r esus pended in cm3 of 

distilled wat e r . In some cnses , in order to obto.in 'clean ' preparn-

tions , it was ne cessa ry to re,ea t t he centrifugo. tion to r emove tho 

r es idual broth . A sample was then mixed ,-Ti th phosphotune;st:i.c acid 

Pogative str ai n (PTA) and sprayed onto n gri d . 

(b ) For obse rvation of adsorpt ion . 

One cm 3 of log phase bo.cteria l cells 2.t 2 x 108 per cm 3 was 

added to 4 cm3 of a phage lysate (1010 pfu per cm3) in ML broth , 

10 minutes allowed for adsorption , the mixture centrifuged at 10,000 

x g for 2 minutes , the pellet resuspended in distilled wa t e r and 

fixed with 1% formalde hyde to prevent lysis . Samples were then mixed 

with PTA negative stain and sprayed onto a grid . 

(vi ) Measur ement of adsorption coefficients 

The bacterial strain was grown overnight in BHI broth , 

diluted one in ten , again in BHI br oth , and grown 2 hours f or strain W, 
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2½ hour s f or s tra ins I3 mid K. Tho colls wer e then wa shed once in 

sC1lino and resuspended i n BHI bro th . 0 . 9 cm3 of thi s bac t eria l cel l 

suspension , now at a ppr o~dmate l y 1013 col l s pe r cm3, was added t o O. 9 

crn 3 of a pha8e lysa t o wi th 10
6 

- 10 7 pf u per cm 3, pl us O. 2 ml of 

5 x 10-3}1 Ca ++. Aliquots of 0. 1 crn3 we r e removed at sui taMo i nterva ls 

into 9 . 9 cm3 of diluen t contai n i ng chl orofor m i n order to ki ll 

i nf ected cells and t o pr event f urt :e.er adsor ption by di l uti on . 

Unadsor bcd pho.ge wuro t hon t i t r ated . 

(vii) Det ermination of phage heat sensitivi ty 

(a ) Phage a t about 107 pf u per cm3 were subjec t ed to various 

tempe r atur es fo r 10 minutes while St'.spendod i n 0 . 1 f.! ITa Cl. One cm3 

sampl es wer e then di l ut ed i nto 9. 0 cm3 of BHI bro th at r oom tempera -

tur e and assayed . 

(b ) A tempe r atur e was selec tod at which 90):; i n;:;,ctivation of 

phage occurs aft ur 10 minutes . Phage at 107 pfu pe:r cn3 were s1-~bject­

ed to this tempe r ature .:md one cr.1\1r,rnpl es wore di l uted at 2 minute 

interval s into BHI broth at r oom t empo r atvr c . These tubes wore then 

tit r a t ed at appr opri e .. te di l uti ons . 

(viii) Prepar ati on of ant iser a 

3 10 Two cm of phage l ysat e wi th a titer of at l east 10 pfu 

per cm3 was mixed wi th 2 cm3 of Freund 's compl ete adjuvant, 

homogenised , and four 0 . 5 cm3 aliquots i njected subcutaneously into 

ea ch of two r abbits . Prior to t hose injections , norma l scrum wa s 

obt ained a s a control from each r abbit . Afte r four weeks the r abbits 

were bled from t he ear ve i ns to yield about 30 cm3 of blood which wa s 

allowed to coagul a t e , and t he sera harvested . Thiomersal was added 

a s a preserva tive and the antisera stor ed frozen. 
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(ix) Determination of K for antisor a 

Ser::1. we r 0 dilute d i n BI-II broth to ~ive between 90 mid 99 

pe rcent neut r o.li sation in 10 minutes . 3 7 0 . 1 cm of phage .:1 t 10 pfu po r 

cm3 wo.s a dde d to 0 . 9 cm 3 of diluted s:::rum and 0 . 1 c:'1 3 Gn.mplcs 1-rcrc 

r emoved n t 2 minute intorva ls . Those Nore i mi-:i.8di ate l y dih1 ted into 

9. 9 cm3 of 10 porcGnt BHI b r oth t o stop further n m.~t r a li sntion . 

These tubes 1;rnro then ti tratod a.t npproprinte dilutions . 

(x ) _Lysos-enis ~1. tion of E coli K and C wi th ph:.v5o w 

Phage 1.•r wns plated on either K or C to givG we ll-spaced 

plc.ques which wero s t abbed Hith e. sterile ncedlo nntl i nnocrclri.ted into 

2 . 5 cm3 of BHI bro th , g r own up ov0rnight and stre2.kod ont o BHI <'\:;o.r 

plntos . The solccted s ingle colonies 1·1h ich dcvelo1x:d uor o 8"roun up 

in mu 'oroth , tested f or insensi tivi t~, to the u ph,lz-c ,md the 

supc rn<1 tan ts ti tra tod for l)ingo w. Clone::; wore design& ted l yso1oni c 

if they 'i.1roduc ad plngc 1·1 and wuro imEnmo to infect i on bv pln.-;8 1-r , 

curryi ng the ::t;'.lpropri:', to host r nngo spccifj_ci ty . To tos t foi· 

4 insensi ti vi tv o:..~ snspc ctod lyso.:;-cms to w, a 1,01.:t I O pfu of pho.~;o H 

ive r o spreo.d onto .'..l. NL :i·5a r pL, t o onto which the s·~spocto<l l ysogens 

were spot ted. Strains l ysogoni c for pln:::c u did not give plc..q_uos 

within the spot ( 40) (Pla.tes 17 , 18 , 19 ) . 

(xi) Isolation of mutants of E coli C (52) 

E. coli C was grown ovornieht in minimal medilun, diluted 1 : 10 , 

incuba t ed 2 hours , diluted 1 :2 a.nd 8 ml of this ba.ctorinl coll 

suspension U. V. - irradiated for 60 sec ., 60 cm from a Chromolux 24 U. V. 

lamp ( ca talog No . 633000 ) to give 0 . 15\b survival of the cells . This 

irradia ted culture was pipetted into 100 cm3 of minimal broth contain­

ing 50 ug cm3 of each of the amino a cid g rowth reql-~irements for which 

mutants were to be s elected , and incubated overnight . This culture 
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was diluted 1 :2 , g rown one hour to bring it out of the l o.g phase , nnd a 

3 3 1 0 cm sampl e ~rashod hrice in snlino .::md rosusi)ended in 1 cm • Enoursh 

of tirn suspens i on to ; i vo :.m optical clonsi ty of k l ott 1 0 mis pl a ced 

i n to 10 cm3 of minimal medimn i n a sido o. r m klott flask . l'heso ce lls 

wore incubate d until tho optical dcmsi ty doub l ed , when 0 . 1 cm3 of 

penicillin a t 2 x 1 o4 U:J por cm 3 was a d.d.od D...nd tho flask i nc1 ·butcd 

90 min . The survivors wro pl.::i tod ont o rn.i n i m.:t l ag::i. r s uppl er:ion ted 

with a mixture of tho appropria te: amino :1.cid ::;rovrt l:J rG 'llJ.iromonts at 11 

l evel llhich would just sustc.:i.n the growth of cl mutant (about 1-2 

3 per era ) and i ncubated 48 hotirs . Tho r,;.uhmt colonies vmrc ouch sma.l l or 

than tho s o of tho wilcl type . ?heir phenotype was dotornined by 

spottini?; theD onto mi n i mal :.!.g-ar a s .::i control , on °ihich mut ant s clid. not 

grow , und onto mi n ima l o.gar pl ates suppl or:,,.mtod wit:, individua l .2mino 

3 ac ids at a c onc entration of 5G u:; por cm . 

(xii ) J'he st::md::i. rd con,ju,; o.l cross 

·rho Efr ~md F- st r :,ins ,·roro ::;ro,-m ovo rnigr.t i ::. 2 . 5 co3 o:f 

:;,mr broth to give a c oll density of ,tp:riro:d n~'1.te: l y ') --­
'- A 

9 3 10 po r CI'\ • 

Theso cul tur es we r e dilutGd 1 :2 , i ncub1tod 1 hou.r t o bri m; then: out of 

3 tho l .2g ph.2se , ccntrif1.:.,;od, '.'!.nd r esuspondod i n 2 . 5 crn of BHI b r oth . 

0 . 1 cm3 of t l18 :::Ifr was them add.ad to 0 . 9 cm3 o.f tho F- ci.nd tho mi xtur e 

a llowed to mnt e . Afte r one hou r s amples u0r o t :.11<:011 , diluted 

appropria tely and p l a ted on media which would s e l e ct for r e c ombi nan ts . 

The pnronts wore plated sepa r a t e ly on the seloctivo media a t 

appropr ia t e diluti ons a s controls . 

I n the ca s e of the c ross F2-3- 27 x C1 - a/50, the Hfr was 

3 washod twice t o reduce the con centration of pha ge w n.nd 0 , 1 cm of o. 

1 :10 dilution of the w antiserum (K = 230 ) was added to tho mixture to 

suppress i nfection of the F- fr om wi thout by phage w . .b.dditione.l c ontrol s 
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included titrQtion of the c1~ss supernatant nftGr one hour for ph~go 

w und testing F- ce l l s fror.i tho cross for l ysogenisat ion by spottinr~ 

them on a 'lawn ' of w. The frequency of l ysogonisod cells in the c='­

popul:ition tmr=i too lmr to bo dotccfod by this 1:ie thod and ho.d lysog0ns 

been detected these uould probably h~tvo , risen b:/ infection f rom 

without by phage w. 



RESUL'l'S .AND DISCUSSION 

I. I NVESTIGATION OF THZ ABORTIVE IlJFECTION 

OF 3SCHERICHIA COLI BY: 

(i) T5 and the T- even phagcs 

47 . 

Phages T2 , T4 , T5 and T6 grown on strni.n .B could not be 

shmm to form plaques on a lawn of strain W (Table 7) although , with 

the exception of phnge T4 , adsorption occured to t hese cells ( lt'icures 

G, 8 , 10, 11 ) . In addition , phages T2 , '1'5 and T6 appeared to exert a 

killing effect on strain W; an input of three phage particles per 

bacterial cell in a platod soft agar l ayer resulted in failure of the 

cells to develop a lawn . When phage were incorporated at successively 

lower input ratios no plaql1es were ever observed al though the 

bacteri.:11 l awn developed fully . In the c.J.se of phage T4 , however , an 

input ratio of 20 :1 still permitted the develo)ment of a confluent 

bacte:cial lawn , consistant wit)1 tho observation that T,i does not 

readily adsorb to str ain W (Figure 8) . 

