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Abstract

Many sex-factors or tfansmissible'plasmids are capeble of
transferring donor chromosomal genes during conjugation with recipient
bacteria. This chromosome t;ansfer is believed to result from the '\ )
interaction of the sex-factor with the bacterial genome to form some \;'
type of physical associat%on between the fwo, linking the genetic
material of the bacterium to the transfer mechanism of the sex~-factor.
The results of crosses performed using recomoination-deficient (ESEQ)
donor strains suggest that the great part of chromosome transfer by the
majority of transm1551b1e plasmids is dependent on the functional
integrity of the bacterial recombination (REC) system. . Virtually all
transfer is abo;iehed when the donor strain is defective in the REC
system as the result of a mutation in the recaA oene} At the same
time{there is an indication of an alternative mechanism of transfer
which is apparent;y independent of the REC system.

Most plasmid-chromosome interactiohs'ere perfectly édequate for phe .
transfer of donor chromosomal meterial but rarely result in the |

reciprocal genetic exchange necessary for~the formation of Hfr-type
N . —_

donors.

- Chromosome transfer can be stimulated both by U.V. irradiation and

‘siby new infection of donor ‘strains, and it is proposed that this

'.Stimulation is due to the induction of a plasmid-specific function

which promotes interaction with the bacferlal chromosome, resulting

_in the transfer of - donor- chromosomal genes.

L

A simple model for chromosome transfer by autonomous plasmlds is

proposed wvhere the plasmld-speclfxc functlon would normally 1nteract



with the bacterial REC system to join the genomes of the bacterium

and the sex~factor in a non-reciprocal recombination event producing a
~

structufe capable of single~stranded chromosome transfer.

L.
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CHAPTER 1 &

BACTERIAL CONJUGATION -

Introduction

In 1946 Lederberg and Tatum described the transfer of genetic -

material between two'ﬁzlg}sgb-straing bf Escherichia'coli..' The
process wés»célléq egnjugatio;nand sh§;h to bé~deﬁendent oA éellﬁléf
contact between the conjugating bacteria (Lederberg & Tatum, 1946a.b;.
Ehvis, 1950). This discovery of recombination in E. SSli was the
outcomé of a carefully planned study. It wés based on the ability
to select rare prototrophic recombinant bacteria from mixtures of
bauxotrophic mutant strains when plateé on minimal agar. These
recombinants arose at a frequency of 10‘6-10‘7. Genetic analjsis of
_the recombinants revealed that the unselected markers segregated
among the protrophs as if they and the seiected markers were arranged
in a single, linear linkage.group (Lederberg & Tatum, 1946a;5;
Lederberg; 1947; see also Rothfels,1952).

The historical background and much of the early work on
conjugation has béen mgst clearly reviewed in treatises By'Jacob &
Wollman (1961a) and by Hayes (1964,'1968), Also, certain aspectg,of
bacterial conjugation have been the subject of a number of rgviews by
Adelberg & Pittard (1965), Anderson (1968), Brinton (1965), Curtiss
- (1969), Cuzin, Buttin & Jacob (1967), Czerwinska (1966), Falkow,
Johnson & Baron (1967), Fredericq (1969), Hayes (1966d), Kunicki-
Goldfinger (1968), Meyﬁéii, Meynell & Datta (1968), Scaife (1967),
Valentine, Silverman, Ippen &~Mobaph (i969),»Wétanabe (1967),

Willetts & Broda (1969). |

[




‘ Section 1

Mating types

In his initial studies on recombination in-bacferia-Lederbérg
assunmed that both parents were eqﬁal partners in a fusion process,
,the results being a fully diploid zygote.  However, much more
" information ‘about the nature of conjugation was gained from an
examination of the physiology of the process rather than its genetic
N

outcome.

1~1 The significance of sexual differentiation

| The tfansfer of genetic information during conjugation is
unidirectional. One panenf is exclusivély the recipient, in which
"the whole recombination process occurs and the zygote is formed. The
:_ other parent acts as a genetic donor and on completion of this fask
b'gre dispensiblg.(Hayés, 1952a.b, i953a.b). This raised the question,
lwhat determinéd whether a cell is a donor or a recipient? Hayes
'_' (1953a) cohceived the poésibility that genetic transfer might be
‘li,ﬁediated bj.sbmé kind of iﬁfectioué vector which resided in donor
_cells.. ihislwas~confifmed by the finding that élthdugh,a.mafing 
mixture‘yields rec&mbinants at a fféquency of 16‘6;lthe majgritonfnf
Vthe‘recipiént population ﬁay be converted to the.donor ;fate
. (Cavalli-éférza,lLederberg & Lederﬁerg, 1953; Hayes, 1953a.b;
Lgderbefg, Cavaili & Le&erberg, 1952) while only those sub-lines of
12'.2211.521& which harbour this additionai genetic entity, termed F
or the sex factor for fertility, are donors. . These doﬁorg or Ef.-
strains are capgble of donatiﬂg'chromosomal material to sub-lines
which lack F, tﬁatzs is.F~ or recipient strain (Hayes, 1953a.b).
| Wheh.gf donor bacté;ia‘are mixed with a gregﬁ exéesé of
recipient bacteria, the recipientéjare converted into F* donors faster

v

than the bacteria multiply. This suggested th;f'the sex factor




proliferates autonomously and more rapialy than the bacteria to which
it has been transferred. The F facgor spreads throughout a
recipient population in an epidemic fashion (Cavalli;Sforza et al,
1953; de Haan and Sfouthamer, 1963; Lederberg et al, 1952). A

~ pedigree analysis_of.single, exconjugant, multinucleate recipient

bacteria showed that all their ﬁrogeny were donors; demonstrating

that either many sex factors are transferred to each recipient or else

the F factor mgltiplies in the:récipient prior to division (Lederberg,
11958). ’

A genetic analysis of the recombinants sired in reciprocal érosses
suggests that only incomplete or partigl zygotes are formed,.the
recipient bacteria contributing ag_entire genome and thg donor only a
part. This in turn suggested thét the genetic anomalies hitherto

observed must reflect the mechanism of genetic transfer and not the

occurrence of post-zygotic events. It is now generaily accepted that

the donor bacteria transfer only a pértial genomé‘tO'the'Ef recipients. .

1-2 Conjugal fertility factors

In F* X F~ créssés, recombinants inheriting donér éhromosomai
';arkers are'sired ;at'frequencies of 10’4 £6‘10'6 pér donor cell
(Adelberg & Pittafd; 1965; ‘Hayes, 1953b; 4Wb11maﬁ, Jécqb.& Hayes,
1956) . The proﬁaﬁility qf_g transfer per donor céli is éne. Most of
the recombihaﬁts as well as Ablargé percentgge of the.hén-récombinant
recipientaﬁpbulation inherit the fertility factor (Cavalli-Sforza et
} éi, i§53§4 Héye8§'1953ahic

ihis‘properfy of inf;ctious here&it& of donor ability'observeq in
F’iXFF“ matings (Hayes, 1953a.b); Lederberg; 1958) is also found én

" other donor systems. For .example, the majority of colicinogenic

o



- b

strains, Sglf, are capable of transferring, by eonjugation, the . Col*
factor. This element determines the synthesis&of colicin (Fredericgq,
1954, 1957, 1969; Furness & Rowley, 1957). More rarely the Col
factor can transfer chromosomal genes (Clowes, 1961; = Ozeki & Howarth,

1961). In Col V* X Col' crosses the Col'factor is transferred atﬂ

frequenc1es approachlng one and chromosomal genes at frequenc1es of

5

10™” to 10 (Clowes & Moody, 1966 Kahn & Hellnskl, 1964, 1965,

Macfarren & Clowes, 1967). In crosses mediated by'Col_lg'donors the

frequency of transfer of Col ;E is generally 10'2 to 10'4 and for the

7

transfer of chromosomal genes 10  to 10'9 (Clowes, 1961; Clowes &

ul

Moody, 1966; Monk & Clowes, 196k4a; Ozeki & Hewafth; 1961). The
probebility of.ggl_lg«transfer to the recombinants is almost one.
Bacteria pessessing genetic. determinants specifying antibiotic
.resistances, R-factors, in association witﬂ a conjugal fertility |
factor, §I§ are also donor strains. The_grfacfor is transferred at
frequencies of 102 to 10;4 (Akiba, Koyama, Ishiki, Kimura &
Fukushime, 1960; Anderson, 1968; Meynell & Datta,_1965; 1966a.b
Meynell, Meynell & Datta, 1968; Ochaiai, Yamanaka,‘Kimura_& Sawada,
1959; Watanabe, 1963;:1967) and the chromosome at frequencies of

10"7

to 10f9 (Meynell & Datta, 1965, 1966a.b; Sugino & Hirota, 1962).
Generally; there is no unique'po;arity of ehrohosome transfer
with these factors. Any genetic mafker on -the chromospﬁe is
transferred with an appfoxiﬁately'equal, but low probability by some
cells in the population.soon after the commencement of mating (Heyes,
19535; Kahn’&'ﬂelinski,‘1964; Macfarren & Clowes, }967; - Sugino &
Hirbt?,‘iééz). The efficient transfer of-these factors relative to

. 3
the'freqyehey of chromosome transfer led to the notion that fertility



factors were autonomously replicating cytoplasmic elements or plasmids
(Fredericq, 1957; Lederberg, 1952; Watanabe, 1963).

1-3 Inter- and intrageneric conjhgation

The interchange of genetic material by conjugation can occur

‘between many members of the family Enterobacteriaceae: within the

genera Escherichia (Bernstein, 1958; Boyer, 1966; Cavalli-Sforza
et al, 1953; Furness & Rowley, 1957; Lederberg, 1951; @rskov &
@rskov, -1961; Sasaki & Bertani, 1965); Vibrig (Bhaskaran, 1958);

‘Salmonella (MHkela, 1963; Sanderson, 1967; . Zinder, 1960b);

AEnterobacter (devGrAaf, Thieze, Bonga & Stouthgmer; 1968) and Shigella.
'(Akiba‘gingl, 1§60; Schneider & Falkow, 1964), and;bétween Escherichia
and some strains of Shigella (Ketyi, 1969; Luria & Burrous, 1957); B
.Salmonella (Baron, Carey & Spilman, 1959a; Baron, Gemski, Johnson &
Wohlﬁieter,,1968; Zinder, 1960a); Serratia. (Falkow, Marmur, Carey,
 'ASpi1man & Baron, 1961); Pasteurella.(Ginoza & Matﬂey, 1963; Martin .
“ &'Jacob; 1962) or Profeusl(Baron<g£‘glr 1968; Falko§, Wohlhieter,
bitarella & Baron, 1964). |
Conjugation also occurs in several species of Pseudomonas
(Chakrabarty & Gunsalus, 1969, Holloway, 1955; Loutit & Marinus,
1968- Loutlt Pearce & Marlnus, 1968; Stanisich &:Hoiloway,‘1969);
. and of. Pasteurella (Lawton, Morris & Burrows, 1968a.b) ‘and in one
speczes of Rh1z0b1um (Heumann, 1968) -
- Although mos£ studies of conjugatién have bgen mgde unQer
o laborafory conditions;'ééﬁetic trﬁnsfer can occur‘in_the intestine of
',.a mammgli#n hostA(Akiba, Koyama, Kimura & Fukushima,:1961; DuclﬁzeauA
& Galinha, 1967; ‘,Iépes & Curtiss, 1969, | ;970;- Kagiwad;a, Kato,
‘Rokugo, Hoshino & Niéhiyama, 1?60;: Kasuga,‘1?64; Mitsuhaghi, Harada

& Hashimoto, 1960; Schneidér, Formal & Baron, 1961).
. : SRS -



Section 2

The surface differences between donor

and recipient bacteria

Donor bacteria have a different surface charge to recipient
cells., This is indicated by their agglutination in buffers at low
-pH and by a lower affinit& for basic dyes (Maccacaro, 1955;
Maccacaro & Comolli, 1956). The existence of an antigen, termed
f*, has been demonstrated onl& in those bacteria which harbour the
.F sex factor (@rskov & @rskov, 1960). The treatment of bacterial
cultures with sub-lethal concentrationslof periodate dewirilizes Hfr
anq‘zfldonqr'strains but the recipient capacity of F~ strains is
‘unaffected (Sneath & Lederberg, 1961). _ o o

2=1 The male specific bacteriophages

An indication of further surface differences was the isolation
of bacteriophages which can adsorb,oniy to donor bacteria. These
‘are listed in Table‘l.

2-2 The female specific bacteriophages

There also exist bacteriophages which are specifiévbr quasi=
specific for F~ recipient strains, see Table 2.

2-3 The sex pilus

The basis for some of these differences between donor and
. : i

recipient bacteria was discovered by Crawférd &4Gesté1and (1964).

They showed that the male-specifi; RNA phage adsorbed to filamentous
o ) | N

structures on the surf;ee of Hfr and F* donor ﬁacteria. The

strucfuresvwére shown to be synthesized underiihe control. of the‘z

%

sex factor and were termed F-pili (Brinton, Gemski & Carnahan, 1964). .