Pizer et al reported that T4 would not pluto on strain C (42) . 

This has been shown to be due to the inahility of T4 to adsor b to this 

strain (Figure 9) . A host r ange ml1.tant of T4 occurini in the T4 

populati on at a f r equency of 10- 6 (Table 7) was isolated "1-Thich would 

plate on strai ns 3 and C (but not B/4) with an efficiency of 

approximately 1. 0 . 



Table 5. 

Phage 

T2 . B 

T3 . B 

T4 . B 

T5. B 

'1'6 . B 

'I7 • B 

P1 . K 

46. 

Plating eff ectG at diffe rent i nput level s of 

phage w on Z .Q.Q1i stra in W. 

Number of phage 
particles plated 

3 X 10
8 

5 X 106 

6 X 108 

6 x 106 

6 X 104 

6 X 102 

2 ,~ 109 

2 X 108 

2 X 106 

2 X 104 

2 x 1 a2 

/4- X 108 

4 X 10
6 

4 X 104 

4 X 102 

4 X 10
8 

4 X 106 

/1_ 
4 X 10' 

4 X 102 

3 X 10
8 

3 X 10
6 

3 X 104 

3 X 102 

6 X 108 

6 z 10
6 

6 X 104 

6 X 102 

Input rati o 
phage/bacterium 

3 
3 X 10- 2 

3:;.: 10- 4 

) X 10- 6 

6 
- 2 6 X 10 

G x 10- 4 

6 X 10- G 

20 

2 

2 :;c 10-2 

2 X 10- 4 

2 X ·jO- G 

4 
,1 -, 10- 2 

' A 

•1- X 10-4 

~- X 10- G 

4 

/,. X 

4 X 

4 X 

3 

3 X 10- 2 

3 X 10- 4 
- 6 3 X 10 

6 

6 X 10- 2 

6 X 10- 4 

6 X 10-6 

Bacterial l awn 
development 

+ 

+ 

+ 

+* 

+* 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+* 

+* 

+ 

+ 

+ 

+ 

+ 

continued •••••• 



Table 5 conti nued •••••• 

In each case a soft agar l ayer was innoculated vri th 10
8 

!_ coli ~,r cells per plate . 

* mottlinf, observed on these pla t es - s ee text p . 51 . 

49 . 
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Those results a r o gener a lly in agr eement with those of Pizor et al 

(42 , 46) who reporte d killinz of strain W by ·r2 , and i nability of T2, 

T4 , •r5 and T6 to plate on s t r a in H. 'l'l1Gir s ystem , honeve r , did not 

enable then to measure a plating efficiency of l ess than 2 x 10-G for 

-6 -4 T2 , G x 10 for T6 nnd 7 x 10 for T5 as these were the lowest 

dilutions of phage a llowing a confluent bacterial 1mm . This may 

have been due to the possible use of a low concentration of bacterio.l 

cells in the 1mm . ·fuoy suggested that failure of the lo.w11 t o develop 

on addition of ;;io r ,:o pha7,e mo.y ha.ve b0en cm:sed by l ys is froo. u i thout 

but i t has boon shm·m ('l'Gble 5 ) tho.t low muti plicities i n the vicinity 

of throe \'fill cause don t h of a c oll. This confirms tho late r 

obsc:,rvs.tion by :?izer ot a l th2. t infection by one ph~c~e particle is 

frequent l y lethal ( 42a) . 
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(ii) T3 and T7 

Phages T3 and T7 grown on strain B also failed to produce 

plaques on infection of st r ain W (Table 7) 2.lthough normal adsorption 

occured (Figures 7,12). Howeve r a mottling of the bactGrie. l l o.wn 

- 2 -3 wa s observed on these pl ates at an input r a tio of 10 t o 10 phage 

per bacterial cell. It seems unlikel y that these a r eas wer e plaques 

as it was demonstra ted for T7 tha t a lthough bur sts of phage do occur 

at a low frequency , the phage produced a rc not modified and a r c still 

unable to i nfect strain H (Table 6 ) . In add i t i on i t is probab l e that , 

;-.. m,1a ll number of T3 2T.d T7 phage particles per fl. .9.9_li IT cell iG 

sufficient to produco cell a.oath ( Tu..b le 5). 

Table 6 . 

Host cell 
concentr ation 

1. 25 X 10
8 ~ 

cm 

De t erminat ion of the f r oquoncy of productive 

infection of ]. colt_ •;l cells by phage T7. B. 

Phage Unadsorbcd ,Free phsgc Infective cente rs 
inpu t phage a t afte r 
r a tio 5 min . antiserrnn B w 

on 

' 8 X 10
6i 3 3; 3 1 cm 45/cm 9 • 5 X 10 C!T1 <1 0/cmJ 

*Yielder 
frequ-

ency 

7. 5 ! 
10-

Phage T7 . B was adsorbed to young growing cells of stra i n Tf for 5 

minutes. Unadsorbed phage were assayed after killing the infec ted 

bacteria wi th chloroform both before and after the addition of anti­

serum. Assays of infective centers on B and W wore completed within 

9 minutes of mixing pha ge T7 . B and the .fil £2ll W cells to ensure 

titration of infective centers only. 

* Yielder frequency - tho proportionaf infected bacteria which 

produced infective centers on B. 
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(i i i) Phage T1 

Phage T1 . B plated on strain W with an effi ciency of 1 o-4 

produc i ng shar ply defined plaques of irregular size and shape which 

were always much smaller than those of T1 . B plated on st r ain B, 

(Plates 1 , 2) . Phage fro m these small plaques plat ed on stra in ·.1 with 

-1 - ') 
an efficiency of 10 to 2 x 10 '--- c ompared with t h eir pla ting 

efficiency on strain C. On this lut t e r host they produced typical T1 

plo.que s . i:.fter several rotmds of re plication in strain C the 

resultant progeny (T1. W. C) still retained thoir abi lity to plate on 

strain W with an efficiency of -io-
1 to 2 x 10-2, ( Table 7) sugges ting 

th2t t he ability of T1 ,"J t o plo.te on st r a in U is not due to host 

controlled modification but is genetic2.lly inhori tod . 

Lede r berg ( ,14 ) repor ted that T1 • D plated on the lyso_:;en 

B(P1) with an efficiency of 10- !J. . Some of tho r esultnnt progeny were 

then ab l e to plate on B(P1) with an E:: ffi .ciency of 1 , O; the yie lder 

cells g iving rise to o. mixture of res t ricted and t:nr estrict ed pho.go . 

The ability of the unrestricted phe. JC to pl ate on ::3 (P1 ) was lost after 

several c:ycles of groi;.-,th in stra in :3 . He concluded that T1 . :l ims 

restri c ted in B(P1 ) and that some of those phat.;e whicb we re able to 

escape thi s res t riction o.nd propagate in t he .3 (P1 ) cel l became modifi ed 

thus enabling them to infec t B(P1 ) with an effi c iency of plating of 

1. 0 . 

I n contr ast , pha~e T1. B was n ot modifi e d after propagation 

in! coli Wand it s eems likel y tha t it s ab ili ty to propagate on 

stra i n W is due t o t he pres ence of a mutant occu ring a t a f requenc y 

of 10- 4 i n the T1 . B popula tion . The mutation may involve a change 

i n the nucleot ide sequen ce recogni sed by either t he w prophage 

s pecified restriction sy s tem or a change i n the nucleot i de sequence 



Pl ate~ . Plaques f ormed by phage T1 . Bon ~ col i B (x3 ) 

Pla t e 2 . Plaques formed by phage T1 . B on ! coli W (x3 ) 
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re cognised by that of the '! genome but only L~ one of these systems 

was n ot o.c ti ve aga i :ist T1 . B mu. . The a l ternnti ve explanation that a 

mu tat ion occured in the nucleotide n0·tuences roco~1i.sed lly bo t h types 

of restr iction seer.is unl i kely because of the high f r equency of the 

mut ational event . 

(iv) Pha--o P1 

PhaB"e .21 . K did not produce pla;p.rns on strain ' 1 or p:c'evont 

devclopmen t of a bactorial 1mm of W £ct ;m inpn t r.:t tio ,:-f G pho.,;e p e r 

cell. P1 was s1 o,m to -idsorb to s t r :i.in 'l (:i'i,0:;ure 1 3) and hence this 

infection appears to be very similar to tlut of \ :·rhich plutes on 

i . 'l . ~'- ~f. . ~ 10- 1 0 ' ' . l d t k · 11 ~, 7 1 s ; r u in ,· ,n-..,s; nn ei:· icionc? o:i: :..1na un.ic11 oes :w l ·,,,10 ce~ 

,.mless phage ::iro~;eny an:: rirocl'ucod . It re:0 aias to ~e sho\m , however , 

that do:_~rudation of l:'1 mu. occurs i n st r ain -, It i3 possible, 

therefo:i."C, tha.t rnut;:1.nts of ~1 could be obt<.1ined at a low frn1 e1,cy 

which would then pla to on 1 .i wit':: an effic ienc~,r of 1 . 0 . P1 . K is 

restr-.i.cted b~i some str2-ins of C lysogenic for proph'l(;'O w and this 

fa.ct might be empl oyud to facilit a t e isolation of a ?1 nutant able to 

pr opagate in W as the :,1 genomG restriction activi t:· uould not be 

present in t!1e C (':r) l ysogen . 
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Tnbl e 7 . Sfficicncies of plating of phages on Eschorichi~ £.Q_l i 

Phage 

'l'1.B 

T1. C 

T1 . U 

T1 . W. C 

'i'2 • .3 

T2 . C 

T2.B 

.L'3. C 

'M . C 

'i.'5 . ] 

I') . C 

TG . 0 

T7 • C 

P1 .K 

strains 11, Ll •:i.11d c. 

eop on B 

1. 0 

i . 0 

1. 0 

1.C 

1.0 

L O 

1. 0 

1. 0 

1. 0 

1. 0 

1. C 

1. 0 

1 • 0 

1. 0 

cop Oil C 

1. 0 

1. 0 

-i.o 

1. 0 

o. 5-.'.· 

o. 5,~ 

1. 0 

1. 0 

10- Ci 

o. s·:,. 

l . 0 

I • (; 

o. 5-::.-

O. 5<0 

1 • 0 

1. 0 

1. 0 

oop = efficiency of pl ating 

eop on 1l 

10- /i 

- L; 
1 0 r 

- 1 10- 2 10 - 2 X 

2 .. 10- 2 

z ~-3 :;,:: 10- 7 

< 5. 0 V i0- 7 
. c 

( 1. 7 ., ., 1 o-5 

r. < 1 • ·; ... - 10-:J 

< 5 . 0 .A 

_, r -1 0 
I~· 

<2 . 0 X 1 o- 0 

< 1. 5 :~ 1 o-7 

< ,: • 0 X ,o-7 

Z1.:.i X 
- 7 10 

< 3. 3 X 10-7 

(. -,. '/ 
.,I • .,I 

r. 
X 10- :J 

( 1 .(i X 1 o-5 

(1.7 X 1 o-9 

---

* Phages '1'2 a.nd T6 always plated on C with an efficiency of O. 5 

compo.r od to that on B irrespective of whether they had been grown on 

B or on C. The pl aque size of T2 on C 1-1as always loss than that on B 

and the ' hal o ' was absent (Pla t es 3 and 4) . 'l'his e f fect was a l so 

noted on infecti on of C by the host r ange mutant of T4 nble to place 

on strai n C. 