TABLE 1

Male specific bacteriophages

2.

male specific phages
Single stréhéed DNA

Nuclei Specificity
Phage | X eic for sex References
. acid
factor
f2 . | RNA F Loeb .(1960)
MS-2 | RNA F Strauss & Sinsheimer (1963)
“R17 RNA F Paranchych & Graham (1962)
B2 'RNA F Dettori, Maccacaro & Piccinin (1961)
fcan RNA F Davern (1964)
fr RNA F ' Marvin & Hoffmann-Berling (1963)
M12 - RNA F Hofschneider (1963)
Q31 ‘ RNA - F Watanabe
£1? DNA F Loeb (1960)
£a2 DNA F Marvin & Hoffman-Berling (1963)
M132 DNA F Hofschneider (1963)
1f1 Col Ib : ‘
S Meynell & Lawn (1968)
1£2 Col Ib :
i. Immunologically ‘distinct from the other RNA




TABLE 2

Female specific bacteriophages

Phage N:iizi? Referené?s
g1 ‘DNA Dettori,.Maccacaro & Picqinin (1961)
T3 " DNA Scl:hell, Glover, Stacey, hrgda & Symonds (1963)
7 | DNA Makeld, Makelld & Soikkelli‘ (196L4) .
‘$11.| . DNA - | Cuzin (1965) . . | -
‘w-31' DNA ".Wéizahai)é) & pkada"("196_4)',;fuak§ra: &H1rota(1961)
; Tau | = DNA "; _Hakur'a;, bts‘gji & Hirota (1964)
o g1 | DNa Molnar & Lawton (1969)
: _,
,/ .
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-fertility—derepressed mutante'of these plasmids. A very clear L

‘<-ana1y51s of the relatlonshlp between the sex factor and the control

The donor-specific DNA phages also adsorb to the F-pili, but only

to the tip of the pilus (Caro & Schnds,(1966). A great deal of

‘work has been done on the structure and function of the F-pilus

(Brinton, 1965, 1967; Brinton & Beer, 1967).

In addition to the F pilus there exists'another type of sex
pilus, called the lfpilus. This is produced‘ry cells harbouring
either Col Ib or Rfi~ factors (Lawn, Meynell, Meynell & Datta,
1967); The I pilus is usually only produced_dur1ng the temporary

derepression of the plasmid's fertility system either by new

infection or by U.V, irradiation. . They are_aléo;produced by

-ﬂof regulatlon of fertlllty has ‘been made (Frydman & Meynell,. 1969,-

Frydman, Cooke, Meynell & Meynell 1970; Meynell & Aufreiter,

1969a.b.] Lawn et al, 1967; Meynell & Cooke, 1969; Meynell &

' Datta, 1967; Meynell, Meynell & Datta, 1968). The work of the

. Meynells indicate that sex factors in general specify either an

F-like or I-like sex pilus, which may be subdivided seroldgieally e
(Lawn & Meynell, 1970).

2-4 An analysis of the F transfer system

Nearly all the bacterial sex factors studled so far eetermlne
the synthesis of a particular type of sex pilus. The sex pilus is
essential for successful conjugation and chromosome transfer
(Brinton{ 1965; - Meynell, Meynell & Cooke, 1968; Novotny, Raizen,
Knight & Brinton,4196b)f Conjugal transfer is abolished or '

markedly redueed;if the synthesie'ef the sex pilus is repressed or
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in some way defective. Donor strains which are defective in

sexual transfer can be isolated by selecting Hfr, F' or F* donors
yhich are resistant to one of the male specific bacteriophages
(Achtman, Willetts & Clark, 1968, 1971; Cuzin, 1962; Cuzin &

Jacob, 1965, 1967; Hirota, Fujii & Nishimura, 1966; Nishimura,
Ishibashi, Meynell & Hirota, 1967; Ohtsubo, 1970; Ohtsubo,
Nishimura & Hirota, 1970). The majority of these defe;tive donor
strains are resistant to all the male specific bacteriophages.
They produce;no observab}e sex pili, as judged by electron
-microscopy. A These mutant donors are-believed to be_defective in
"sex pilus Synthesis and have been termed spi~ (Cooke, Meynell &
‘Lawn, 1976).l lHoweve:, some-of these mutant sex factor do produce i
tSéx ﬁi;i aﬁ& absorb soée'of‘thewdonor'specifiq phageé. Thé& arej
_perhaps best called tra mutants for transfer-deficiency (Aéhtman

et al, 1971; Ohtsubo, 1970; Ohtsubo et al, 1970). Many tra
.'mutanﬁs of an F'lac factor have Been isolated and characterised
(Achtman etval,'1968, 1971 and to be pub}ished). The propgrties of -
B some mutants are shown in Table‘3. They have been assigﬁéh to ten
complementatién groups (Willetts & Achtman, 1971 and to be published).
They have been .ordered on a genetic map of an F'lac facﬁor by
) compleﬁentatioh stﬁdies, using défectiye Hfr strains with over-
1appin§ deletions into the‘integrated gex*factor (Ippen,"Achtmén &
willétts, to be published), see Figure 1. |

A




The properties of some transfer;deficient

- 11 -

TABLE

F'lac mutantsa

P

b tra sensitivity sensitivity Laéf progeny
F prime mutation to g?age tquhage per 100 donor bacteria
JCFLO tra* ‘S . S , 145
JCFL1 tra A1 R R <5 x 10~
JCFL2 tra B2 R . R <5 x 10~
JCFL33  tra,c33 R <5 x 107
| 5cFL83 ‘tra D83 s ‘R 5 x 10-*
JCFL18 ~ tra E1é R R £ 5 x 107
. |JeFL13 tré F13 ‘R | R 1x 10-*
JCFLAg trach2 | . s s & 53107
JCFL55  tra H55 | R’ R .1 x 10'4 
JCFL65- tra 1165 s s LS5 x 10-?
JCFL90 tra 390 R 'R 1 x 10°%

*a. After Willetts (1970)

A

-~
e
e

 b. F'lac factors called JCLn series, derived from F42
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Figure 1

A map of the transfer genes of an Flac factor,

Achtman,Wijletts & Clark (197'?),.
Ippen, Achtman. & Wi,||.e+f5<f0be publ‘i'sohﬂed),
Willetts & Achimuh(‘ig'?‘i )f

W,i\leH"s( Pets. co mfn'u n.)
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-Z/-



Section 3 : ,

The physical properties of conjugal

* fertility plasmids

The F sex factor and several F' factors were shown to consist
of DNA by virtue of their incorporation of 32P and the effect of
mitomycin C in blocking this incorporation (Driskell & Adelberg,
A1961). The size of the F factor was estimated as about 1-3% of the

32

bacterial chromosome from P inactivation studies. Similarly,

it has been shown that the transfer of the F factor during
conjugation is éssociated with the trapsfer of 0.5 to 0.9% of the
total radioactively labelled thymine Qr'thymidine present 5efofe
mating. This is presumed to be DNA (Herman & Forfo, 1962; Silver;
Moody & Clowes, 1965). A more direct approach to the?phygical
analysis of plasmids was to transfer the plas@i@ to a baéteriai host;
. with a different G + C context. If the G + C context is

sufficiently different from that of E. coli (G + C = 50%), for

example Serratia marcescens (G + C = 58%) or Proteus mirabilis

(G +'C = 39%) the DNA of the sex factor can be readiiy disting;ished
as a satell?fe band in a caesium chloride density gradient (Falkow
et al, 1961; Falkow ét ai, 1964; Marmur, Rownd, Falkow, Baron,
Schildkraut & Doty, 1961).' The technique of using a different host
bacterium has been superseded by use of a new dye.. Tﬁé direct
centrifugation of crude lysates of donor strains in ethidium bromide
caesium chloride gradients gives efficient'separaéion of the

: plasmid DNA (Bézaral & Helinski, 1968; Kontomichalou, Mitani &

CloweS, 1970; Nisioka, Mitani & Clowes, 1970). Ethidium bromide



¢
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intercalates between the bases of long, large DNA molecules, and
decreases its density. The uptake of this dye is decreased when
the DNA molecule is short and has a covalently closed, circular

configuration.- Since sex factors exist as covalently closed

circles (Nisioka et al, 1970) they can therefore be separated from

the DNA of their hosts' chromosome, even though both types of
molecule have a similar G + C content. The physical measurements

of some transmissible plasmids are shown in Table 4.



TABLE 4

Physical propefties of some sex factors

[l

Sex Molecular Contouf
factor weight length References
doltons x 10 M .
“F 45 Freifelder (1968)
h 0
59 31 ' Clowes (pers. commun.)
52 ; Falkow & Citarella (1965)
Rfi* 69 28 Nisioka, Mitani & Clowes (1969)
‘R1 ., 65 Silver & Falkow (1970a)
RTF - 50 Silver & Falkow (1970b)
Rfi® 35 18’ Nisioka et al (1969)
Col VB . . | . .
trp cys 107 ?4.5 chksonf Rofh'& Helinski (19§?)_
Col Ib 61 32 Clowes (pers.’ commun.)

N
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See the attached publication
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Limits on Material Transfer during F* X F~

Matings in Escherichia coli K12

S. D. Silver, E. E. M. Moody & R. C. Clowes
J. Mol. Biol. (1965), 12, 283-286
The results of Borek & Ryan, (1960) on indirect induction of

: phage A, and of Fisher (1962a.b) on the conjugal transfer of

immunity to phage &_suggested that there might be cytoplasmic transfer

“din E’ X F= crosses, .but not in Hfr X F~ crosses. The experiments

‘describedlby Silver, Moody & Clowes were designed to detect the
Q&imitgﬁof transfer of DNA, RNA And protein during F;‘X F= crosses.

‘ #he transfer of DNA was detectéd and this probab;y repreéents the
£:ans?er:oflthe F sex factor:‘ _This would be sﬁfficient'to.prbducé
‘the Borek-Ryan effect (Monk, 1967, 1969); [ |

The-interpretatioﬁ of Fiéher's dgéa suggesfiﬁg the transfer of

.informatioﬁ inAthéAabsence of sighificant material tranéfer, »

‘perhapé'a change in the conformation of the mgmbrane is pogsibly

. correct. Fisher (pers. commun.) has siAce found that the effect

he obgerved is not phage specific.. Theréfofe is n§t asc?ibable to

' transfer of repressor molecules.

.

We demonstrated that 0.06 * ¢0.19% of the radioactivity

\

llabelled protein presen€ in Ef'donors was tranéferred to F~

recipients during conjugation. This result hgé'been confirmed by

-~
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Limits on Material Transfer during F+ x F- Matings
in Escherichia coli K12

evious studies on material transfer during bacterial matings, variable amounts
NA transfer were measured (depending on the mating system and conditions)
ve failed to detect any RNA or protein transfer, and could only establish upper
5 on such transfer (Silver & Ozeki, 1962; Silver, 1963).
ce the results of the physiological experiments of Borek & Ryan (1960) and
r (1962a,b) might suggest that cytoplasmic transfer oceurs only in F+ with F-
1gs and not in matings with Hfr type males, we have extended our experiments
~ donors.
in we observed DNA transfer but no transfer of RNA or protein. These results
led us to a novel interpretation of Borek & Ryan’s and Fisher’s experiments,
ving the transfer of information during mating in the absence of significant
ial transfer.
> experimental procedure was that of Silver (1963) unless otherwise indicated.
active materials were from the Radiochemical Centre, Amersham, Bucks. Log
cells, both non-radioactive and labelled (denoted with an asterisk) with
hymidine (for DNA), [1*Cluracil (for RNA) or [**C]leucine or lysine (for protein),
washed twice and resuspended in fresh broth at about 5 x 10° cells/ml. Mating
res of 3 ml. each of radioactive donor and non-radioactive recipient were
ated for 60 minutes at 37°C on a rotor at 33% rev./min. The cultures were
fuged and resuspended in fresh broth.
ng duplicate samples, the recipient cells were disrupted by lysis-from-without
v large excess of T6 bacteriophage (to which the donor strains had previously
made resistant) in the presence of DNase. The lysates were filtered through
ore filters and radioactivity both on the filters and in the filtrates was measured.
adioactivity which had been transferred from donor to recipient during mating
be released by lysis and could be measured in the filtrates.
trols were run to test (1) non-conjugal cell to cell transfer (F+ T'6.r* x F+ T6-s),
ontaneous and phage-induced release from the resistant cells (F* T6-r+ plus
broth) and (3) the release of radioactivity from phage-sensitive cells
6-r X B~ T6-s*).
e the input F* was streptomycin sensitive (str-s) and the recipient was
omyein resistant (str-r), transfer of the F factor could be measured by isolating
mycin-resistant colonies and testing for “maleness” by means of the male
c phage, p, (Dettori, Maccacaro & Piccinin, 1961). The number of str-r ¥+
ter 60-minute matings usually exceeded the initial number of str-s F* added.
a8 probably due to very efficient mating, cell division in both the str-s and
* populations and secondary str-r F*+ X str-r F- matings.
results of the experiments are shown in Table 1. The transfer of DNA
panying the transfer of the F factor is of marginal significance. A “best
would be about 0-299, of the total cellular radioactivity. Due to growth and
283
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TABLE 1

Transfer of 14C in miztures of E. coli K12 strains of various mating types

9% 1%C released by phage ‘ % 14C conjugal
Experiment — —A — transfer tre
(T) (1) @) 3) (T—1or 2)
DN A (thymidine)
1 0-65 0-35 e 935 0-30
2 0-68 0-52 0-48 97-0 0-16
3 0-67 0-61 _ 96.0 0-06
4 1-70 e 1-06 97-0 0-64
1-16

. Mean 0-29 =+ 0-22
RN A (uracil)

1 0-10 0-15 0-25 82-0 —0-05
2 0-25 0-18 0-19 68-0 0-07
3 1-20 1-33 _ 91-0 —0-13
4 0-30 _ 0-13 e 0-17

0-06

Mean 0-02 + 0-09
Protein (leucine[lysine)

1 (leucine)  0-28 0-39 S 28-5 —0-11
2 (leucine)  0-17 0-29 0-00 38-0 —0-12

3 (leucine)  0-24 0-53 —0-13 46-0 0-04 1
(Iysine) —0-20 0-23 S 40-0 0-43
0-24

Mean 0-06 = 0-19

+ Mean value of (1) and (2) subtracted.