Pl.1 te 3. Plaques forned by pl:age '1'2 . B on ,2 coli 3 (x3 ) 

. 1 

Plate 4. Plaques for.ned by phage T2 . B on~ coli C (x3 ) 



Table 8 . Adsorption coefficients of the T phages and P1 

on adsorption to .fil coli strains 'l , B and K1 2 . 

57 . 

Phage KADS on W KADS on B KADS on K12 

T1 • B 0 . 7 X 10-9 1. 9x 10-9 

T2 . B 1. 2 X 10-9 2 . 9 X 1 o-9 

T3 . B 3 . 0 X 10- 9 2. 6 X 10-9 

T4. B O* 2 . 8 X 1 o-9 

T5 . B 0 . 4 X 10-9 0 . 5 X 10-9 

T6 . B 1.9x 10- 9 3. 2 X 10 -9 

T7 . B 4. 7 X 10-9 4 . 6 X 1 o-9 

P1.K 0. 7 X 10- 9 0 . 4 X 10- 9 

* no measur able adsorption 

KADS = 2 . 3/(B)t z log Po/P 

\'The re Po = phage assay at time 0 

P = phage not adsorbed at time t min 

B = number of bacterial cclls/c~3 

K ADS = velocity constant with dir;iensions cm3 
/min 

The figures obtained for adsorption to J are in gener al agreenent with 

those of other worker s (53 , 55 , 56) . It is no table the KADS values 

for the T- even phages a r e ahrays less on str ain W than on strain B 

and in fact approaches 0 in the case of adsor ption of T4 to W. 
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II . ISOLATIO:: OF PHAGE ABLE TO PROPACiATE 

ON ESCHERICHI A COLI STE.Arn W 

MoGt readi l y available labordto ry phage strai ns with the 

exception of P2 (37 ) , which is close l y r el ated t o phage w, will not 

plate on .P. £21.i ;'/ . It was therefo1·e decided to establi sh if phage 

able to do so could be iso l a tcd . Colifon1 isolates and sewage 

samples wer o obtained from YcJ.rj_ous sourc2s and screened for the 

presence of such phage . 

~-; u.:1 e r o s ,r ains pro ucin.:r_: 
N° !Species 

b f t. d 
Lytic zon0s Part icles Pa r ticles 

Source isola tes on t~'1e ab le to pr oduc i ng 

I ini tfa l l)ropagate reduced 
I scrceni nJ on W :areas 
I (?L.1.to 5 ! uhen i \ plated on W 

I 
Palmerston North i 
hospital - human 
urine and faec e s 12 ~ coli '.) 0 0 

Hnssey Un i versity 
Veterinar y clinical 
pathology lab . 31 ~ coli 20 4 *4 

7 ~-:.lY:2h.-
i umri um 5 0 0 

I 10 S. pull-
I ~ 0 0 0 

Pal me r ston North N'Samplcs Nu of samples producing the 

se\·Tage trea t ment above phenomena 

pl ant 3 - I 1 l 0 
I 

Table 9 . Screening of .:::, coli isolate and sewage samples for the 
presence of phage ab l e to propagate on s t r ain TJ (p . 41) . 

* These reduced areas may be produced by phage similar to V7, V1O 
and V1 1 . 



Plate 5. The screening method used to detect phage and colicins 
active against .m, .£.Q1i. W. 

Plate 6. Plaques formed by phage V11 on E coli W (x3 ) --



Tho sup0 rnatants from br oth cultur es of thr ee str ains of 

Jl .£2.1..i obtai nod f ror:i. the Hassey Uni vorsi ty Veterinary Clinical 

Pathology L..:torato r y we r e pl u.tod on strain H. B.'lch su·),)rnatant 

containod 104 - 105 plaque forming units per cm3. Lysatcs uo r e 

prepar ed fron single plaque isol;:i.tes and tho phages dusignated V? , 

V1 O, and V1 1 . Tlics0 phagos could be pro1-m.-;:1.tod on str nin 1·J by the 

methods uaed to propa~atc lytic phage cJ.no. titer s in cxccsn of 10
10 

3 par t i cles per en wer e o btain8d . -~ch lysa te gavo rise to thre._, 

65 . 

diff t) r ent plaque typos in a:ppro::::ir.mtoly equal proportions (Plate 6): 

1 ) Plaques 1·,i th sharply defined ed~eG 0 . 3r.un fo diar.10tcr and 

lackin'.; ' halo::; 1 ; 

2) Plaques with clear ccm trGs surr ounded by a ring of :i.nte1rno 

i:etrazoliun reduction or I halo ' C. Smr~ ir, diameter; 

3) Arons of intense totrazolium reduction with no cleared 

centre , aoout 0 . 3i:u-:-, i•1 dia;r.otor. 

".faon an~r ono of thos.J three pllllJUO typos was st:::i.bbod with n 

st01·ilo n-. .:e<:110 and propagated i!.1 strain ·r, all three typos wore a0ain 

pr oduced by tho progeny in approxinately equal proportions . 

Tho efficionci;;s of platin{s of V7 , V10 , and V11 wer e 

determined on str a i ris D, C and K. It was less than 10- 9 on str ain i3 

and les s than 10 -? on str ai ns C and K; moasnr cmcnts of plating 

effici enci es of V- phages on C and K hclow 1 o- 7 wor e prevent ed by t he 

presence of phage w in the l ~rsates . Phage w was shown not to adsor b 

t o str a i n 1 and hence a lower frequency coul d be d et ermi ned i n thi s 

case . It appear s f r om elec tron microgr aphs (Pl ates 11 , 12) that the 

failu r e of the V- phae-es t o pl a t e on strai ns 0, C and K i s due to 

their f a ilure t o a dsor b to these s t r a i ns . 
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Tho three phagcs 110ro observed unde r t he electron mi cro­

scopo , ( Fla tos 7-10 ) and all thr ee uerc soon to bo sir:1ilnr i n size and 

morpholos-y to phagos T5 and \ . Fo base plntes or tail fibe rs wo r e 

soon and tho sheaths wore i'10vor GOi1n to con tract , evon on infection 

of st r a i n W. 

Table 1 0 . Dimcmsions of tho V-phagcs . 

V7 

V10 

V11 

~* 

hoad (nm ) 

85 X 85 

85 ::r 70 

80 X 65 

G5 z 65 

*from Bo r bni (9) 

tnil (nm ) 

170 X 10 

170 X 10 

165 X 10 

170 X 10 



Plc.te 7. Phage ',7 (x116 , 000 ) 

Dlate 9o Phage V11 at t ~ched to 
bacterial debris 
(x11 6 ,000) 

Plate 8 . Phage V10 (x11 6 , 000 ) 

Plate 10. Phage V11 attctched to 
cell debris 
(x116 , 000) 



Plate 11. Phage V11 adsorbed to! .9ill. W; approximate phage 
input ratio= 50: 1 (x85,000) 

Plate 12, Phage V11 and !.£Qli K; ·approximate phage input 
· ratio:= 50: 1 (x48,000) 
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III . PLATIIITG EFFICIENCIES OF PH.AGE w 

OH E COLI STi·.rns C JJJD K 

Supernatants f rom ove rnight cul tur c s of .Jf. coli W wore shown 

t ' . . t l 1 o5 1 0 6 1 " . . t 3 . 1 t o con~ain approxima e y - p a~uo 1orJ111ng uni s po r cm ao o o 

pl a te on both str.:1ins C 2nd K. The number detected in a par ticula r 

super natant varied sli :5·ht l y depending on whether the supern.::d,o.nt uns 

plated on strain C or K; t h0 r at io of pl acr.1e fo1·,.1ing uni ts on K to 

pl nqu0 formin 's uni ts on C variGd f rom 1 . 0 to 10-
1

• Tho p l aqno types 

on both strai ns C and K 1-rc r c typical of tempe r ate phJ.;sGS , often havi ng 

a grmrth of l ysogenised cells in the centr e (:?Lttc 16 ) . Virulent 

-s mu tar ts appea red in the populo. t ion :1t ~, frequen cy of about 10 - • 

:r_,ysates wer o prepared froc ,;i rJc;lo pLques of phage from the 

1} super na tant on st r ain C .'.lnd plated on C :..md. K. Tho e f ficiency of 

- 5 p l ating of thes e 1 ysn tos on K 1ra s 10 ;1::; compare d to 1 . 0 on C. 

Lysa tes wero then pr e p~r cd f ro ra s i n_r;le pla ques of ) !,age w. C on st r nin 

IC and replatcd on K <lr.d on C. ;i. pl.:1ting efficiency of bct,men 1 . 0 

to 10-
1 

w::i.s obtained on C compnrcd to 1 . 0 0~1 K. li\.1:dher lysates wore 

pr epar ed from s ingle plaqc1c::i of phag0 1,. CK on C and the l)roc c duro 

r epeated for several more alte rna ting cycles on C and K, (Fi crur e 14, 

Table 11 ) . This procedur e we.s duplica t ed Hith plaqvcs produced by 

phage f rom the H supernatant which plate d on Kand a totally different 

pattern of behavior was observed; the :1hage g rew b e st in t ho host in 

which it was l a st propagated. 

'rho :1bove procedu re was carried out with seventeen different 

pl ques of the phage from the 1'1 supernatant pl ated on stra in C and with 

twelve different plaques from the W supernatunt pl ated on stra in K. 