(T) represents transfer experiments between 58-161 str-s T6-r F+* and W1-51 str-r T6-

(1) measures non-conjugal transfer between 58-161 str-s T6-r F+* and 58-161 str-r T'6-:

(2) measures spontaneous and phage-induced release from phage-resistant cells (58-16
T6-r F+* in broth).

(3) measures efficiency of release and detection of radioactivity from phage-sensitiv
(58-161 str-s T6-r F* X WI1-51 str-r T6-s F-*).

Mixtures in experiment 1 were incubated 15 min between second and third centrifug
whilst those in experiments 2, 3 and 4 were not (see Silver, 1963). % F transfer = number &t
colls after 60 min mating divided by input number str-s cells X 100. Other techniqu
calculations are as described in Silver (1963).

secondary infections, we cannot ascertain exactly how many radioactive F £
were transferred, but this is probably not very different from one radioact
factor per input cell. Since there are an average of 2-5 chromosomes in each ac
growing Hscherichia coli cell (Tomizawa, 1960), this corresponds to 0:7%
chromosome, which compares with the previously published estimates of 0:5 to
(Herman & Forro, 1964) and 1-3 to 379, (Driskell-Zamenhof & Adelberg,
" Herman & Forro (1964) found that the transferred radioactive F factor,
contained less than 19, as much radioactivity as the uniformly labelled chromc
was itself labelled in only one of the two DNA strands.

We can detect no significant transfer of RNA or protein within limits of
0-1%, of the cellular content. This raises the question of how to account f
results of Borek & Ryan (1960), Devoret & George (1964) and Fisher (19¢
Tither (1) there is physiologically significant transfer of RNA and/or protein b
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ow the level of resolution in these experiments; (2) there is physiologically
icant transfer but of material which does not include uracil, leucine or lysine
aps the transferred DNA is itself the active agent; Monk & Devoret, 1964); or
e physiological effects do not arise from actual transfer of material. There is no
iment at the moment to distinguish between these possibilities, but we favour
ist. It is difficult to conceive of random cytoplasmic transfer at-a level below
which would still be physiologically important. It is equally difficult to imagine
cific mechanism for the transfer of repressors and inducers. On the other hand,
are known biological processes which involve the transfer of information or of
sical state from one cell to another, or from one part of a cell to another, in the
ce of transfer of material. The induction of enzymes in E. coli has been suggested
ke place at the level of the cell membrane (Nisman, Fukuhara, Demailly &
, 1962; Bishop, Roche & Nisman, 1964). It seems likely that the induction
age A also takes place at this level (Jacob & Monod, 1962). The transmission of a
cal state along artificial membranes, and membranes of animal cells are also
cnown (Dawson & Danielli, 1952), and conjugation may result in changes in the
rial surface analogous to those following bacteriophage infection (Doermann,
Silver, 1965).

> change in physical state induced by conjugation could well be a polarized
ss from male to female, and not from female to male, since the two participants
such an unequal role in this process, and already differ in surface properties of
ens (Jrskov & Orskov, 1960) and in fimbriation or piliation (Brinton, Gemski
-nahan, 1964).

s work was undertaken whilst one of the authors (S.D.S.) was in receipt of a Fellow-
f the U.S. National Science Foundation. We are indebted to the Biochemistry
tment, National Institute for Medical Research, Mill Hill, for the use of their low-
round gas-flow counter.

al Research Council S. D. SILvER T
bial Genetics Research Unit E. E. M. Moopy
nersmith Hospital R. C. Cr.owes
n W.12, England

ved 7 January 1965
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Appendix 1 (Cont'd)

Rosner, Adelberg & Yarmolinsky (1967). They iéhowed that
0.05 ¥ 0.05% of the B-galactosidase originall)';'" present in donor cells
is transferred to F™ bacteria during mating. This corresponds to

no more than two active p-galactosidase molecules per F factor

. present in the donor strain. .. -

L.
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CHAPTER 2

THE INTERACTIONS OF PLASMIDS WITH THE

BACTERIAL CHROMOSOME f

<

The transmissible plasmids are autonomousi&&replicating cyto=
plasﬁic elementsf They caﬁ determine their own transfer and the
transfer of'chromosomal genes to F recipient bacteria. Tﬁerefore
the plasmids must somehow be able to interact with the bacterial

~ chromosome.

‘Section 1

The concept of the episome

1=-1 The isolation of Hfr donor strains

Donor strains whicg gave high frequencies of recombinants in crosses
with F™ recipients were isoléted frqm the same ff donor (Cavalli-Sforza,
1950; Hayes, 1953b). These néw highly fertile donor strainé were |
designated Hfr (for high)freqpency of_reéombination) and provided
essential togls for the invegtiga@ion of the génjugétio; process.

If, after mixing an Hfr donor culture:witg,% culture of a poly=
auxotfophicigf strain, samples of the mating.mixéufe are taken as a
function.df time and violentl&'interfupted by one of a variety of
techﬁique;s ;(Héyes, 1955, J1937a; Loy} & Wood, 1965; Wollman‘& Jacob,
1955, 1958); ‘it is found that all thé cells v'in an Hfr popul‘étion
t?ansfef their chromosomes to recipient bacteria in a uniqpe,‘orientéd

iséquential manner. For a particular Hfr strain there is a partiquléf'
extremity, designatgd 0 (;rigine) which is always the first part dfu'-

the donor chromosome to penetréte the,reéipient bacteria



- 17 -

(Wollman & Jacob, 1955, 1958). The frequency of?inheritance of
donor markérs in the recombinants is higher if the marker is located
near the beginning (0) of the Hfr chromosome and is lowest for a
terminally located marker (Hayes, 1957a; Skaar & Garen, 1956;

Wbllman; Jacob & Hayes, 1956). i Although certaln Hfr markers are

1nher1ted at high frequency by the recomblnants, most donor genes are

1nher1ted at very low frequencies.

~

Cy

.. The data from many crésses and especially from zygotic induction
experiments indicates that theré is a fixed prébability per unit
time, that conjugation will be spontaneously interrupted with
consequnt breakage of the chromosome dufing transfer. Thus
proximally transfgrred ﬁarkers are much more frequently found in the
recombinaﬁts than are the distally transferred markers (Jacob &
Wollman, 19§1a; Taylor & Adelberg, 1960; Wollman et al, 1956).

The probability of this spontaneous interruption of mating is 6.4 per
cent per minute of transfer time. This probability is reported to be
independent of temperature; gro&th medium and the Hfr donor strain
(Wood, 1968), although de Haan & Gross (i962) found that the growth

. medium greatl& influenced‘theviﬁterruption of mating. Unlike Ef.
donors, Hfr strains do not convert the recipient population to the

4donor state'iﬁzmixéd culture. Oﬂly those recombinants receiviﬁg‘aA
terminally tfansferfed‘ﬂgi'hafker inherit aondr ability (Wollman &
Jacob, 1958; .Wbilman et al, 1956) and.these.recombinants are Hfr ~
donors of,parenﬁal typé. 4;Feverthe1ess,:§££‘donors do revert to the
F* donor étgté.. Therefofe, they must retain the ;éx factor of the

- F* strain from which they stemmed but in some non-transmissible form
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(Cavalli-Sforza et al, 1953). These obserrations‘led'to the notion
. that in Hfr donors the sex factor is somehow attached or integrated
into the emtremity of the donor'chromosomeiwhichfis transferred.
lastf |

1-2 The circularity of the E. coli chromosome

An analysis of recombinants sired by a number of independently
isolated Hfr strains, in interrupted mating exper1ments, showed that .
‘different Hfr donors transfer different overlapplng sequences of donor
markers ‘to recipient straxns, a particular sequence being
characteristic of all the cells in a particular‘ﬂig isolate (Jacob
& Wollman, 1957, ;958). Since the proximal and terminal markers of
erery.ﬂzsicould:be shown to be linked in transfer by some other Hfr
strain, fhese data were interpreted as indioating that the chromosome
of the F* donor from which rhey were all derrveé;must be circular.

-During the formation of Hfr strains, the F facforjattaches or

integrates into the bacterial chromosome at difgerent sitee. This

imparts the unique direction and orientayion of;transfer charac@eristici ;1
of the Hfr donor isolated. ' | ?: |
Usingbthe many independently isblated H%r dOnors in inéerrupted’

'f matlng experlments w1th sultably marked rec1p1ent stralns 1t has been'

posslble to construct a comprehenslve genetlc map of the - E. col1

!

chromosome (Taylor & Thoman, 1964- Taylor & Trotter, 1967; Taylor,

11870). The length of matlng time necessary to transfer successive
. ( - . .
intervals oﬁ the chromosomne defined' by numerous -genetic loci, when .

totalled show that the minimum time of transfer for the entire
chromosome under standard condztxons (at 37 ) is about 90 m1nutes

(Taylor & Thoman, 1964 Taylor & Trotter, 1967; Taylor, 1970).

H LI
Vo
'
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1-3 Jacob & Wbllman's hypothesis of the episome
A comparisoh of the properties of the F fertility plasmid and _
| the temperate bacteriophage X showed similarities of a. unlque type. )
The word episome was 001ned(Jacob & Wollman, 1958c) to descrlbe allj
genetic elements showing these unusual propert:n.es.-~ A special
feature of'episomes is that they may belpropagated in one of two
alternative statee - either as an integral part of the bacterial
chfomosome or by autonomously meplicating in the cytoplasm. An
episome.is therefore defined as a non-essential gehetic element,
additiohal to the normal chromosome complement of the cell, which is
acquired and is tfansmitted by infection or by conjugal transfer and
which can replicate either autonomously or.as part of the chromosome.
The concept of the episome faised some impoftaht and interesting
questions. If an episomic element can become %ttached to the
_bacterial chromosome what ie the structure of aiehromosome contaihing
it? ;HowAdoes'the episome become attached to o?_detached from the
chromosome? Finally, how ie the replic;tion of the episome
controlled when it is autonomous in the eytoplasm‘and what happens to
o this_control'mechanism_after integ;ationiinto the qh}omosome?

Several forms of eplsome/chromosome complex were - env1saged to.k.';

explaln the nature of the phy51ca1 assoc1at10n of the two structures“

(Bertanl, 1958 Jacob & Wollman, 1961a). The two main types of

‘model involved e1ther synapsls,'or insertion of the eplsome into

the chromosome.l However,,lt proved too difficult to specify the
nature of a synapsis which would concomitantly predfct the

properties of the integrated episome.
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1-4 The Campbell model for the integration of episomes

In 1962 Campbell proposed a specific insertion model for episomes,
which had a high predictive value. This model has been extensively
tested and is supported by much experimental evidence. It makes

two basic assumptions; firstly, that the episome, like the

. bacterial chromosome, can exist as a circle, and secondly, that both

the episome and the chromosome have special sites, regions of
genetic homology, which permit a crossover to occur between the two
genomes. Insertion thus occurs by a reciprocal genetic exchange

between the two circles, to yield a single, continuous structure, as

" shown in Figure 2. "According to the model, the integrated episome

,could regain:its éutonomy by a similar but reverse genetic exchange.

If the same regions of homology are used as_at the time of insé;tion,~

‘then a complete episome is released as a circle.

'

t
‘-

The existence of another type of donor, called an intermediate

'donor,!was discovered by Adelberg & Burns, 1959, 1960). They . .

observed that a particular Hfr donor strain transferred certain
markers with only-%/10th its former effic%ency, while maintaining the
same oriented sequence of transfer. Furfhermore, this Hfr strain now

transferred the donor state to recipient Qacteria with a high

i {
‘ !

efficiency. These converted fecipients becaﬁe intermediate.dogors
and not F* donors. The sex féctor'seemed to reﬁain a memory of its
original location on the Hfr chromos;me. Tréatﬁénf of the original
intermediate donor strain with acr1d1ne dyes ledvfo loss of the sex

factor (leota, 1960) convert1ng the stfaln 1nto a reclplent.