In all cases , the observed behavi or wa s consistant with tha t depi cted 

in figure 1 4. 



1 o-5 

1.0 - 10-1 

1.0 - 10 
-1 

1.0-10-1 

Supernatant gr .fil coli W ATCC 9637 
(containing 10 -1 06 pfu/ml of phage 
able to successfully infect strain c) 

1.0 1 . 0-10- 1 

C K 

l 10-4 - 10- 5 

K C 

1 1 
1 o-4 

C K 

10- 4 

K C 

1 o-4 

V 

C K 

1 .o -
10-

1 1 10-4 

V 

Figure 14. 

K C 

Plating efficiencies of phage from the supernatant 
of .fil coli Wa. on stra ins K and C 
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Tabl e 11 . The relative effic i encies of plating of phage 

from nn ~ coli , il supernatant on Q coli s trD.i ns C & K. 

Phage origin* on r, on K v 

_m coli '.'! su pe ma t an t 1. 0 - 1 
1 . 0--10 

w. K 10- 4- 10- 5 1. 0 

w. KC 1. 0 10- 4 
_ ,1 

t·T . KCK 10 . 1. 0 

w. KCKC 1 • 0 1 o- 4 

w. KCKCK 10- 1}. 1 . 0 

w. C 1 • 0 10- 5 

w. CK 1. 0- 10 - 1 
1 • 0 

rl . CKC 1. 0 1 . 0- 10- 1 

,i. CICC"'K 1 . 0- 10-1 
1. 0 

w. CKCKC 1. 0 1 . 0--10- 1 

* Tho letter s follm;in; w dcno4:c t;1.e history of the phngc 

populati on ~nd should not 00 cor.:r:': s-,d with ~-hos.,:, denot i n,; 

host specific ::_ ty ; w. K rc:)rco.;n l;;~ foe ph.:1ec ::rogcny I'r om ~.,_ 

It wns s ugges ted by 0lover (37 , 38 ) tha t phage \l . CT.f. is a host 

r ange mutant wk able to plate on both K and C. This hypothesis is 

supported by an experiment in t·rhi ch the a dsorption ki netics of phage 

w. C to strains C and K were de tcr,._.inod (Fi gur e 15 ) . The phage a dsorbed 

to C but no adsorption to IC could be demonstrated . Tho derivat i ve of 

the phage (w. CK) however , adsor bed to both str a ins C and K. This is t o 

be contrasted with tho a dsor ption kine tics of phagos w • .K and w. KC 

(Figur es 16 , 17 , Table 12). Phace w. K could not be demonstrated to 
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a dsorb to C, nor could phage w. KC be demons t r o. ted to adsorb to K. 

Phaee w. CK thu s acted like a typicn l host r s..nge mu tant abl e t o adsorb 

to both strE~ins C .::i.nd K, but p!1ngc w. KC did not , :ts on gnining the 

ability t o adsorb t o K it lost the ubili ty to .·,dsorb to C. 

·rabl c 12 . .i~dsorption cocffi c i c,1ts of i-1 plnio to f coli 

Phage 

w.C 

w. K 

w. KC 

s t rains C c.md K. 

adoorption coe fficio~ t 
on C 

1. 0 - 9 
-· 10 

- * I • 1 

1.1 X 10-9 

* 
" 1 o- 9 
-'" 

_i~ 

The simplest l1;y-pothos i s to ex plai n tlle observed behaviour 

i s til,:i t of h10 different phugcs i n tho ·.'J supen1atant ; one ab l e to platG 

on strain C; and the othc;_~ on st r a in IC . From the relc:ti ve plating 

e ffici enc i es it seems vnlike l y th.:.1t two ph3{;es c1. r e l) esent and that 

both cm1 plate on C a nd K, or tl1at one C ,J.n pJ~te on C rmd K but tho 

other only on K, or nr,;ain thnt ono phu:-;o can pL. to on C Qnd K, but the 

othe r only on C. In addition , all seventeen ph·:1~e obtained fron 

plaques of the T·! supe rnatant pla ted on strain C exhibited one identical 

patt ern of beh~vior and a ll twelve phage obta ined from plaques of the 

W supernatant on strain K exhibited another , nlternative pattern of 

behaviou r(Fieure 14) . 

In the light of this conclusion va rious properties of phnges 

w. KC and w. CKC were compa red to determine their degr ee of similarity. 
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IV . COMPARI SON OF T""tlE PROPERTIES 

OF PH; ~GES w. 1:C .J·:D H . CKC 

( i ) HGnt s ensitivity. 

'.'!ithin experimen t al e rror , both :?lla:;es had identica l heat 

s en s itivit i es at u wi <.lc r 2.ngu of tempor nt1.,_ros ar;d c ;.1lci urr. concentrations 

( Tables 1 3 , 1 4 , Fi zur os 18 , 1 9 ) . Lack of cnlcim1 ions r osul to<l in a 

mar ked increase in heat s ens itivi ty of both ph.:.1.ges , sugges ting 

calcium ions a r o irn·olvod in stabi lizing tho w phage protein coat . 

}'able 13 . Hnat sensHivities of ph2.gos u , Ci(C and w. KC in 

0 . 1 F H::tCl + 0 , 5H C::i.Cl
2

• 

'i'ompor a t u r o 

20 

60 

G5 

70 

75 

(oc) pfu/ml on C 

1, 4 X 107 

1. 4 ·'· 10 
7 

S , Q X 106 

1. 4 X 10
6 

r: 
( 10) 

w. KC 

'7 , (i X 106 
r 

7 . 1 X 1 0° 

5 , •t X 10
6 
C 

1 , ) X 1 0° 
r. 

( 10:.i 

Tabl G ·1 4 . Heat sensitivitic::i of phdgon u . CKC and H, ICC 

in 0 . Hi NaCl. 

Temperature (oc) :12fuZm1 on C 
w. CKC w . ICC 

20 1 , 8 X 107 1. 4 x 107 

45 8 , 3 X 106 8 , 9 X 10 6 

50 1 • 0 X 105 < 105 

55 <105 ( 1 o5 

The da t a in Tci.bles 13 and 14 were obta ined by subjecti ng 

phage at appr oxima tely 107 pfu/cm3 to the indica t e d temperatures f or 
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3 3 10 minutes thon immediately dilut i n~ 0 . 1 cm samples i nto 9. 9 cm of 

BHI broth and t ilrating the resultant suspensions . 

(ii) Se rologica l properties . 

Mtise r ;:i, were pr epar e d a.gc2ins t pho.gos w. CKC and w. KC . Tho 

two ph::igGs ,wre sho;-m to be s croloei co.l l~i idcntic l (Fi gur es 20 1 21 ) • 

(iii) i'Iorphology. 

Both phagos 2.r e identical in sizo and raorpholoc;y nnd .:1. ro 

ve r:1 sinilo.r in those respects to plnge P2 . I'lE: ph:,go heads a r o 

sphoric.:11 , about 65 run ncross , t he tail s 180 Tuu lon,'.; , o.nd 16 nm in 

diameter , 0-_'l cont r a c tion 1 the sheat:rn r r e 26 r1;;, in rL.:.rr.o t er md the 

exposed tail corr::s 8 nm in diamGt'3r . 

·,.t hi ,,.h cone en trG tio_u, the so p1.ngo tend to clump to.:·othor 

to form :rosottos (Pl .::to 13) . rho ph:,6 0 in tb.r3 prcnaration h<'-vo inta c t 

heads and uncontn.ctod tail shoo.ths . Pre vi ously publish2d 0lcct1·on 

r:1icrog r apb.s h::2vo d,::;picte d tho ph2.ge wi tr:1• con tr 1.ctod tt.il sheat hs :ind 

empty 11:-;J.ds . 'l1h0 propnration u s ed to i)I"0J).J. r ci tLi s pla.to contained 

10 percen t BIII b roth . Thi8 l e d to D. ' dirty ' pr e}Xl- r :1tion; it was 

agu.in contriJ.\'.6 od and r csu::ipendcd in distille d wa t e r to give a. fina l 

broth concent r at ion of .::ibout one pe rcen t . This rrave clear ur pictures 

but broke u p the ro set t es nnd disruptod the phage to give many 

particles with empty heads and con t r a cted sheaths . Ploto 14 depicts 

two w.KC phage particle s , both uith ompty heads, and one with n 

contra ctecl t a il sheath . 'Che bnso plnte can be seen on one pa rticle 

but cnn not be seen attnched to the particle with t he c:ontracte d shet th . 

Pla to 1 5 shows t wo w. CKC phage pa r ti cles o.nd h 10 other objects which 

may ench consist of two cont r .:icted tail sheaths joined end to end . A 

dividi ng line between the t wo unj_ts can b e seen . These particles 



Plate 13. A rosette of phage w. 
(x116,000) 

Plate 14. Phage w.KC (x11 6,000) 

Plate 15. Phage w.CKC (x116,000) 
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occur in bot h phc.gc w. CKC and phagG u . KC lys-'.ltes . Thc:~r also occur 

sin3ly .:md nevr...:r !:lore than t'l-10 .'..l.ro j oincd to~,Jth,, r . 

(iv) Co-ia.~illlity . 

j ~oli C 1 y3ogcmic for prL;ig.:, u . KC wi.11 not plc.tc pha,•;o 

u . CKC or ph,_g0 u . KC ; no:c :-,ill str~iin C lysogonic for p:.:~GC w. CKC 

pln te pl1 ige \.,' . KC or p11c.1g0 w. CKC; the eff i c :i ..:mcy of pl::.tin5 in '-' 1ch 
r, 

- 0 
c::i.sc ,ms less than 10 • .h.<l.sorption of tho pht'.f>'8::1 to tho l y::,o~cmi ned 

cells occurs in ;10th inshmcvs ('.'..'aol-) 15) ·.nd iienco it ::;ccms likely 

Tnblo 1 5. ~~dsor1~·:-ion of I>L:i.~~cs ,: and :11 to lysogcns of 

EfuZcm 3 ----
pi1;1gc Lynogor :it: 

I) min 10 min 20 mir. 

107 
r r 

P1 C ( w . 1,·r,) 3. 3 X 5.G · r 1 c0 2. 5 -r 1 oL· . , .... 
107 

,. ,-

w. CKC c(u. J C) ,~ . 3 X 4 . rJ •r 1 Ou 2 .6 X 1 o') .. 
107 r 

105 w. XC c(u .KCK) '2 . 8 X 3. ~ -'-
10u 9 . 1 X 

Plnt~·o ,tt n.pproxir:K1.toly G x 107 pfu/cm3 1-1oro rn.ix,d ~;ith ,::m 

equal volume of b.2ctcritsl cells ,t approximately 5 x 
r, 3 

10° /cm • 3 0 , 1 C!':l 

s,~mpl es wore Hi thdrmm f r om tho F.:ixtur o -:i.t 10 a.rd 20 mim.~tc intervu.ls , 

placed in 9. 9 cm3 diluent containir.g chloroforr:i to kill infected cells 

·md ti t r nted at sl'itablo dilutions . 

(iv) Properties of l coli str ains C .:mcl K lysogcnic for ph~ge w. 

Substrni ns of £ coli C £ll'ld K were lysogenised with phage w 

(moth od p. 44) :ind tl10ir nbili ty to support propi,g-.::.tion of var ious 

phage s investigated (Teblc 16 ) . 
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To.ble 1 6 . Ability of fil. £2.li K .'.lnd C lysogcmised with phage w 

to support the 1Jropa50.tion of vo.rious ph~"ges . 

Pla ting Pl:J.tin:<s Plat i ng 

lhu:ibe:r effi ciency effic iency effici ency 
Lysogon 

screened 
of phage of phugo of phnges 
P1 on the >--. on tho T1-T7 on 
lysogens lysogens the lysogons 

.fil coli C 

c(w.c) l 10-7 <.1 o- 7 1. 0 

7 <1 0- 1 

C(H.CKC) 4 1. 0 1. 0 1. 0 

c(w.KC) 1 5 < 10-7 1 • 0 

C (w . KCKC) 8 1. 0 

! coli K 

AB 266 (w.KCK ) 1. 0 1. 0 1. 0 

6 L O 

AB 266 (w. CK) 1. 0 1. 0 1. 0 

T186 ( w. K) 2 1. 0 

Kich l ysogen wo.n isol.'.l.ted from b'1ctoria c;rowi n.~ in 8. sin@:lu 

plaque of thew phage; no two lysogens were isolc1.ted from tho so.me 

pl aq_ue . 

Tabl e 16 indicates thut the exclusion of phage P1 exact ly 

para llels thnt of phage ).,._. Phage \ has been reported by Glover et a l 

( 38 ) to have adsorbed normally to ph:.1go w lysogens of strai n C and 

wher e exclusion occured , br eakdown of DNA was observed. Phage P1 was 

shown to adso r b t o the l ysogens (Table 15) but no experi ment was 

unde r taken to demonstra t e the breakdown of P1 DNA . 
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The pnttorn of abortive infection of the lysogens by P1 is 

swnmnrised in Table 17 . The pattern sug5osts that 

(i) lysogons of K do not exclude P1 nnd 

(ii) once having gained tho o.bili ty to pl.'.:ito on str.'lin K, a ph9.ge on 

lysogenisation of strain Closes its ability to r estrict P1 , except 

i n the cnse of tho l ysogon C(w . KC) . 

Ta ble 17 . Abortive infection of phago \i lysogens of C 

by ph2.ge P1 . 

Lysogcn 

c(w. c) 
K(w.CK) 

C(H . CKC) 

I~( w. K) 

C(w . KC) 

K(w. ICCK) 

C(w. KCKC) 

Ability to exclud. 0 P1 

+ 

+ 

If t wo phnges a r c present ti.o W supc:rna t .:mt , one able to 

pla t e on C, tho othe r on K, then no mutc1tionetl event ,rnuld be 

necossnry for this latter ph:igu to plat e: directly on K 2nd hence its 

nbility to excl ude phage P1 on l ysogenisntion of strain C would not 

be lost . This may explain the ability of l ysogGn C(w . KC) to exclude 

P1 • 

The above evidence seems to support t ho pr esence of two 

very closely relc.ted phages in the ~-J supernatant . A mutation of oi ther 

enablin it to adsorb to s t r a in K seems to be a ssociated with a loss 

in ability of the phag0 , on lysogenisa tion of strain C, to exclude 

P1 and ~. 
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It was found, h0t-1ever, on i s ola tion of si :c l ysogens from u 

single plaque of phago w. CKC on stra.in C, that one half of these 

lysogens we r e ab l e to exc lude phO.[;'O P1 . This brin.z-s t o mind the 

obse rvat ion by Glov er (37 , 38) who r eported that different st r a i ns of 

C l ysogenised by phage w r estric ted \ t o varyinr; degree s . He 

suggested that it was possio l o t}}D. t p}1ag·o w, lib~ P2 , m::ty integr a te 

a t different sites on t he chromosome of st r a i n C ,md thc. t r estriction 

of ~ depended upon the location of the i ntegr :c.tion site . This 

hypothesis could be exto.nde d in tho fol101,ing manne r : 

( 1 ) Ti·ro propha~es aro int e""r a ted into tho ~ coli 1,r gono:r.i.o nt 

(2 ) 

di ffe r ent s ites , and on spontaneous induction , on~ is ab l e to 

plnte on str~in K, tho other on st r ~in C. 

More them ono si t8 of inkf.\"r ation r,1.;._y exist on th0 E coli C -- --
chromo some; tho ph-2~cs m.'.l.y modi:ito exclusion of P1 only w11en 

intagr .'.l.ted ~t c or tai n of the sitas 2nd these sites mny be tho 

pr eferr ed sites of integr2tio~ . 

( 3) Ph.'.1::;o w - medio.tod exc l usion of P1 cmd \ mz.-.y not occ i.r on i nte-

g r ctt ion of the w phage into any s i to on the chromosome of 

(4 ) Phage from tho '.•l superna t ant able to plate on C pro b.'..l.bly hnve to 

mut .2te befor e be ing nble to plnte on st r c.in Kand this 

mutation may result i nn r educe d probability of the ph~go 

occupying n ' restrictive' si to on the ]! coli C chromosome . 

This hypothe sis W3.S tested in tho follm·ri n g experiments whic 1 

involve tho employment of conjugal crosses . 
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f_a te 17. 

of :rfr1age w. CKC 0~1 .t c:,lz_,; (::::: \ 

Screening of lysogens for ability to e~clude pha~e P1. 
Lysogens are spotted onto a plate spread with 10 - 105 
particles of phage P1. From left to right: 
top - C(w. C) , K(w. K) , c(w.CKC); bottom - K(w. KCK), 
c(w.KC) , c(w,KCKC) . 



Plate 18. A lysogen of .l!! coli K, K(w . CK) spotted on a plate 
previously spread with phage P1 particles; strains of K 
l ysog;enic for phage w have never been shown to 
exclude P1 

Plate 19. The method employed t o screen for phage w lysogens of 
! .£Q]j,,_ strains Kand C; the strain depicted is not 
lysogenic 
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V. MAPPING OF THE SITES OF INTEGRl'.'rION OF THE w 

PROPH!iG.ES ON THE CHROMOSOMES OF E COLI STR.AE~S C Ai.T\JD \·l 

In order to mo.p the i ntegr.:iti on si tcs of th0 w prophe..ges on 

the chromosome of Jll coli 11 it wns decided to cro~·s the _ill coli ~·l 

I-Ifr F2-3-Z7 with nn F- strain of C. Before tho cross, the su.pernatnnt 

from l'.. broth cul turc of r2- 3- 27 wn.s checkod for the presence of 

phage which could pL:.te directly on both str'lins K und C. It was 

found that tho supernatant contained phage nblc to phte on C but no 

ph0.(5G able to pl.:1tc on K. Hcnco u nmiber of substruins of W ,mr e 

scrooned , including several Hfrs wi t!1 origins differ ent from that of 

F2- 3- 27 , (Table 18 , J!'i1~uros 3 :md 4) . 

Of thos,:::i s;,ibstrains screened , only supernc.t ::ri ts of broth 

cul turos of Efrs which 11,'.lve an origin nt 5 minutes and trtL.r~sfcr 

markers in o.. clockwise direction did not contai."1. phu.ge n.bl c to plnte 

on K. These Hfrs were obta ined by nucon (51) who crossod Ilfr K12 808 

with ;m F- substra.in of i•l which wn.s ?ro - • Prolino is tr.J.r1sforrod n s 

::i. l ute marker by IIfr 800 and hence i n orde r to obtain H.fr zyg·otes of 

'T + ] . t ] t d :. , pro recom )lnnn s wcro so .oc o • It :1ppc11r s the'. t on soloction for 

pro+ , part of the -r.·T ~enome which mediates plating of t:1c induced w 

propho.~re on strain K was lost . Presu,,"!lably this section of the W 

chromosome carries the site of integr ation for the pbago which plates 

directly on strain K. It is not known whether the pro .:.~ or pro B 

marker is involved as there i s no simple biochereical test to 

distinguish the two , both having a block pri or to L-glutamate 

seminldehyde (36) . 
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Table 18 . Presence of phage able t o pl ate on s t rai ns K nnd C 

in the superno.tnnts of broth cul t ures of subst rni ns 

of .m_ coli 1:l . 

Sub str a i n 

160- 37- D2 

F2 

I'2- 3 

D2- 18- 1-0+ 

D2-8 

F2- 3- 27 

F2- 3- 19 

D2-1 75/4 

G1-53 

Gl - 53- 0 + 

G1 - 1 

G12- 0+-9 

* aw = 

Mating 
t ype 

F-
-F 

Ii'-

F-
-F 

Hfr 

Hfr 

Efr 

Hfr 

Hfr 

Hfr 

Hfr 

anti c lockwis0 

Origin(mi ns ) 
and 

di r ect i on 
of m3.rker 
tr.::i.nsfor 

5, cw* 

5 , cw 

5 ,cw 

59 , m-r* 

59 , a.w 

59 , ::.w 

74 , cw 

Presence 
of ph.:1go 

i n the 
superrn.fant 

ab l e to 
pl a. t e on C 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

CW = clockwise 

Presence 
of phage 
in the 

supernat ant 
.:tbl c to 

pl o.tc on K 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 

+ 

The conjugo.l cr oss Hfr H x D2- 18- 1- 0+ wc.s empl oyed to 

de t ermine i f tho linkage of t his i nto:;r a tion s ite to pr olino was a 

r eal phenomenon. The str ain IC Hfr H hus its origi n located at a bout 

87 minutes nnd t r ansfer s i t s genome i n the opposite di r ection to 

Hfr 800 (Figure 4 ) wi th prol i ne as . an Cc'J.r l y marker . The ! £ill_ W F-

+ - - r s t r ain D2- 18- 1- 0 i s pro , l eu , Sm and ca rries both phage w. C and 

phage w. K. 