¢




.'2_/..
Figure 2..
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Howev;r,?if this recipient strain was re-infected with a wild type
sex faétor from an F* donor strain it became an intermediate type
donor; the original Hfr loc;tion on the chromosome had evidently
preserved .an affinity for the sex factor. This was called an sfa
or sex factor affinity locus (Adelberg & Burns, 1960; Richter, 1957,
1961). A wild type sex factor has a great affinity for this site,
probably as the result of ingreased homology.

Logically this could be inferpreted as the result of an
exchangé between the‘sex factbr and the bacterial chromosome, where-
‘by the chromosome retéins part of the sex factor (sfa locus) while
a sex factor carryihg an adjacent part of the ch:omqsdme is releaéed,
This released factor was called an f-prime (F') é; substituted sex

.

factor. i
K4

The observed interactions between the sex féétor-and the

bacterial hromosome are certainly compatible with the Campbell (1962)

'

- model which provides a basis for linking the three types of dbnor

;strains.whiéh have been isolated,7Figufe_3, 1(Cémpbe1lt§1962;.‘

—

'fGross,41964;' Scaife, 1967);'f:Thé aﬁtonémoqs sex faétor£§f,én F*: '

. donor is visualised'as a circular structure which is opened during A

conjugation to allow its transfer in an oriented linear fashion

(Matsubara, 1968; Vapnek & Rupp, 1970). Hfr and F' donors may be

thought of as similar bacteria in which either the whole chromosome
or merely a part of it is inserted into. the sex faéfor, and are

thereforé transferred in'a similar oriented linear way as part of

‘the transferable factor.
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Figure 3.
1. | ,,é\ An Fsex factor.
s \ .
{ '
\ /
S~
2. An .F'.chfor.

1}

A hypothesis toexplain the relationshijp

between th._eldifférenf donor fypés of

“E.coli K12, -
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Section 2

The circularity of episomes

The Campbell (1962) model requires that both the bacterial
chromosome and the episome exist as, or assume, a circular structure
prior to the reciprocal recombination event thaj brings about the

integration of the episome into the chromosome..

2-1 The physical evidence for the circularity bf episomes

and plasmids

Autoradiographic analysis of tritium labelled DNA gently released

from Hfr and F~ bacteria demonstrated that some chfomosomes; at least,'”

" exist as contlnuous, closed Watson-Crlck structores (Calrns, 1963a.b”
. Jacob & Wbllman (1957, 1958b) predlcted that the chromosomes of F+
‘donor straln were clrcular as a result of their ana1y31s of the
lngcombinants sired by many different Hfr donor.’

‘Tﬂe entire genomes of ohe bacteriophage é.can'be prepared from

 a suspension of the free phage par%dcles (Hershey,‘Burgi & Ingraham,
1963). This phage DNA consists of linear:molecoies. They ean.be'

shown, in vitro to form new structures which. are found to be

circular udder the‘electron microscope (Maehétfie;& Thomas, 1964;

Ris & Chandlef,-1§63). -Additioﬁal evidence eoggeeted that these

linear moleculesihad-end regions that were single'etranded and

' complementary. = It was concluded that tﬂe.cireuiar'molecules are

1

’ }
formed by pairing between the complementary nucleotides at. the single

|

1
stranded end reglons of the linear molecules (Hershey & Burg1, 965§f1>4

Hershey et al, 1963; Kaiser & Inman, 1965).

By meens of‘differential density gradient centrifdgation;
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circular L'DNA molecules have been detected shortly gfter the phage
infects a sensitive bacterial host cell (Bode & Kaiser, 1965 ;
Dove & Weigle, 1965; Saltzman & Weissbach, 1967; Young &
‘Sinsheimer, 1964). These circular molecules cannot be opened up by
heating. . .-This implies that the ends are not merely held together
cpmplementary base pairing, but by covalent bonds. The Campﬁell
(1962) model also prgdicts.thgt circular molecules should appear
when an episoge”feturns to the autonomous state. 'Pﬁysical studies
on the DNA isolated from an induced A lysogen iﬂdicate that this is
so (Liptoh & Weissbach, 1966)(
i

It has been possiblé to isolafe and characterize the DNA of.
many Col and R factors by densxty gradlent centrlfugatlon after
;treatment thh Ethidium bromide (see Chapter 1, Section 3). TheseA
’ DNA molecules of plasmids have béen demonstrated, by electron
microscopy to be circulér (Hicksoﬁ et al, 1967; Roth & Helinski,
1967; Nisiqké eg al, 1970). ' Circularity hasibeen'demonstrated-for
all the plasmid$ exaﬁined so far.; 'This'fulfils one of the Campbell
(1962) model's réquirementé-fof iétegrétioh into’ghe'chromosome.

Physi¢a1 studi;s ha&e shown that F' factors g;iét as covalently
closéd circular DNA molecules (Freifeldér, 1968a.b)ﬁ‘ Genetic
evidence suggesfs that the thomoso@e remaiping'after‘gk formation,
although deleted for the informatib&*cgrried on thé F' factér, has
genetic cont1nu1ty through the 31te of the deletlon (Berg & i

A
Curtiss, 1967, Scalfe, 1966)., o
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2-2 The evidence for insertion of an episome into the chromosome

The Campbell (1962) model predicts that when an episome is
inserted into.the chromosome by a reciprocal recombination event,
the genomes of the episome and the bacterium are con?inuous.
Thereforen integration of an episome would increase the distance,
and tgus'reégée the linkage,b;tween markers on éither side of the
integrated episome. This has been confirmed é#periméntall&. Fo;
' example, the linked markers gal and bio, Zyying:on either side of
thevﬁ_attachment site, are cotransduced by phage P1 mﬁch.less
frgqueﬁtly whenléhage A is integrated between them (Rothman, 1965).
.The genes-of'thq_}prophage can be'cotranéduced with the nearby
.'éhromosomal geﬁes ggl and bio (Rothman, 1965’. The propﬂage gBO
has a‘simiiar-effect oﬁ its neighbouring markers supC and trp

s

(signer, 1966). An elegant proof of the continuity of the bacterial -

‘and episomal genomes was the deﬁonstration that deletions can arise
which simultaneously affect'both structures. ﬁutations to
resistance to phage T1 are oftén associated w{?ﬁ a requirement for
tryptophan and are known to be due to deletioﬁ%zéxéehding into the
adjacent trp region. " h |
Occasionally-some of these tonB-trp deletions are associated

with a defective @#80 prophage (Franklin; Dove & Yanofsky, 1965).

The @80 aftachment site is located‘on the opposité side of the T1 B

L locus to‘_gg and is very closely l1nked to. 1t'ﬁ g,»i o

. ,‘\ . ) M : L

Hfr donor stralns have been 1solated with mutatlons at known"'
.chromosomal loci. These mutations were the result of theA
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integration of the F sex factor (Broda, pers. commun.; Curtiss,
1964; Richter, 1961; Schwartz, 1966). The E sex factor is
cotransduced with chromosomal genes located ne%ir 1;0 the origin of
an Hfr strain (de Witt & Adelberg, 1962). Thé cotransduction'
frequency of two chromosomal genes is greatly reduced when they are

separated by an integrated F factor (Pitférd, 1965).
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CHAPTER 3

THE MECHANISM OF RECOMBINATION BETWEEN EPISOMES

AND THE BACTERIAL CHROMOSOME

. To what extent is the bacterial chromosomal recombination (REC)
system involved in the reciprocal genetic exchange with episomes.
Section 1

Recombination in bacteria

1-1 The isolation of recombination-deficient mutants

Mutants of E. coli which are defective in the performance of
recombination have been isolated by several methods (Clark.&
Marguliés, 1965; ‘Fuergt & Siminovitcﬁ, 1965;. Howard-Flanders &

' Theriot, 1966; van de Putte, Zwenk & Rérsch, 1966). |

Complementatiop analysis of these recom?ination—deficiept (rec™)
mutatidns‘éhowed that they are recessive, and revealed that three |
_ genes or cistrons are iﬁvoiyed: Eggﬂ,_gggg ana'gggg. Theizggg‘

mutations are located bétween pheA and cysC (Willetts, Clark & Low,

1969); - while recB and recC lie between‘argA and thyA (Emmerson, 1968;

Willetts & Mount, 1969) on the standard map of E. coli (Taylor, 1970).-

1-2 Tﬁegproperties of rec” mutantsl

) »kecombinationodeficieni (rec”) mutants are defective in tﬁeif :
ability fo produce geneticfrecombin;nts by conjugation or by
‘transduction. The recB and recC mutations produce a similaf{pheno-
tYPe; :namely a réduced‘ﬁﬁt deteé£aﬁle le;;l of rgcoﬁbiﬁgti;n
(Low,ni968). Theée mutants alsé 5ave én increasednéé;siiiviiy to

ultraviolet lighé and a reduced breakdown of DNA following irradiation



" (Howard-Flanders & Boyce, 1966). The reduction in the level of

recombination in recA mutants is much greater, as is their sensitivity

to U.V.=irradiation. Moreover, bacteria mutant at the recA locus

degrade up to 30% of their DNA under normal growth conditions, and

this degradation is greatly increased by U.V.-irradiation.

A mutation in either theizggg or the recC genes leads to loss
of an adenosine triphosphate-dependent_deoxyribonuclease, ATP-DNase
(Barbour & Clark, 1970; Buttin & Wright, 1968; Oishi, 1969).

The -products of the rec*B rect*C genes‘are responsible for the

nuclease activity associatéed with genetic recombination (Clark, v \ ’

1967). The rect*A product probably acts to control and reduce thels
breakdown act1v1ty catalysed by the rec*B ‘rec*C nuclease (Buttln &
wrlght, 1968; Willetts & Clark, 1969). Whereas there is a

significant residual level of recombination in recipients defective

at recB or recC, no recA recipiénts form true recombinants (Low, 1968) .

This suggests ‘that there could exist an alternative minor pathway of

recombination, independeot of the rec*B and rec*C producfs.

Revertant studies on recombination-deficient recB and recC

o

mutants reveal at least two major genotypic classes. One class

carries a revertant mutation which maps in or very near the recB and

recC genes respectlvely and is probably due to a true back mutation

" or an intragenic suppressor mutation. It restores the ATP-DNase

Y

act1v1ty characteristic of the wxld-type bacteria. The. second class
,'{ -

of revertants”have mutations which are located far from the recB and

recC genes and seem to be due to an indirect and non-informational

"suppression; ;These revertants have a high level of DNase activity

\

..\
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which is ATP-independent. The restoration of recombination
proficiency by indirect suppression could involve the activation or
derepression of one or a oeries of enzymes. These enzymes participate
in a pathway of recombination, alternative to the recB and recC .
pathways (Barbour, Nagaishi, Templin & Clark, 1970), which is normally -
.of minor importance. The,ATP-independent DNase is probably one of

the enzymes of this pathway.

Section 2

The recombination between episomes .

and the chromosome

'

2-1 The existence of genetic homology between the two genomes

" The direct'proof-of ohe existence of common base sequences in
both the episomal and chromosomal DNA is not yet available although ifb
. is possible to form DNA-DNA hybrids between episomal DNA and‘g._ggli
‘DNA. Thus, the importance.of genetic homoiogy can only be assessed
indirecfly through the interaction of episomes with fhe chromosome.

All known episomes integrate ‘into the chromosome in a non-random

manner. This would indicate that genetic homology does indeed have a -

v

role in integration.. The F sex factor, for whioﬁ many integration
sites are known, Figure 4, shows a distinct preference for certaln
locat1ons on the chromosome (Broda, 1967; Matney, Goldschmidt &
Erwin, 1963).. If this interpretation is corre;t then an increased
homology between the sex factor and the chromo;ome should increase
the frequency of ihtegféiion. It has been shown that F' factors
integrate at a much hlgher frequency than the wild. type sex factor

L (Adelberg & Burns, 1960, H1rota & Sneath, 1961,_ Jacob & Adelberg,';

"-1964). These F' factors, as expected, 1ntegrate at the reglon ﬁ_tT?

i

o
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Figure 4.

[
.The .origines of some Hfr donor strains.

‘Thesites of the sex factor's integrations.

The circular map of
E.coliK12.