Recombi no.nts we r e selec t ed which wer e eithe r pr o+ or l eu+ 

on mi n i mal aga r pla tes suppl emented with 50 ug/cm3 of l euci nc or 

prolinc r espect i vel y . The Hfr parent was el imina t ed by adding 100 ug 
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of streptomycin pe r cm3 to t h e pla t es . 

The r e c ombi nants we r e g r own overni ght i n 2 , 5 cm3 BHI br o th 

cultu r es , c entrifuged, :1nd the s upo rr12.tan t s titr '.1 t od for the pr e s enc e 

of phugo o..b le t o p l ate on st r a i n C or K. Tho cel l s wor e wnshGd 

t wice i n s o.l i no ci.nd spotted onto minimal agCtr p l .s. t 0s to s c ore f or 

unse l ected nu t r i tiona l mar ke r s . 

The e liminati on of phage t l . C f r om the .fil coli '1 chr omosome 

w::i.s n o t obser ved but tho r esults obto.i nod ( T.'.l.blo 19 ) i ndi c::i.tod that 

prophago w. K could be e liminated utili s ing Hfr Han d that this 

prophage i s i ntegr c.. t ed at n. s i h, ve r y closel y linked to tho pr o line 

locus . Ui t h tho dist::l , pr ol ino l ocns c->. s tho selected mar ker , tho 

w .IC char L:ch,r w::-, s coi nho r ited nt o. f r eqFc1 ncy of 77 pe r c ent . On 

se l o c t i on of the proxi mal l o:1 c i no ma r ko r the g r -:-,diont of t r .'.1nsmi ssi on 

of pr olino nnd tho w. IC char ::i.ctor :-tg":in i!ldic::ited tl11J.t tho two :::. r e 

very closely linked ; tho coir1hcr i t:..n co of Gach o:Z thoso dista l 

un s e l e: ctod ma r ke r s with l oucine i s ve ry similar . Tho da t c1 we r e no t 

compreh::msive enough t o de t ermi ne on which si de of tho pr oline locus 

tho ph~go i ntegr ati on site is s i tua t ed ; a thr .;e f a ctor cro ss 

cou ld not be om pl oyed a s i nher i t .::i.nco of tho w. K- charc.c tcr i n :1 

r e combin:.m t cou l d not be us ed ns a s o l e c t i ve w::trke r . 

From the r e sults of the previous cross it appear e d possible 

tha t the integr a tion site of the w phage abl e to pla t e on K (phnge 

w.K) might a lso be close l y linke d to the a rg For citrilline locus 

if the site wa s somewher e between l eucine nnd pr oline . Hence t he 

cross Hfr H x D2-8 was ca rried out . D2-8 is p ro cit- and ag a in 

ca rries both phage typo s . Recombinants we r e s e l e c ted on minimal 

aga r supplemented with p ro1ine or citrilline at 50 ug/cm3• The 
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Table 19. Frequency of selected and uns elected marke r s in 

tho cross .Hfr H x D2- 18-1-0 + 

Recover y IJumbor Unselected Tlecovor y of 
Sol e ctcd of of ro - mG.rlrnrs unselected mnrkors 
marker s el ected combinnnts scored numbe r frequency (%) markG r s 

ci. sa-% of s cr ~oned 

Hfr in ut 
+ 0. 16% 46 pro 

l eu + 
17 37 

-w. C 0 0 
-w. IC 35 77 

l eu + + w. K 2 4 

lcu + w. K - 1'.;, 33 
l eu - + 

9 20 w. IC 

l eu - . . v - 20 43 • I • J..). 

l eu + o. 145~ 4B 
+ 16 33 pr o 
-w. C 0 0 
-w.K 14 29 

+ + 4 B pr o w. K 
+ 

i 1 . IC - 12 2'.5 nro 
- T(+ 30 63 pro w. ,. 

-w. K ') 4 pro L 

Hfr pa rent wus 3.g2.in e liminated by using streptomycin -1. t ,,. concentra­

tion of 100 ug/cm3 in the pla te ag3.r . Recombine.nts wor e cultured 

overnight in BHI br oth , centrifuged , ~nd the supernat ant t i tra ted for 

phage plating on str a in K or C; the cells 1-rore washed twice in sa line 

nnd spotted onto mi nimal agar plates to score f or unselected nutr itional 

mar ker s . 



Tabl e 20 . Frequency of sel ected and unsel ected mar ker s 

i n the cro ss Hfr H x D2- 8 

Recovery Re cover y of 

91. 

Humbor 
Se l ec ted of of r e- 1.Tnsol octed unselec t ed m3. rker s 

me.r kor s e l ec ted combi ncmt s mar ker s number frequency (%) ma r ker s s cor ed 
a % of screened 

as 
Hfr input 

+ 1.7% 40 pr o 
· t + Cl 40 100 

-w.C 0 0 

-w. K 32 80 

·++ + 8 20 Cl v w. K 
·t + w. K - 32 80 Cl 

- + ci t w.K 0 0 

cit -· + 0 0 w.K 
c i t + 3. 1 % 40 

+ 
18 45 pro 

-w. C 0 0 
-w. K 17 42 

+ K+ pr e w. 3 
+ - 17 42 pro w. K 
- + 22 55 pro 1v . K 

pro 1f . I(- 0 0 

Tho r esul ts depi cted in 'l''.lbl o 20 dcmonst r ~1t o toe ve r y close 

linka.ge of the pho.ge w. K i ntegr n t i on site to t he praline l ocus . i l.s 

expected the ci t rilline locus, in compnr ison to t h.o.t of l oucino wets 

more closely linked t o tho phae-e intogr ::i.tion site , but t his linkage 

was still not a s high a s tha t of prolino to the i n t egr a tion site . 

On s election of t ho proximal citrllline mar ker t he gr adi ent of t r ans­

mission of proline and t ho w. K- char acter agai n demonstra t ed the 

close linka.ge of t he two loci. 
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ThG gr adi ent of transmissi on of prolino , citrillino and the 

u . IC chara cte r in both the; :1bove crosses on sele ction of lcucine , tho 

proximal ma r ker, is c on s i s t ant with n. situation in which tho phngo is 

i ntegr .'.l t od at a s i te d is t.::i.l to prolino ; i n botli ca.sos tl10 1,1. IC 

chE?. r r1ctor w.:1s r e cove r ed at et lOi-m r froquen cy than oi ther tho prolino 

or ci t rilline m.:.;, r ke: r s . 

The cross Hfr F2-3-27 x C1-n/50 wa s er.i.pl oycd to a ttempt to 

m;:i,p t ho site of integr a tion of phngo 1·1 . C on tho )A coli 1'[ chromos ome 

( 57) . ~he origi n .:md direction of tr,msfor of .rc:n r kors of F2-3-27 

a r c the sa1,10 ,1s those for Hfr 808 ( 4':i<_;tJ.ro 4 ~ 1<' 2- 3- 27 is rnethi oni no - , 

histidine and wa s elimina ted on tho j_)l o.tes by tho omission of 

~ 

hi stidine . Methioni ne ,12.s added 1.t 50 ug/ cr:1°_., . As a broth cul t ur o of 

F2- 3- 27 conta i n s 2.bout 10
6 

pfu pe r cri3 of phage w. C t ho possibili ty 

existed th,, t infe ction of zygotes by f r oo :pho.go mi,-sht have occu.r ed . 

Antise rum against tho w phago wa s add0d. and t l10 level of pl1.:1.ge in the 

cross suporn::i t ant o.ft or one hour ims 1 o5 pfu por cm.3, ti tra t od on 

stra in C. E.::mc u inf0ction by free :pl1c1ge mi ght be, expo ctod to occur 

with a frequency of les s thnn one per 1 o4 :rccor1binnnts . In a d.di tion , 

none of tho sixt een F- cell s i so l a t od o.f tc r one hour on mini mal agar 

suppl emented witll thr e onine and proline carried phage w. C e.s 

evidenc ed by their nbili ty to propagnto phaG'e w. C (Pla t o 19) . 

Stra i n C1-a/50 is theonine- proline -; t h r+ r ecombinDllts 

we r e selecte d on minima l agr-tr plates supplGmen.ted with proline at 

50 ug/cm3• Re combinants were grown ove rnight in BHI broth , 

centrifuged and the supe rnatants titrate d for the pr esence of phage 

able to plate on str a in C. The pelleted c e lls were r esuspended , 

spotted onto a 'lawn ' of about 5 x 104 particles of phage w. C whic h 

were spread on a p l a te of HL a.gar, a nd i ncubated overnight . Tuch 
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spot covered abou t 103 pfu of phngo w. C. 1,·lhen the r ecombinant was 

non-lysogonis the growth which devolopod in these spots hnd nibbled 

edges and an irregul a r surfa ce with ovorl::J.pping l ysogen i c plaques . 

Whore the r e combi nant was lysogenic the growth dovelop:Jd fully , with a. 

smooth surfa ce :-nd r egul a r e dgGs . In some cases wher o the gr owth 

deve loped fully , ten or twenty single distinct pl.:vri~of:.l appear ed . This 

was att ribu t ed to tho introdti.ction b:7 r ecomb i n3. tion of tho ]. coli ':'! 

gonome hs sys t em into th0 r ecipi ent (]l coli C) thus restricting the 

2 
unmodified phnge, u . C; npproxir:K:.te l y on.o in 10 plu::,e could oscnpo 

this W genoI:Jo specified r osh·iction, becof.lo modified and ini ti:r. te n 

pl:1que . 

Table 21 • Frequency of selected :md unselected. mnrk-Jrs 

in tho crosn ~ffr ;?2-3- 27 x C1 -a/50. 

Selected 
filn. r ker 

Rocovory 
of 

soloctod 
no.rkor s 

as a ~; of 
Hf1· in ut 

Nunber 
of re­

combinnnts 
3creoned 

38 

enso locted 
mE'. r kors 

SCOl' ed 

w. C + 

-w· . C 

w. C - + *hs 

w. C - + -:~hs 

Recovery of 
1.•r,.solectod m:1rkors 

25 

1 3 

8 

5 

66 

34 

2 1 

1 3 

* hs the~ coli W genome host specificity locus 



Tho prophage w.C wns transmi tted a t a high frequency by 

+ Hfr F2-3-27; G6 pe rc ent of thr rccombi nants carried pha~e able to 

pla t e on st r ain C. (Table 21) l~s the w. C phnge integration site 
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+ appear ed not to be oliraina ted i n oi t hor cros s Hfr H x D2- 18-1-0 or 

Hfr H x D2-8, it nppoo. r cd likel y that thi s second s ite l '1y to t he 

l e ft of tho Hfr H ori :; in (Figur e 22) nnd a s the si to wus a lso clo se ly 

linked to l eucine , it could not lie very f o.r to tho l oft of the 

Hfr H origin . 