AB311, AB312, AB313(Tcy|or& Adelberg,
.1960), B1-11(Broda,1967),C (Cavalli=Sforza,
1950) H<Hayes.1953b) J2-6(Jccob & Wollman,

1958b1961a)|<|.16 KL19, KL98(BrooksLow

' pers. commun. ,P13(H|rofa et al,1268|, R1
- R4(Reeves,1959) -
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homologous £oothat of the chromosomal fragment they carry. Convefsély,_
when the homologous regioo is deleted from the chfomosome, the
efficienc& of F!' integration'drops (Beckwith, Signer & Epstein, 1966;
Cuzin & Jocob;_1964; Pittard & Ramakrishnan, 1964). However,
.dglétion of the homologous rogion'never completely eliminates
integrationAof'ao F' factor. Rare Hfr dori?atives can be isolated
from such-deletion_z' strains. 1In fhése‘ﬂig,donofs'the.z' facior is
Hintegrated at variouS‘siteslon the chromosome (Broda, pers. commune.;
Cuzin &-Jacob,.1964;- Moody, unpubliéhed data; Scaife & Pékhov, 1964),
"The integ;ation evont, which is a genetic exchange, has been shown in
some cases to ihvo;ve the chromosomal fragmont of the F' factor
(Scaife &_Pekho?,:1964); |

Deletion studies with the'bacfefiophAQe A indicate that the
region interacting’with the chromosome is less than that ofvanizilgg
faotor. Nevertheless, the probability_of’&_integrotion is much
higher, up to 50% in‘one or two cell generations._;'This is a clear
indication that genetic:homologyvis not the ohlyiaoterminant in ohe A

prophage integration. 'Evidence will be discuéséﬁ in Section 2-2, which’

©  indicates that the efficiency of lysogenisation é?pends on the
synthesis of enzymes. These integration enzymes are phage-specific.

2=-2 The episome-specific integration mechanisms

An 1mportant questlon to ask about eplsome 1ntegratzon 1s, what.

v S :
.. the many Hfr donor stralns 1solated, the F factor does not 1ntegrate
i .
randomly 1nto the E. coli chromosome, it clearly has a much lower

'chgpmosomal,SLte spec1f1c1ty than the temperate'phages L_and QBO.
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Hfr donor strains may be isolated with opposite directions of
chromosome transfer. This suggests that more than one site on the F

factor can participate in integration events. Also, the genetic

' exchange leading 'to an F' factor's integration may occur between the

chromosomal fragment and the bacterial chromosome;i Consequently,
if a single mechanism is employed, it does not reéuire that the sex
factor DNA takes part in the exchange event.

The integration of the temperate phages A and g80 involves
spécific sites on the bacteriophage and bacterial genomes. Presumabiy,
for thislreason, all of the many independently isolated lysogens of’

these phages are found to have the same prophage map. At least a

part of the A attachment site is lost in a deletion (b2) mutant of A

.phage which covers 18% of the A phage genome. These b2 mutants of A

phage cannot integrate into the chromosome on their own, but only if

. the chromosome élready cérries a A prophage which provides homology

(Campbell, 1965; Fisher-Fantuzzi, 1967;  Jordan, 196k; Kellenberger,

Zichichi & Weigle, 1960, 1961).

A possibié explanation for the high efficiency of phage

o integraﬁion at their specific sites as compared with that of sex

factor integration is that the phage mech?nisms, although involving
recombinat%op, employ phage-specific enzymes.(Scaife, 1967). In
fact, tﬂetfeﬁpérate phage &_has been shown to elaborate an enzyme
which Specificakly catalyses recombinat?on between the attachment
site; (é&g? on the phadéiand on tﬁe bacterial genomes. This specific
recoﬁbinase ziqtegrase) functions so efficiently that the contribution

to lysogenisation made by the bacterial recohb;nases is negligible
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(Campbell, Adhya & Killen, 1969). Mutants of A phage, which-are
unable to make the integrase enzyme (i;t‘) have been iéolated
(Yarmolinsky, 1967; Zissler, 1967). These Aint mut;ntéfare unable
to attach to the chromosome with any'appreciable'frequency. They

map outside the‘gg deletion and their lost function can.bé provided'v
by a,ﬁgg'mutant. The int gene will catalyse recombination between
two A_phages as well as between the phage and the chromosome, but

this recombination is restricted to the attachment regiong (Gingery

& Echols, 1968; Signer & Weil, 1968).
| Additional information was obtained Sy examining the behaviour of
both sex factors and known episomes, in bacteria which afe deficignt
in their REé syétem, that is, the rec™ mutants of Clark & |
Margulies (1965) and Howard-Flanders & Theriot (1966). d‘Ihe‘
behaviour of_transm;ssible plasmids isbdescribed in ixpéfimental '
.Section 1. . The eff1c1ency of 1ntegrat10n of most transmlss1ble
: plasmlds, as judged by thelr mobzllzatlon of chromosone, is drastically
reduced in rec” donor strains (Clowes & Moody, 1966{, whereas the
' temperate phggés A_and ¢80,integra£é normally into the chromosomes pf
EEET mutants (Signer, 1968) suggesting £hey determine their own

integration.'

. 2—3 The plck up of genes by gp;somes

| The spec1a11zed tranéduc1ng phages, L_g and Xblo, have p1cked up
the gal and the bio geneslrespectlvely. These loci are situated at
either end of the inserged A_prophgge (Arber, 1958; Campbell, 1959;
Morse, Lederberg & Lederberg, 1956a.b.). 1In a éimilar manner, an

intégrated sex’facto; may also’ pick up genes adjaceht to ité
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- integration site on reversion from the Hfr to the autonomous state
(;;elberg & Burns, 1960). Many such varient sex factors have been
isolated (see Scaife, 1967). The formation of these elements can be
explained within the context of the recombinatién model for the
inserfion or the attachment of normal episomes from the bacterial
chromosome (Campbell, 1962).

These substituted episomes would be formed by rare crossover

. events between sites that were not involved in the integration event
(Figure 5); One of these sites must be located on the bacterial |
chromosome and the'secoﬁq site located either on the episome, or on
the chromosome at the opposite side of the integrated episome. If
the second,sité.is within the epigome, a crossover would fele;se a
circular eféhent~(Type 1) carrying a paft of the chromosome but
"lacking certainiépisomal genes.'. Aiternatively, if thé second site is
located on the chromoéomq, the structure formed (Type 11) would have
‘a11 the genes of the episome and would contain bacterial chromosomal
genes’sfradd;ing'the integrated eéisome (Scaife, 1907). .All of tﬂe
speciéliZed'transducing phage isolatedAfrom A and ¢80 are Type 1
structufeg (Adler & Templeton, 1963; Campﬁell, 1959; 'Kayajanian &
Campbell,‘1966;, Matsushiro,_1963).'l In traﬁsducing phage, there is
clearly:a geléction fpr Typé i structufes, since Type 11 exchanges |

- would result'iﬁ‘iarger than'ﬁormal éhége genomes, thch probably

”could.npt beiéncased in ;ﬂphage head. Also,.the recombination
system used féfAthe formation of transducing phage probably demands-l‘
thé participatiéﬁ bf phage DNA-as at least one of the pagtnefs in the

recombination event.
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Figure 5. |

The alternative types of a bn.ormﬁl

excision of integrated episomes.

,.y..xl..w_- a b c' e f . S Y 4
)Type 1. . .' Typell.

deleted bacterial chromo some.

“ L‘.J-.-v.e f g x-.Y.-.Z. -.l'l---...!-...;--;.z.'

reledsed episomes.

X - -
-
l, -

.ﬁ-\ ~‘W
S

UVWXY Z are bacterial genég;,

abcdef are episomal genes.
.ln‘ aTypel excision, ba cterial and episomal :

3 génes. become fused by heterologous breaking
" and i°inin9-.A Typell excisiononlydirectly ;i

involves the bacterjal regions.
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. 2-4 The formation of F'factors-

The formation of some F' factors has been étudied in great detail.
Both Types 1 and Type 11_s£ructures have béen founq. The.data
suggests that the first F' factor to be 1solated (Fz) was- formed by i
a Type I exchange (Adelberg & Burns, 1959, 1960) . Another»F'f -
factor (F13) was formed by a Type 11 crossover event (Berg & Curtlss,
' 1967; Broda, Beckwith &‘Scaife, 1964; Jacob & Adelberg, 19591
-ééaife & Pekhov, 1964). The Type 11 exchanges produce F' factors
which ére suitable for the direct genetic analysis of F' factor
formation. ‘ The bacterial markers located on either side'of the
inserted sex factor, and transferred proximally and distally duringA
conjugation, are linked on the‘E: faetor, implying that it has )
circularized. In the bacterium in which a Type II1 F' fac£or arises,
a segment of bécterial chroyosome has‘been deleted and transféfred to-
the autonomous sex factor. There is therefore no more homélogy
betweeﬂ the F'" factor and the chromosome thaﬂ exists in.én.gf donor
énd, in fact, chromosomé transfer occurs at lo§ frequency  just as in’
Ef crossese. However,;if essgntial genés have been‘incorporated into
the sex factor,.elimiﬁation of the F' factor by acridine oraﬂge will
yield ipviabie'celis ané a small broporfion of viable'ﬂzg bacteria.:
When the latfer are examingd,‘the E} factor is found to have been

' re-inserted at many different chrbmosomal.lopations,-and not at its

original site. As is the case of Hfr strains derived from F+

‘A .
bacteria (see Chapter 2 Section 1), this provides evidence that the

chromosome of the original F' cell is also circular.

t
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In Type 1 exchanges part of the episome would be left in the

chromosome,'during the formation of the F' factor. It is reasonable

to assume that a wild typeisex factor would show a preference for
such a site. The genetic homology of such a site with the'E factor
is much greater than with the remaindér of the chromosome. The
donor strain from which (Adelbeig & Burns, 1959, 1960) isolated
their F! factof F2, is of_g*egt interest. It harboufed an autono-
mous episome which had a'high affinity for a particular site on the
chfomosomg of gﬁy normal F< cell to which it was.tranéferred. This
preferred site corresponds to the location of the integratéd sex
factor in the parental Hfr strain. Howe;er, when the episome is
removed from the strain in which it arose b& curing with.acridiné
dyés, this region of the fesulting recipient strain stillbretains a

great affinity for a wild type sex factor. The properties of these

two products can be best explained by aésuﬁing that a Type. I exchange -

occurred in the original ﬂiﬁ donor strain. This exchange released
an F' factor carrying some chromosomal ﬁaterial, but lacking some
 plasmid genes which rémain at the site of the sex factor integration.
This is a sex factpr affihity, sfa locus (Adelberg & Burng, i96§;

Richter, 1961).

- Section 3

The role of the Campbell (1962) model

in the transfer of chromosome by transmissible plasmids

Thé'isdlation of Hfr dbnbrs from F* strains, and the proof of the

Campbell (1962) model (Broda, Beckwith & Scaife, 1964; Scaife &

Pekhov, 1964) by means of the elegant analysis of the interactions

\

\
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of F' factors with the chromosome recounted in the last section,
:;used it to be assumed that all transmissible plasmids which
transfer the chromosome are episomes. That is, they integrate and
transfer the donor chromosome in the same manﬁer as F in an’§££.
donor strain. In fact, the transfer of chromosome by an |
apparently autonomous cytoplasmic element became an immediate

justification for classifying these elements as episomes.

3-1 The fertility of F* donors

In F* x F~ crosses, recombinants for chromosomal genes are sired
at a frequency of 10'%—;0‘6 per donor cell (Adelberg & Pittard, 1965;
Hayes, 1953b; Wollman'ef al, 1956). It was proposed that the ‘
fertility of Ef.populations is due entirely to the formation of HIr
clones (Jacob & Wollman, 1956b, 1961a); This hypothésis was based on
the results of.fluctuation tests ahd the isolation of Hfrs from
fertilé cultures. However, Broda (1967), using non-selectlve
methods concluded that the frequency and type of stable Hfrs 1solated,
could account for only about half of the abserved inheritance of
unseleéted markers. Similarly, Curtiss (1968), Curtiss &_Renshaw
(1965, 1969) élaimeé that only 10-20% of ihe fertility of an F*
culture can be accounted for ﬁy thé formation of stable Hfr clones.
'They aisb proposed that ce?tain subrlinés of E. Egli_§:l§{ carrying
; the same‘i_sex factor, gave poéiti&e fluctuation tests and others -

?

'did not. = Curtiss claimed that there were two evolutionarily
distinct classes of K-12" sub-lines; Type 1 F* donor straiﬂs gavé

.positive fluctuation tests énd stable Hfr clones could be isolated

from them, but not from Type II which géve negative fluctuation tests.



Therefore, the mobilization of the chromosome in Type II1 Ef strains,
which occurs at a similar frequency to the Type I F* donors,

could not be due to the formation of stable Hfr strainé. This also

implies that chromosome transfer can occur by a method other than by

the formation of stable Hfr clones. The clear distinction of £f~

donors into Type I and Type II sub-lines has been questioned by
Broda (pers. commun.) who has demonstrated positive fluctuation
tests and isolated stable Hfr donors from supposedly Type II F*¥

strains.

The involvement of the bacterial REC system in the moblization

_of chromosomal genes by an E_factor-was e#amined by Clowes & Moody

(1966). They concluded that the REC function was required for

~ virtually all of the fertility of F*¥ donor cultures, after allowing

-

for the slightly reduced efficiency of recA donor strains in
éonjugation.'
This analysis of chrombsomg transfer has been greatly extended

v

in Experimental Section 1.

Experimental Section 1

The materials and methods used in this section are described

"-}ih the Appendices 5, 6 and 7.

The role of the bacterial recombination.system (REC) in the

* transfer of chromesome by autonomous transmissible plasmids has been

-~

investigated.: The ability of tranSmissiBle plasmids to mobilizefthe

transfer of chromosome from recombination-proficient and ~deficient

donors was measured. - The transmissibie plasmids used are listed in

Table 5. . ..
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TABLE 5

The source of the transmissible plasmids

used in this study

. Name or number
Plasmid . References
of source strain

F 58-161 or Hayes (1952a)
w1655 - Lederberg & Lederberg (1953)
F'lac W1655 F'lac Scaife & Gross (1963)
Col V2 K9k | Fredericq (1963) } Macfarren &
Col V3 | K30 Fredericq (1963a.b.c)) Clowes (1967)
Col B1 | CcA18 : _ Fredericq (1965)
. Col B2 ‘ . K?? . R Fredericq ( 1948) Hausmann .
' . (1967)
" Col B3. K166 Fredericq (1948)
| ColB& U | ‘K98 . Fredericq (1957)
Col ¥B | K260 - . - Fredeficq (1964"1965)

' Col Ib drd Shigella sonnei P9 Ozekl,,Stocker & Smith. (1962),
: - -Ohki & Ozeki (1968) ~

R1 drd 19 .
'R192 drd F7| { ._.
. ’ J53 R*
derivatives Meynell & Datta (1967)

R6L drd 11 | ,

Rikk drd 3
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1-A The efficiency of recombination-deficient strains '

‘as recipients in Hfr crosses

It is important in this analysis that the defective bacterial
REC system is not complemented in the rec™ strains Sy the presence
of any of the transmissible plasmids. The recipient capaéity of
these recombination—deficient,'plasmid-carrying bacteria was measured
in an Hfr cross, using Hfr Cavalli as the donor strain. . Selection
was made for the proximally traﬂsferred Hfr marker, proA. Results
are shown in Table 7. s

The control cross with fhe Essf'Ef recipient yielded between
5.0-15.0 x 10"2 pro*A strA recoébinants; The frequency of
recomﬁinants issding from the rec™ recipienﬁs is;cbnsiderably lower;
-5 | -3 |

for the recA F~ recipient and 2.0 x 107" for the recB F~
o )

1.0 x 10
strain. ‘The décreased ability of‘fhe_zggf stréins to produce
recombin;nts is further diminished by the presence in them.of some of
the plasmids; This decrease is d;e to the phenomenon of surface or
”ehtry'equusion since the plasmids convert the recipients into
‘effective males, an& is also shown by thg IEE: donors. The croésés
with the plasmid-carrying strains showing sufface exclusion were
repeated, using F~ phenocopies of them. In these crosses, the
frequency of reéombinants was found to bé'tﬂe same as in crosses
using recA F~ 6r recB F~ .st‘rains as, recipients.: There is no -

" restoration of the recombination-deficiency of either the recA or the
'\v., ' .

recB strains by any of the plasmids.

/o
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BABLE 7

* The efficiency of rec™ strains as recipients

The frequency of pro*A strA recombinants per 100 input Hfr*

o ————— L

Sex factor rec* donor recA donor. recB donor
in recipient as as ‘ as
strain recipient recipient recipient
*  None 1.4 x 1071 1.0 x 10~ 2.1 x 103
F 2.0 x 10~* 8.5 xA10'8 1.3 x 100
F'lac 1.8 X'10'4 6.5 x 10"8 1.6 x 10"6
Col V2 8.0 x 10=2- 1.1 x 10 1.1 x 1073
co1vy | 1.6 x 10~" 1.0 x 10~ 1.7 x 1072
Col B1 6.0 x 10-2 1.2 x 102 2.4 x,10'3
- Col B2 1.6 x 10~ 1 1.0 x 10"5 1.8 x 10"3
Col B3 7.0 x 10~2 2.1 x 10~ ' 3.0 x 10~3
"TCol B _5;'6_5:_1'652"'_"' f.1% 102 7 ° O (o B
Col VB 1.8 x 10" 1.2 x 10~° 1.8 x 1072
R1 drd 19 2.8 x 1073 1.6 x 10-° 2.0 x 10~* g
R192 drd F7. 4.0 x 10 - 1.3 x 10 1.8 x 107"
Col Ib drd 1.8 x 101" 1.0 x 10~ 1.6 x 1077
| rd 11 10-2 -5 -3
R6L drd: 11 4.8 x 107 3.0 x 10 2.0 x 10 ;
o e - FRUPUL DU I
Rikk drd 3 5.3 x.10 2.0 x 1077 4.0 x 10

v

Hfr Cavalli metB X AB1157 thr leu thi proA his argE strA F~

A

* At least i,OOO recombinants counted in each cross in
several experiments. : :
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1=-B The transfer of extrachromosomal elements by

recombination~deficient donor strains

The ability of recombination-deficient strains to conjugate and
transfer their autonomous plasmids to recipient bacteria was examined.
Most of the transmissible plasmids used in this study are fertility-

derepressed mutants and are réadily transferred to recipient strains.

However, the colinogenic~fa9tors ColB1, ColB2 and Col B4 are
‘fertility-repressed sex factors, and in order to measure their
"ﬁransfer it was neceés;ry to prepare HFCT donor cultures (see
Appendix bD(i)(ﬁ)).

The ;gsqlts are shown in Table 8.: There is a slight reduction
in the level of plasmid transfer wiih some of the recombinationﬁ
deficient donor strains. Howe#e:, the extrachromosomal transfer from
rec™ donors is always greater than 75% of the‘sgéf donof level.

Where HFCT donor ‘cultures were used the leveéls of plasmid transfer are

‘somewhat variable, depending on the efficiency of the HFCT prebarétion;

, N O
It was concluded that the recombinant~deficient donor strains were

»perféctly dapéble of making effective conjugal contacts with F~
recipient bacteria and transferring their plasmids to these_strains.

1-C " The mobilization and transfer of chromosome by

transmissible-plasmids in recombination-deficient .

S

- donor strains

In the initial studies with recA donors(Clowes & Moody,(1966) and
: N A .
with recB donor strains, the-donor bacteria were derivatives of the -

recombination-deficient mutants AB2463 and AB2470 (Howard-Flanders &

Theriot, 1966), see Tavpble 6. These are mﬁltiply.deficient
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TABLE 8

Extrachromosomal transfer from rec™ donor strains

Percentage recipient population converted to donors*

*  Sex factor rec* donor recA donor . | recB donor
F 95 %6 78
Fllac | 98 7k 79
 Col v2 79 76 , 80
Col V3 > 8 | 81
Col B1 ' | 67 u . | 66 70"
- Col B2 7 78 76
Col B} 100 | 9% 91

Col Bk . 8 | 80 + 86 |
ColVB . | . 9k - " %0 o .7 90

R1 drd 19 I w00 | e | 96 -
R192 dra F7 8 | e | o
| Col To ard. : 100 "‘4‘ 98 B 98
R6L ard 11 100 T | "_'96
Ribk drd 3 | 98 k % | R 98

HFCT donor cultures of Col B1, Col B2 and Col Bk were used.

thr leu thi proA his argE strA X metB nalA F~

* Transfer measured by counting at least 1,000
1nfected reclpxent cells.
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TABLE 6

The strains used to investigate the transfer of

chromosome from recombination~deficient

donor strains

AB1157

- thr leu thi proA his arg E str A F~

two recombination-deficient mutants isolatedvby
Howard-Flanders & Theriot (1966)
AB2463

.- " thr leu thi proA his arg E str A rec A F~

o / AB2470

thr leu thi proA his arg E str A rec B F~

H

These three strains AB1157, AB2463 and AB2470 were

: infected with the plasmids‘listéd in Table 5.

5%
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aoxotrophic strains and very limited in their usefﬁlness as donors

" because of the restriction they place on the choiee of a recibient.
The recipient strafn used to measure the donor abiifty of these SEETJ
.donor bacteria Qas a 58-161 sub=-=line derivative. The EEEE mutation
of this sub-line reverts to prototrophy at a frequency of less than
1.0 x 1511 (Moody & Clowes, unpublished data); The recipfent strain-
was also resistant to colicin Ib (i.e. Col Ib-r). This confers a |
partial’cross-resistance to the group V and B colicins (Moody,
onpublished data). The results>obtained in thevearly crosses are
shown in Table 9. The frequencies of met*B strA recombinants sired
by the rec”™ oonorwaas lower than fn‘the case of:the corresponding
xec* donor strains. The recA donors show thejgreater deffciency, iﬁ
fact the recB donors are only slightly &eficiegt in their ability to
transfer chromosome. Chromosome transfer froalsggg strains

harbouring avnewly transferred F'lac factor is only reduced to 50%

of the rec* level (Wllklns, 1969)

| The 1nterest1ng feature of these crosses was that regaraless’ 1
ul'the freqpency of EEE:E recomblnants 51red-by the.dlfferent rec* donor
strains,'the freqoencies ﬁroduced by the recA donors.are very
1'§;miiar. These frequeacies range from 0.47 to 2.1 x 10'8. This
low lerel of chromosome transfer is reprodueible and at least a |
.thousaod times higher than the measured reversion rate to met*B.

This low level of residual transfer fromlrggé donors is simi;ar to

G ) ] L
the freqpency of transfer by Col Ib drd donors.' Chromosome transfer C

[

by Col Ib is- apparently not affected by the recomblnatlon-def1c1ency

of the donor.straln. ' This is also true of the transfer by R1 drd 2,



TABLE 9

Chromosomal transfer from rec™ donors o

The frequency of met*B recombinants*

.Q_

Sex factor . rect dbnor recA donor ~ recB donor
F 2.3 x 10"6 1.2 x 10‘8 8.6 x 10"7
F'lac 1.7 x 10-2 2.1 x 10'8 6.9 x'1_0'3
Col V2 | 2.6 x 10-° 6.1 x 107 7.8 x 10~7
Col v3' 9.2 x 10=7 1.0 x 10'8 6.0 x 10~/
ColB1 | 6.0 x 10~7 8.6 x 10~° 1.2 x 10~/
Col B2 " .3.1 x 10'6. .7 x 10=? 8.8 # 107
Col B3 2.8 x 10~ 2.0 x 100 1.0 x 10~
Col B4 :, 5;8 x 10"f7 7.6 x 10'9 . 4,0 x 10"8
Col VB . - | 5.4 x 10'6 6.0 x 10~° 2.1 x 10-°
Ridrd 19 - | 2.0 x 10° 12 x10° | 6.6 x 1077
R192 drd F7 -~ | 1.6 x 10~ 4.9 x 1072 9,8.x,10'6
Coi ib drd ' 9.1 x 10‘9 6.9 x 10"9 9.0 xv10"9
R6L4 drd 11 9L8 x 10~ | 5.6 x 107 1.8 x 10~7
Rikk drd 3 1.1 x 10=7 8.1 x 10=7 8.8 x 10-°

thr leu thi proA his argE strA X metB Col Ib-r strA

HFCT donor cultures of Col Bl Col B2 and Col B4 -
. were used. : o
i Determlned by countlng at least 200
.recombinants per! ‘cross
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~although the frequency of transfer is much higher than Col Ib. The
results obtained in these early experiments served as a useful basis‘
for further research. However, these eariy experiments sufferea
from two serious defects. In the first place the polyauxotrophic
AB1157 derivatives were used as donors. Secpndly, concentrated
mating mixtures were prlated in order to compensate for the low
numbers of recombinants obtaiped in crosses with recA donors. This
gives distorted results and inflated recombination frequencies due
-.té consi@erable cell division and secondary mating on the plates.