As pr evious:ty men tioned, it 2.ppenrs that tho m_ coli W genome 

hs l ocus i s ~1 lno t r m1Sf or od by tho ,~ coli \'T Hfr F2-3-27, possU l y a t 

a hi gh frequency , but this possibility could not be r 8adily 

investigc. t od 2..s t ho phenotype ,,. C+ hs + could not bo identified ; the 

i mmunity ondowed upon tho cell by thew phagu m,:1sked the expr ession 

of the ]_ coli V! genome _ll,~ r es triction activity. ;,. IJutan t of phage 

P1 ab l e to propagat e on lysoc;i:ms such c,s C(v1. C) would facili tat e t hi s 

+ investigation; such a P1 . C mutant woul d propu.,;at c normally on w. C 

+ hs . 

+ r ocombin.:::.nt s bu.t would bo r estric ted in thoso of phenotype N.C 

It seems likel y however , tha t tho ~v genome hs s i t o m2y bo 

a llelic with the M sites of E coli K, B, 15 and fl which a ll map one 

minute to the l eft of the theonine locus on the linkage map of .fil coli 

K (14). 

To determine if tho site of integrntion of t ho w phage in 

strains C and K determined the ability of the lysogen to mediate 

exclusion of phages P1 and \ an a ttempt was made to elimina t e the 

integr ated prophage by r ecombination in conjugal cros ses of Hfr H 

with t he l ysogens C(w. CKC) G.11d K(w. CKC) which do not exclude P1 or.\ 

and with C(w.KC) which does. 
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Figure 22 . 

W genome hs site 

w site 1 w site 2 

thr A,D 

/' ,~ 
I I I ' I t ~ I I I 

80 84 86 H 90/0 2 6 8 10 
808 

pil 

pyr B arg F 

pro B 
leu 

pro A 

The tentative locations on the chromosome of ]I coli W of: 
(i) t he W genome hs site ; . (ii) two possible 
integration sites of phage w. 
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Tab la 22 , Frequency of soloctod and unsol octod marker s in 

crosses of Hfr H with lysogons of ! coli ctr~i ns C & K 

Cross 

Hfr H x 
c (w. CI(C) 

Hfr H x 
C(w . KC) 

Hfr H x 
AB 266 
(w. CKC) 

Se l ected 
marker 

+ pro 

+ ::,r o 

+ thr 

+ pro 

+ l eu 

Recove r y 
of 

selected 
ma r ke r s 

E'..S Q. % Of 

Hfr input 

30% 

15% 

11 • 5% 

20% 

33% 

Number 
or r o­

combinants 
screened 

25 

25 

40 

25 

24 

23 

Unselected Recovery of 
unse l octod ma r ke rs mo.rkors 

scored 

w. K­

w. C­

t hr+ 

1·r. K­

w. C-
+ pro 

w. IC 

w, C 
thr+ 

w.IC 

u . c-
+ pro 

w. IC 

w. c-
+ l ou 

1-r . K­

w. C-

+ pro 

number frequency(%) 

0 

0 

7 

0 

0 

9 

*-
0 

8 

*-
0 

7 

0 

0 

10 

0 

0 

1 3 

0 

0 

28 

0 

0 

36 

* 
0 

20 
.,,._ 

0 

28 

0 

0 

42 

0 

0 

57 

* This could not be measur ed as the cop on K of phage a ris i ng 

from spontane ous induction of the lysot;on C(w.KC) is 10-4 
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The substrnins lysog-enised were C1-o./50 (thr-pro-smr) and 

AJ 266 ( thr - lou - pro - B1 - Smr) . 'I'he l evel of plrn.ge nble to plo. t e on 

stra ins Kand C in the cross supcrnntants o.fter one hour was less than 

105 pfu/cm3 in a ll throe case s and honco tho frequency of 

r einfection of zygotes would bo oxi)octed to bo l ess tho.n 1 o-4• 

Thr+, l eu+ and pro+ rocombinants were s ol octed on minimn l 

agar supplemented with tho a:ppropri :::>. te ami no ~1cids o.nd 100 ug of 

streptomycin per cr,.1 3 to oliminnt::: the Hfr po. r ent . Recomhinnnts were 

grown ovorn.i,zht in BHI broth , centrifuged c1nd tho suporn.:itants ti trnt ed 

f or phag-o C1.ble to pla to on str:1ins C or IL The col ls wor e w:.--~shcd 

twice in saline o.nd spotted onto r.i inir.:t3. l .J.0.'.lr plates contai n ing tho 

appropria t e amino acids at conc entr at ions of 50 uz/cm3 t o s core f or 

unselected nutritional rnn r kors . 

It wcis :cnticipatod th~, t those lyso.<::cns exc luding phc:.go P1 

mi ght h1:!.vo tho w propha_'so into~r citod .:i.t :rn 2l ton1.:1.to site to tho.t 

which is occupi ,:)d by tho :9ro phngo in l ysogons fniling to oxc ludo }'1 

and thcit these sites might coincide with those tonto.tivel y mctppod on 

tho chromosome: of 1! .9oli_ W (ngur o 22) . Tho r osul t s of the cross 

howeve r, wero inconclusive as it nppoars that tho w phui;os intogr 3. t ed 

into the chromosome of .£1 coli Care not 0limin:1 tocl o.t a high 

frequ-.)ncy in conjugation with Hfr H. 

An attempt was made to obtain a 'cured' strain of] coli W 

lacking both phae-o w.C nnd phGgG w. K which might then f ai l to exclude 

phagos ~ and P1 nnd thus permit m.'.l.pping of the rl chromosome by 

tr.'.l.nsduction . 
_._ r -

Tho strain K Hfr 808 was crossed with a pro' sm w. K 

deriva tive of the W strain D2-18-1-0+, from which the w. K phage had 

been eliminated by conjuga tion with Hfr H. The level of w phage able 
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to pla t o on strain C in tho cross supe rna t ant nfte r one hour was loss 

thnn 105 pfu/cm3 and hence tho froqu0ncy of r oinfoction of zygotes 

would again be oxpoctecl to occur a t a fre quency of loss than 10-4• 

Lou+ rocombine.nts we re se l ected on minim.::i. l ngar pl ntes 

supplemented with 100 u g of st r opto!nycin p0r co 3 to olir:1ino. t e tho 

Hfr pa r ent . :tocombinants we re g r o,m overnight in BF.I broth , 

centrifuged o.nd tho suporno.tants ti t r o.tod for t ho pr esence of phage 

able to plate on st r ain C. 

Table 23 , Frequency of recovery of selected ::ind unsol oc t od 

Soloctod 
r:1u r ke r -

+ l ou 

+( + -) ma r ke r s in tho cross Hfr 8C8 x D2-18-1-0 pro w.K 

Ro covory 
of 

sol ectod 
mnrkors 

o.s n % of 
Hfr in ut 

Nur1ber 
of ro­

combirn:rnts 
screened 

25 

Unselected 
r,ia rkors 

scored 

Ilocovory of 
unsolectod m~irkors 

nlli!lbo r f r oq1.wncy (~:;) 

0 

25 

0 

100 

Tho f o.iluro to obt<1in a 'cured' derivative of~ coli~·! 

suggests ntrongly thnt in addition to tho two si t es of integration of 

tho w phage already tentatively mapped , (Figure 22) , a t l east one 

other site may occur into which w.C mc.y integra te nnd tha t the phage 

intet;r a ted at this site does not appear to be e liminated nt a high 

frequency by oi ther Hfr 808 or Hfr II. 

As a result of tho postula ted presence of this third site, 

tho position of tho second postula ted site (site 2 , Figure 22) on the 

chromosome of ~ .£.2.!.i. N must be modified . Site 2 may now occur in the 
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region bctwoen tho ori~in of Hfr H nnd the origin of Hfr 800 , ns well 

as in the r egion inJ icnted in the fi ~ure , a s possible elimination of 

+ tho phage at this s i to i n the crosses Hfr H x D2-18-1 - 0 and Hfr H x 

D2-8 may have boon r,mskcd by tho presence of phage fror;i tho postuln tod 

third integration site . 
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C0NCLlJSIONS 

None.: of the pho.gos of tho ·r s e ries with tho exception of T1 

could be shmm to form pl nquos on fl coli 'IT 2. l though ::ill , wi t1J the 

exception of phage T4 , readily .'.ldso riJe d to this str::.in . Honce the 

abortive infoction of ]l coli W by the T phnges mo.y not be due to the 

presence or o.bsonco of glucosyl ntod DHA (which occurs in tl1e T-even 

phagos ) or tho nbili ty of the so-called intempera te pha6es ('.r5 nnd tho 

T- ovcms) to degrade t~10 DEA of the infected host . 

PhA.go 'I7 , like T2 , vio.s shown to produca some ph:1ge pr ogeny 

on infection of str '-~-in 1-1 but t:1csc f8vJ pn.rticlcs wer e U1modifiod nnd 

were thus w1ablo to plnto on st r 2.in 11. Killini of the host coll by 

µ,hages T2, T3 , T5, T6 and 'I7 .::i,pponr od to occur '-,nd the results 

ob t Ginod indica ted tho possibility t :rw. t one phage p;~rticlc z:tdso r hod to 

nn ~ coli W coll may bo sufficicn t to co.use coll de3, th , c.nd the 

mt:ichn.nism of ::t.borti ve i nfuction may bo simi l a r f or o.'.1ch of t !10se five 

Phage T1 . n g ives rise to :.typic.::i l pl.'.J.quos with .:1n efficiency 

-4 of 10 when plu.tod on ];_ .9oli l'l. On prop-:1::;::1tion of phacc from those 

plaques on strain C, their nbili ty to pL1te on '1 is not lost or 

reduced , suggcsti~1 the me chnnis~ nllowil1[," propag.::ition of T1.B on 

strain \'l is not host controlled modification but a mutat ion which 

involves either the nucleotide sequence recognis ed by thew prophage 

restriction system or that r ecognised by the W genome restriction 

system. It is unlikely that both sequence types mutate considering 

the high proportion of mutants in tho T1 . B popu l ation. This suggests 

ei thor the W genome restriction system or the w prophage restriction 



sys t em i s not a c t ivo against t ho DNA of phage T1 . B, 

I n contras t to tho r esults of Smith and Pi zer (42 ) no 

exch,s i on of T2 or a.ny othor T phage ( oxcop t T4 ) was observed on 

i n fection of ph:.1go w l ysogons of 2 .£21.i C, However , .'.:!. r c;ducod 

pl at i ng effici ency of 0 , 5 by t ho pha.'sos T2 a.nd T6 wns observed on 
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both str nin C .'.)Jld on C(u) l ysogons compc:. r ()<l to a rolntivo efficiency 

of pl a ting of 1 • 0 on st r a in B, ~!..rtd t:w pl nq_uos pr oduced on C and tho 

C(w) lysoG'GnS wor o much sn1:l.llor thn.n those produced on B (Plntes 3, 4 ) , 

Tho :i.bili ty of tho T phage sori os ot bcr th.:-,n TL!- to pla tG on 

t ho .fil .£.Oli C l yso~;ons C(w. c) ::.md C( v! . KC) whi ch prevent propagati on of 

pha::sos P1 and >---. 1·:.tisc;:i two possibili t i os ,Ti th r espe ct to -~ coli U; 

i) tlw .. t in 12_ coli 1·r tho w pho.,-;-e oxcksion systoE is :1cti v o a_::;-;i i nst 

phagos P1 , .\ nr:d t he T sorios b·t.1t that -.; ph, .co lyso~;ons of 

J coli C, .21 tho1..~:-)l .2bl o to oxcl udo P1 :i.ncl \ , a r o in sor:10 wc.y 

u..nnblo to exc lude the T s 0rios , or 

ii) tk1. t an nddi tional exclusi on ::nston exists in .fil coli U in 

a ddit i on to the I/ ;;onono and w phO..'.;O modintod c:;cc lusior.. systoras 

discussed in this r eport . 

Phage P1 r eadily .J.dsorbod to but did no t kill f. £Q.ll W; no 

plaques wore produced on p l ntin-::; 6 x 10
8 

P1 particles with 10
8 

~ coli •·i cells . To this oxton t P1 r e sembles phage \ , but to 

attribute t his si mila rity t o conventiona l r estr iction would r equire 

confirma tion of the penetration and subsequont deg r adation of P1 DNA. 

If conventiona l res triction docs occur, a mutant of phage 

P1 simila r to that of tho ,\ mutant (..\w) may possibly be isola ted , 

Thi s isolation may be facilitated by the uso of the lysogen c(w.C) 

which l a cks the stra in W genome hsr a ctivity. Such a mutant would be 
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extremely useful in t ho mapj_)in:; of tho .fil coli chromosome by transduction 

:.i s no transducing ph:-,ges hn vtJ ye t boen isola t ed nblo to succ Gssfully 

propagat e on s t r nin W. 

Pha,<sos ab l e to prop,lgat o on strain Y we: r o :.~c.:::i.di l y i so l .:i. t od 

us t ompo r nto phngc froc otlw r coliforns :md fron sowo.go o:1m:p l os . 

The so ph.:::tges must bo nb l o to byp:::.ss ony r1ochnnsi 1c1 c c,us i nc o.borti ve 

infoction i n stro.in W and it Ql)po,:.1rs like l y the.t t hoso ph:i.gos , 

unlike \ , l a ck t he specific nuc l ootido soq_uonco r ecogni sed by tho w 

p r opha;-o - wo di ::i. tocl exclusion syston and. bwt tlle: no ch .:.mism c.J.usinz 

aborti vo infection by some of tho T phLtgos in strain W docs not 

oper2.t o; tho i nfec t i on of str:,in 11 by t hose isolc. ted plw.gcs is s i mila r 

in those r e:spccts to tln t of infe ction of st r :-1.in •,T by tlrn mnto.nt \ w. 

Unfor tunr .. t ol y , host r .:1.neo cute .. nts of V? , V10 or V11 could not 

be isolntcd whi ch coul d pl n to on str ,1.ins B, C or IC ns no mor o than 

10 7 p::i.rticlos of those phc...r;es could bo pl o.. t od. on st r a i ns E or C 

befor e plaques of ph:::.go w ti.pponr cd . This hindro.nco ,1.2y possibl y bG 

r omovod by tho use of w nntiscr a , but no pl aques c.p)oar od -;;hon 1 o9 

particles of any of theso ph::-,~os wore plc. t od with 5 x 1 d2 ~ coli B 

ce lls (which do not .::.llow c.dsorption of ph~go w) . If n host r :ngo 

mut.::i.nt of V7, V10 or V11 could bo obta i ne d which wa.s abl o to plate on 

s train C, it could then be dote nninod to wha t extent those phages a. r e 

restricted by tho 1 coli W gonomo hsr .::i.ctivity. 

The rea son for the production of three p l aquo types by n 

single lysnte of either V7 , V10 or V11 is not lrnown , but it is 

thought t hat this effect may r eflect tho different time s at which c ells 
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in tho ])_£.Q.ll W l awn wore infoctod. Further investigat ion possibly 

involving the infe ction of c e lls in a broth culture and tho plating of 

those infected centres on a l awn of f coli U m:.,y he lp clarify the 

situation . 

It o.ppours that two vory closely rolntod ph1;.::;cs exist i n 

tho suporno.tants of broth cultures of 12, 2oli W, ono phaeo o.b lo to 

plnto on strain K, the otho r on strnin C n.nd tha t thoso phage have a 

cha r ac t eristic pattern of pl ::it ing officioncics on C and K when 

l)ropo.gatcd a ltc rnntivcly in thoso hosts . ·Too phn.~o w, K uhich w;:is 

initially isola ted fro rr . .::i. plaque of phaco froril tho ~·l supornc.tant on 

strain K has tho unusu.::.l property of growing bos t i n tho host in 

which it wo..s last pr opacc:tod . It scer:1s t ~nt a nub.tion orn.1.bling this 

phage to plate on K pr events it fron plating on C ::md vice versa . 

This bcha.viour is not typico.l of host r ange nutnnt s; aftor havi ng 

mutntcd to ,J.dsorb to an o.lt crn,1tive host , n typical host r c..ngo mutruit , 

as phage Vi. CK seeus to bo , typically r o ta.ins its :::.bili ty to pl ::ito on 

its origi nal host . Thu bch::i.viour exhibited by phcgos w.K and its 

dcri vctti vos howovor , soorJs to bo similar to th·1 t of plw:'.3'0 ablo to 

pr oduce host r :.mgo r1vto.n ts in that phi:. [,-;o u . K will not a dsorb to 

strnin C :md phago w. KC will not a dsorb to str'.li n K (Figures 15,16) . 

It is intoresting to note that tho exclusion of phago P1 i n 

phage w lysogcns of J~ £2.ll_ C is parallGlod by a. sir!lilnr exclusion 

of ~, supporting tho enrlior postulate that the exclusion of P1 in 

strain W may well be due to conventionnl restriction. A mutation 

enabling either phn.e-o w.C or phage w.KC to plate on strain K often 

seems to be ns socintod with a loss of tho ability to exclude P1 on 

lysogcnisation of strain C. It was su~gcstcd that this mub.tion ma.y 

decrease the probability of a phage integrating into a 'restric tive' 
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site on tho BJ. .£Q1i C chromosome but no c oncr e t e ovidon c o ho.s yet beon 

obt a ined in support of t he pr osonco of restrictive and non-restrictive 

sites on tho .fil coli C chr omosome . Tho observa ti on thet t t h r oe of s ix 

lysogons isola t ed fron a s ingle plnquo of phcge w.CKC c ould still 

exclude ph.:::.go P1 supports the viow tha t t he pho.r;e intogr .::it ion s i tos in 

strnin C may bo involved i n detemining t l10 o. bili ty of tho l ysog-en to 

exclude the phage . 

It has been es t a blished that phngo vr . K intogr n t e s a t o. s ito 

o.dj n c ent to one of tho pr oline loci on tho .fil coli W chronosome and that 

ph.:1go w. C may into,';r a. t e a t :i. si t e close of t he .fil1. l ocus (88 minutes ) 

although this w. C integr a tion s ite may not be tho only site of 

i n t egr a ti on of t his phage . 

It mi ght be a r guod tlmt the site of intc::,;rc.ti on of 8. w phage 

into tho ]. coli W chromosome r:1:i.y de t omine tho ability of tho 

s pontnn oousl y i nduced prophai;o to pla. t o on oi the r str nin C or K .::md may 

nl so dotermin0 the subsequent behaviour of the l)hCI.G'O when .'."'.. l terrw.ti voly 

propagat ed on strains C and K, but no ovi doncc h.:i.s been obtained. 

ci thor for or a ;~ainst t his hypo t hes i s which t ends to dopr.rt from tho 

sil:!lplcr :ind mo r e conv entiona l i ntor pro t :=i.t i on of cvonts; th'lt of tho 

presence of two closely r e l a t ed phn6es. 

It is interesting to no te that tho .m_ coli .h§_ .gene locus 

probably m:i.ps in the same r orrion as the ~ locus of ,& .£Qll stra ins IC, 

B, 15 and A. Moro accurate mappinc of this site in stra in W would be 

facilita ted by the use of a transducing phage able to propngnto on U; 

tho possibility exists tha t a mutant of P1 nble to do so might now be 

isola ted. 
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Certa in nnomnlios npponred in the r esults of some crosses . 

For examplo, in tho cross Hfr H x D2-8, on selection of pro+, the 

unsolcctod cit+ marker wns coinhe ritod ~t n frequency of 100 percent . 

In a ddition , tho c oinhoritnnco of tho unse l ec t ed marke r t hr+ in the 

cross Hfr H x C(w. CKC) (thr- pro-) and ng:J.in of thc.t s arne ri1ar kor in 

the cross Hfr H x C (w . KC ) (thr- pro- ) wa s significantly lower thnn 

t he figure of 50 percent e xpected . These nnomnlies might tentnti voly 

be expl a ined by t he prusonco of mispnirinG in tho l eucine-proline 

r o._sion between tho DEA of tho heto r ol oe-ous str a i ns Ol!lpl oyod in these 

crosses . 
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