In subsequent experiments the mating procedure was changed to
that desc}ibed in'Appéndix 6¢c(ii), an increased numberlof plateg
- being used to score the small numbgr of recombinants, and a new
‘series of rec™ donor strains being constructed in the W1655 sub-line
vas'deséribgd'in'Table 10. . These new donor strains were checked for
.fheir_reciéient capacity in aﬂ\ﬂ{z cross, using Hfr P13 as thg-
dohor ;train‘(see Table 11). Their ability to conjugate and
transfer théir plasmids was measured aﬁd the results are shown in
Table 12. ' The data were.in agreement'with the results 6btained.with
"the AB1157 derivatives. Since it was decided to concentrate on thé“
effect of‘ﬁhe.gggé mutation on chromosome’transfer, nolxgézé.gggg |
‘derivatives were made. |

TheAadvantages of the new W1655 derivatives as‘donors wefe

'immediateiy obvious. It was much easier to manipulate the culture
!
A

conditions of these strains and many useful recipients became

available to measure chromosome transfer. The'W1655 rec* and

recA donor strains were crossed with J62, proAfhis trp sfrA F=
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TABLE 10 °

The strains used to investigate the transfer

of chromosome from recombination-deficient donor strains

A series of isogenic donor strains was derived as follows.

g
/

W1655 ' Lederberg & Lederberg (1953)

S metB A~ A-r F*

\

© T W1655 F~ ''By acridine orange curing
N ‘ C ’
W1655 nalA F~ Isolated as resistant to 40 pg/ml
‘ ' nalidixic acid o ‘
A4 .
W1655 nalA thyA F~ By trimethoprim treatment

. W1655 nalA\éhy* recA F~ crossing with an Hfr JC5088

W1655 metB nalA F~ and W1655 metB nalA recA F~ were infected

with all the plasmids listed in Table 5,

The recipient strain used was J62 proA trp his strA F~

derived from J62 F* Clowes & Rowley (1954)
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TABLE 11

The efficiency of rec™ strains as recipients

The - frequepéy' of met"'B _-recombin'ahté' per 100 inpuf Hfr* -

&
;ng fa.lc‘f.or. rec* donor as recipient recA donors as recipient
in recipient .
None 8.5 x 10"1 ' T 2.1 x 10"5
F ‘ 6.1x 107* _ 3.4 x 1078
F'lac |. = 3.0x 10'{* S | 2.8 x 1070
-1 D
Col V2 6.5 x 10 - 3.2 x 10
1 4 =5
Col V3 9.0 x 10 : 4.6 x 10
Col B1 k.2 x 1071 . 1.2 x 107
. 21 o -5
Col B2 2.8 x 10 1 .. 4,0 x 10
o =1 - -5
Col B3 7.0 x 10 o - 3.1 x 10
-1 ' ) . -5
Col B4 - ©: 6.6 x 10 1.8 x 10
, 1 . _5
Col VB. 2.4 x 10 : ' 1.8 x 10
o v -3 _7
R1 drd 19 8.7 x 10 . k.1 x 107"
R192 drd F7 5.7 x 10~ 6.0 x 10~/
‘ el ' 5
Col Ib drd : 9.1 x 10 3.7 x 10
. . ’ =1 ’ . | -5
R64 drd 11 1.0 x 10 : 1.0 x 10
. -i -5
Ri4k drd .3 2.6 x 10 ‘ . 2.7 x 10

~Hfr P13 cys his X W1655 metB .nalA F~
A

* At least 1, 000 recombinants were counted per
cross in several experiments.
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TABLE 12

donor strains

Extrachromosomal transfer from rec”

Percentage recipient population converted to donors*

 Sex factor -

rec*t donor

F
F'lac

" Col.vz.

96
97
81

recA ‘donor-
90
88

79

Col

Col

V3
B1

B2

. B3

B4

VB

86
76

79

100

90

87 .

71

80

100

87

R1 drd 19

‘. Col Ib drad
R64 drd 11

Rik4 drd 3

R192 drd F7

98
100
97
100
97

99

o
100
99
100
+99

100

- _HFCT donor cultures ‘of Col B1, Col Bz
LV'and Col. B4 ‘were used..v'

metB nalA X thr leu th1 proA his - QE-strAl—'

* Transfer was measured by scoring at
least 2,000 infected cells per

Crosse.
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+
(Clowes & Rowley, 1954). Three recombinant classes, proA stra,

+ + .
his strA and trp strA were selected in a 60 minute mating experiment

at 370. The results are shown in Table 13 and are in agreement
with the previously oﬁtained dai;a. However, the improved mating
- conditions have accentuated the deficiencies of the recA Vdonors
compared to their rec* counterparts.
| Again it was concluded that the recA mutation does not a'ffec’t
chromosome transfer by either Col Ib drd and R1 drd 19, although the
two plasmi‘ds display widely différing transfer frequencies;

Col Ib drd at a frequency 1.0-7.0 x 10=?

and R1 drd 19 at a frequency

3 5.0%15.0 x -10'3 for trp* recombinants. This latter B_—fa{ctor has |
been shown to. transfer the chromosome from an apparently fixed
.origin,‘ near the genes for tryptophan biosynthesis (Pearce & Meynell,
19685. .The other genetic markers pro and.ﬁs_, although nét
‘transferred as efficiently as the 1:__1_1 genes, also show no reduction

in transfer from a recA donor.

1-D Discussion

Bacteria mutant at recA are defective in recombination when used'.
as recipient strains and crossed with Hfr donor bacteria (Clark & .
Margulies, 1965; Howard-Flanders & Theriot, 1966). Thé observed
reduction' in their capacity as recipient strains is not due to an
inability to accept genetic material from a' donor strain. The
transfer of 'the _7: prophage by a lysogeni'c Hfr occurs normally to
. IE%E; recipients, as ‘,‘judged.by the frequency of zygotic induction
(Clark & Max.'gul:ies,.. 1965). Noldifficu‘lt.y was experienced in the.
infection of. these recA mutant' bacteria with the tranémis;ible '

- ‘plasmids used in these experiments.
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" TABLE 13

BN

Chromosomal transfer from rec™ donors

The frequency of recombinants*

trp strA

e mat § .
.

Sex pro*A strA his strA
factor rect » recA rect recA rect recA
F 3.5 x 10"5 1.1 x 10"8 1.0 x 10"5 6.0 x 10°9A 6.0 x 10'6 3.0 x 10"9
F-"l':atc. 2.7 x 10'2 2.4 x 16‘8 1.0 x 10"6 '2fo x 10f'9' L.,0 x 10"6 2.0 x 10"9_
Col V2 4.0 x 10-° 4.0 x 10f9 2.4 x 107° 5.0 x 10°9 3.0 x 107® | 8.0 x 10°?
Col V3 1.8 x 10"6 6.1 x 10-? 3.6 x 107 | 4.0 x 10'9" 8.0 x 107 | 4.8 x 107
Col B1 9.1 x 10"'7 . 6.0 x 10'9 3.0 x 10'6 3.8 x 16'9 4.0 x 10"6 | 2.5 x 10"9
Col B2 7.5 x 107 | 3.6 x 1007 | 6.0 x 10°% | 4.6 x 10?9' 1.9 x 10~ | 1.8 x 10~°
Col B3 bo1x 1070 | 1.4 x 1070 2.0 x 10-? 5.0 x 10'9, 5.0 x 10-° 5.8 x 102
ColBL | 1.8% 30"? {76x10° | 1.0x 10 | 1.2x 10°8 | 40 x 10% | 1.8 x 10-8
Col VB 40 x 10°% | 6.8 x 1072 | 9.8 x 1071 | 9.2 x 1'0'1'. 6.0 x 10~° | 6.0 x 10-

..775-



Table 13 (Cont'd)

Sex pro*A Str‘A_,_n_ trp straA his strA
factor rect I reéA rect recA rect recA
'R1 drd 19 2.0 x 10°* | 1.8 x 10"[*' 7.1x 1072 | 5.2 x 1073 | 5.0 x 10~° | 5.1 x 10°°
R192 drd F7 | 4.0 x 10"6 4.8 x 1077 | 6.0 x 10‘=6 2.0 x 10=? | 1.0 x 10~ 3.8 x 10-?
"Col Ib drd 5.0 x 10"9  6.1 x 10'=9 3.8 x 10"9, L1 x 10"9 6.0 x 10"9 4.8 x 10"9
" R6L drd 11 2.0 x 10'6 L2 x 1070 | ho1x 10‘°6 2.1 x 1077 | 4.2 x 10'='6 2.8 x 107
Rikk ard 3 | 3.0 x 10=7 | 5.6 x 10=° | 5.2 x 10~7 | 2.4 x 10=2 | 6.1 x 107 | 3.9 x 10~2

his frp strA

" metB nalA X proA

"HFCT donor'cultures

of Col B1, Col B2 and Col B4 were used

* Determined by measuring at 500 recombinants per cross in
" several experiments.

- Sg"
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The recombination-deficiency of recA bacteria is accompanied 5y1
a concomitant hypersensitivity to bqth i-irradiatioﬁ and ultraviolet
light (Clark & Margulies, 1965; H;ward-Flanders & Theriot, 1966).
Although the pregence of transmissible plasmids in the recA strains
éoes not restore the recombination ability, the plasmid Col Ib confers
considerable'protection on them against U.V. damage (Howarth, 1965;
' Takano, 1966; Walsh & Meynell, 1967), see Experimental‘Sectioh 3."

Ail the recA donor bacteria are able to form contacts and
transfer their autonomous plasmids to recipieﬂt strains, with an
éfficiency almost equal to fhe-equiva;ent EfEf donors. Thus the only
donor érbpérty that is severely affécted by thélzggé mutation is
chrqmosome.transfér. This reduction in the ability to sire-
recombinants is consistent with the idea that‘the major part of
observed chromosome fransfer‘by most transmissible plasmids is
"fdependent upon the bacterial REC syStem%whichimgdiates a recombination
i event betwegn the-plasmid énd the chromosome. -If the major part of
Achromosome transfer is REC-dependent, what?is thé mechanism for.the
'19w level of residﬁal transfer from alzégﬁ donor.stfain? Leakiness
of the recA mﬁtation is unlikely, sinée this would lead‘ﬁo a constant

rec*/fecA ratlo of the recomblnants produced. The losé.of polarity

-;of transfer by an F'lac donor whlch is recA (Clowes & Moody, 1966) also-

gues agalnst leaklness of the recA mutatlon, 51nce a mere d1m1nut10n

in the efflclency of the recA functlon-should not affect the

~ 'specificity of the integration site of the F'lac factor.

" The transfer of chromosome by'Colnzg drd and;gl drd 19 is
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unaffected by the presence of the recA mutation in the donor strain.
If the transfer mediated by these plasmids is by a mechanism which

is independent of the bacterial REC system, perhaps the residual

transfer by the other recA donors is py the‘same mechanism.  Since

Col Ib can mediate the transfer of non-transmissible plasmids such
as Col E1 and Col E2 (Smith, Stocker & Ozeki, 1963) without any
structur;l association then, it could perhaps transfer chromosomal
m;terial:in the same way, providing only a means of making effective
contacts with recipient strains. This might then be followed by the
paésiVe transfer of chromosome ffagments into the recipients(Clowes,
1963a; ~Blowdks. .& Moody, 1966). In fact, the Col Ib plasmid appears
to possess no demonstrable'ability to integrgte into the chromosomé
v(Edwardﬁ &:g;yneil, 1969; Meynell & Edwards, 1968), see Experimental
Section k. The concept of spontaneous fragmentation of the
chromosome, followed by the passive transfer of a fragment into a

recipient strain, is not a very satisfactory one. This mechanism

would be so inefficient that it would result in a lower fréquency

of transfer than the observed Col Ib drd level. Such a mechénism v
aiﬁost certainly could never attain the efficignt trangfer of
chromosome mgdiatedAby'fgkjyzi_lg, which ‘is also.apparently independen£
of the REC system. = |

It seems mbre likely that these two plasmids, and possibly all

transmissible plasmids, caﬁ'themselves specify an interaction with

o

the bacterial chromosome, the efficiency and frequency of this
interaction being dependent on the particular plasmid and chromosome

involved. Perhaps, where there is a long period of evolutionary

R . . N * °

7
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assoc}ation between the plasmid and its bacteriel host, as in the

case of F, the recombination systems of both genomes may co-operate

to give stability to complexes between them, the most stable event
beiog true integration by a reciprocal genetic exchange. This
__apparently is a rare occurrence with transmissible plasmids other than
the F sex factor of E. coli since} with the exception of the Hfr
donors 1solated from Col V2 donor strain (Kahn, 1968), it has been
1mp0551b1e to detect Hfr-type donors in the case of the other piasmids
'gtudied, except by -very spec1al techniques (see Experlmental Sectlon L),
However, eyeﬁ with highly selective methods no Eﬁﬁ type donors heve
been isolated in donor stralns harbourlng Col Ib or any i-like
plasmlds. It is proposed that these plasmlds can specify thelr own
interactlon with the chromosome but are unable to partlclpate in a

’

reciprocal recombination event. -

R




Aggendix 2 '

See attached publicatioh

-.Chromosomal tranéfer from “Recombination-deficient" -

strains of Escherichia coli K-12

R. C. Clowes & E. E. M. Moody

. Genetics 53, 4 (1966), 717-726.

The initial observafions reported here have been extended.
The development of new donor strain and the modification of the
experimental protocol have increased the scope of the study. These

extensions of the research are reported in Expérimental Section 1.
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CHROMOSOMAL TRANSFER FROM “RECOMBINATION-DEFICIENT”
STRAINS OF ESCHERICHIA COLI K-12
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CERTAIN strains of Enterobacteria harbor infectious genetic elements known

as sex factors (Haves 1964) or transfer factors (Gross 1965) which enable
them to act as genetic donors. That is, cells of such donor strains are able to form
stable unions with other cells and transfer to them extrachromosomal material
(which may include the sex factor itself) and, more rarely, segments of bacterial
chromosome.

The first discovered (Haves 1953; CavavrLi, LEDERBERG and LEDERBERG 1953)
and best documented (Jacos and WorLLman 1961) of these factors is the F fer-
tility factor of Escherichia coli K-12. Since that time other genetic elements have
been found which control other cellular properties in addition to sex factor
activities. Among these elements are the colicin factors (Ozex: and HowarTa
1961; Crowes 1961) and the multiple drug-resistance transfer factors (SucinNo
and Hirora 1962).

The F sex factor, together with the temperate bacteriophage A, formed the
model on which the “episome” concept of Jacos and WorLmaN (1958) was
based; an episome being defined as a nonessential genetic element which could
exist either autonomously or integrated with the chromosome. Although in the
wild state, the F sex factor is an autonomous, extrachromosomal element (in
F+ donors), stable Hfr strains can be isolated from cultures of F* strains, which
transfer their chromosome with high frequency and in an oriented manner. In
each Hfr strain, the F sex factor is suggested to be integrated at one of a number
of alternative sites on the K-12 chromosome by a mechanism involving pairing
between the F factor and chromosome, followed by a reciprocal genetic exchange
(AbpELBERG and Prrtarp 1965; Gross 1965). It has moreover been suggested that
the entire fertility of F+ strains may reside in the small number of Hfr mutants
present in every large F* population.

It was at one time concluded (AvrroLpr, Jacos, WoLLmaN and Mazg 1958)
that certain colicin factors also occupy a chromosomal site and thus qualify as
episomes, but the conclusions of these experiments have been questioned (CLowEs
1963b) and a model of colicin factors as stable, autonomous plasmids has been
proposed (Monk and Crowss 1964b). Nevertheless, it could still be suggested
that occasional integration of a colicin sex factor with the chromosome might

1 Present address: Division of Biology, Graduate Research Center of the Southwest, Dallas, Texas, 75230,

Genetics 53: 717-726 April 1966.
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occur which would account for its ability to mediate the transfer of chromosomal
markers. -

More recently, ‘“‘recombination-deficient” (rec”) mutants of K-12 have been
isolated by CLark and Marcuries (1965) which are suggested to be unable to
catalyze one or more steps involved in the recombination process. The extent to
which these rec mutants can act as genetic donors when infected with one of

TABLE 1

Bacterial strains (all strains are E. coli K-12 sub lines except where noted)

Genotype
Strain Chromosome Sex factor Origin or derivation
(a) Sources of sex factors
501 (58-161) met F Original strain (HavEes 1952)
770 (W1655) met lact F-lact Scaire and Gross (1962)
519 (58-161) met coll Monk and Crowes (1964a)
414 (E. coli K94) prot colV2 Original strain K94
(FrEDpERICQ, 1963)
see MacrarreN and CLoweEs (1966)
810 (J62) his try thy strr colV3 MacrarreN and CLowes (1966)

(b) Strains derived from AB1157 (thr leu thi pro his arg lac-xyl-T67 str7)
(i) “Recombination-active” (rect) strains

97 rect : 0(F-) Original strain (ApeLBERG 1962)
112 rect F 97 x 501
101 rect F-lact+ 97 X 770
100 rect coll” 0(F-) 97 X colicin1
108 rect coll” coll 100 X 519
110 rect+ colV2 97 X 414
131 rect colV3 97 x 810
(ii) “Recombination-deficient” (rec) strains
96 rec 0(F-) Howarp-Franpers and THERIOT
(AB 2463)
111 rec- F 96 X 501
107 rec F-lac+ 96 X 770
99 rec™ coll™ 0(F-) 96 X colicinI
106 rec= coll" coll 99 x 519
109 rec” colV2 96 X 414
130 rec™ colV3 96 X 810
(c) Other strains
902 (Salmonella typhimurium) OzexI and HowarTa (1961)
LT-2 cys36 coll
750 Hfr C (met) F Original strain (CavaLiri 1950)
C600 thr leu thi lac- 0(F-) Original strain (AppLEYARD 1954)
502 (58-161) met strr 0(F-) Original strain (Haves 1952)
510 (58-161) met str” coll  0(F-) 502 X colicin I

prot indicates growth on minimal medium without amino acid or vitamin suEplements. met, thr, leu, thi, pro, his,
arg, cys, thy: requirement for methionine, threonine, leucine, thiamine, proline, histidine, arginine, cysteine, or thymine.
stro (str7): sensitivity (resistance) to streptomycin (200 pg/ml). lact xyl* ability to ferment the sugars lactose or xylose;
lac-, ryl: inability to ferment these sugars. Strain 96 is a_mutant isolated from strain 97 by P. Howarp-FLANDERs which
is hypersensitive to ultraviolet and also to X-irradiation. F is the F fertility factor of K-12; coll, colV2, colV3 are colicin
factors which determine the ability of a strain to produce colicin I or colicin V. collr indicates strains selected resistant to
colicin I and which are also cross-resistant to colicin V.
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thr leu

his

Ficure 1.—Disposition of markers on the circular chromosome of K-12. “C” represents orien-
tation of transfer of Hfr Cavalli.

several alternative sex factors might be expected to clarify whether recombination
between a sex factor and the chromosome is a necessary prerequisite for chromo-
somal transfer. This would, of course, require that infection by sex factors does
not promote the formation of recombinants in the rec strain. This paper reports
an investigation of these properties using a mutant of the rec” type (Howarp-
Franpers and THerIoT 1966) infected with F, or with one of several distinct
colicin factors.

MATERIALS AND METHODS

Bacterial strains: The strains used in this study are listed in Table 1.

Media: All media used have been described in a previous publication (Monk and CLowEs
1964a).

Techniques of infection with F, and with colicin factors, of F testing and of colicinogeny
testing are described elsewhere (Monk and Crowes 1964a). Standard crossing techniques were
used in bacterial matings (see CLowEs 1961; Mo~k and CLowEs 1964a; MACFARREN and CLOWES
1966).

RESULTS

Efficiency of rec™ strains as recipients: The first experiments tested the ability
of the parental rec™ strain to act as a recipient when mated with the Hfr donor,
Hfr CavarLi. When one of a number of sex factors had been introduced into this
rec” strain, its capacity as a recipient was similarly investigated with the results
shown in Table 2. It can be seen that in contrast to the control crosses using rect
recipients, where transfer of a proximal marker, pro*, led to about 5% recombi-
nants, the frequency of pro* recombinants issuing from rec™ recipients was
reduced by a factor of at least 1 in 5000. Moreover, when the factors F or F-lac*
were present in the recipient, the recombinants were reduced even further, as
would be expected from crosses between two donor strains (see Haves 1964).

Nonchromosomal transfer from rec- donors: The extent to which rec™ strains,
when infected with one of the several sex factors, can conjugate and transfer
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TABLE 2
Efficiency of rec- strains as recipients
Donor Recipient
X
Hfr Cavalli AB 1157

Mean number Total Frequency pro*

pro* colonies count Hfr Overall recombinants

Recipient per plate (X108) dilution per input Hfr
rect F- 304 3 10-3 5 X 10
coll+ 298 2.4 10-3 6.2 X 10-2
colV3+ 358 3 10-3 6 X 102

rec- F- 623 3 X 10 1 X105
F- 592 2 X 10 1.5 X 10-5

F+ 17/5 2 X 10 8.5 X 10-8
F-lact 13/5 2 X 10 6.5 X 108
coll+ 538 24 X 10 1.1 X 10-5
coll+ 135 2 X 10 3.4 X 10-¢
colV3+ 601 3 X 10 1 X 10-5

1 ml young (ca. 2X108) Hfr C culture mixed with 9 ml (0/N dil. 1/10=ca, 2X 108) AB1157 recipient culture was
incubated for 2 hr at 37° unshaken, washed twice in 10 ml buffer, resuspended in 1 ml (X 10) and 0.2 ml plated in
uintuplicate either direct (rec- crosses) or after 10 dilution (rec* controls), on minimal medium supplemented with
threonine, leucine, thiamine, histidine, arginine and streptomycin (to select prot recombinants).

their sex factor to the same normal (rect) recipient strain (C600 F-) was next
investigated and compared with the transfer from the corresponding rec* donor
strains. The results shown in Table 3 show that although transfer of either F or
F-lac* from rec™ donors is reduced, it still remains at a value greater than a half
that from rect donors. Transfer of the three colicin factors however was almost
equally efficient from either rec™ or rect strains. In the case of the coll factor,
transfer was similar whether measured at the low level found from stably coli-
cinogenic cells (low frequency colicinogeny transfer-LFC) or from a strain newly
infected with coll from which transfer is enhanced (high frequency colicinogeny
transfer-HFC; see STockER, SmiTH and Ozex1 1963; Mo~k and CLowes 1964a).

Chromosomal transfer from rec™ donors: The transfer of chromosomal markers
from these rec™ strains, each infected with one of the several sex factors, to the
same common recipient strain, was next investigated. These experirrqlents, to-
gether with the control crosses using the corresponding rect donors, are shown
in Table 4. The multiply-deficient auxotrophic genotype (thr lew thi pro his arg)
of the rec*t and rec™ parental strains, limited the number of strains with suitable
markers that could be used as recipients, and the strain chosen carried a met
mutation. Selection for met+ recombinants was therefore made on minimal agar
supplemented with arginine and thiamine. This avoided counter selection of the
recipient markers argt and thit, which are closely linked to either side of met-
and would otherwise have reduced the overall yield of recombinants.

Several features can be seen in the data of Table 4. First, with the notable
exception of coll-mediated transfer, the numbers of met+ recombinants produced
by rec~ donors were much inferior to those derived from the corresponding rec*t
donors, ratios ranging from only 0.139, of the rect level in F-lact crosses to
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TABLE 3
Nonchromosomal transfer from rec- donors
Donor Recipient
X

AB 1157 (zyl-lac-) C600 (zyltlac) F-

Donor Sex factor transfer
ne
F+ rect 37/40 (93%)
rec- 22/40  (56%)
s lact us lac- ar lact
F-lact+ rect 39/40 (98%) 0/40 0/40
rec™ 21/40 (54%) 0/40 0/40
colI*+
coll + LFC rect 4/48  ( 8%)
LFC rec 4/48  ( 8%)
HFC rect 46/50 (92%)
HFC rec 45/50 (90%)
pscolVe+ 1rcolVe+ #ScolVe-
colV2+ rect 30/48 © (63%) 0/48 0/48
rec 26/48 (54%) 0/':'8 O/‘:;E’i3
uscolV3+ HrcolV3+ unscolV3-
colV3+ rect 48/48 (100%) 0/48 0/48
rec- 47/48 (98%) 0/48 0/0

Equal volumes young cultures (ca. 2X108) of both donor and recipient strains were mixed for 2 hr at 37°* and then
diluted and plated on EMB xylose for single colonies. A number of well isolated zyl* colonies were then purified by
streaking amf tested for transfer of the sex factor concerned: F in F+ and F-lac* strains by sensitivity (#5) to the male
specific phage, 4,, coll by overlay with C600F- as a colicin I-sensitive strain; and colV2 and colV3 by both overlay with

the colicin V sensitive strain (C600F-) and also by sensitivity of each colony to the male specific phage, #,. (All strains

carrying colV2 and colV3 are also sensitive to male-specific phage, s, — see MAcrARREN and CLowes 1966). A proportion
of the u5 and u* colonies were tested for fertility. 20/20 u® colonies from F-lact crosses were fertile; 0/20 u* colonies
were fertile. 12/12 uS colonies from colV2 crosses were fertile; 0/5 uT colonies were fertile. 8/8 u*® colonies from colV3
crosses were fertile, one 1t colony was infertile.

* 200 xg/ml trypsin was added to cultures to prevent lethal effects of free colicins on the recipient.

10.1% in the colV2 cross. Secondly, irrespective of the frequency of met*
recombinants produced by these various rec* donors (from 1.5 X 10-° in the case
of F-lac to 8 X 10-® with colV3), the frequency from the corresponding rec- donors
was very similar (within the range 0.61 to 2.1 X 10-%). Finally, this low level of
transfer from rec- donors was found in all crosses involving sex factors, and was
at least 200-fold the maximum possible level in mixtures when rno sex factor was
present (whether rect or rec” mixtures) and was in fact very similar to the level
of transfer from coll donors in the HFC state, whether rec* or rec-.

The relative frequencies with which the two unselected markers, zyl- and T6"
lying on opposite sides of the circular K-12 chromosome (see Figure 1) appear in
met* recombinants in these various crosses is shown in Table 5. It has been pre-
viously demonstrated that there is no obvious preference for the transfer of
markers from any one segment of the chromosome, in crosses from normal rec*
strains mediated either by autonomous F (CLowes and RowLEy 1954; CavALLI-
Srorza and JiNks 1956) by Coll (Crowes 1961) or by colV2 (MacrarreN and
Crowes 1966). In contrast, the transfer due to an F prime factor such as F-lac
is biased owing to the preferred integration of the factor at the site of the chromo-
somal fragment which was previously incorporated as part of the F-prime struc-
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TABLE 4
Chromosomal transfer from rec- donors
Donor Recipient*
AB 1157 X 58-161
(thr lew thi pro his arg Té" xyl-)  (met T68 zyl+ ) F-
Total cells
Experiment plated mettarg*thi* Rec. freq. Efficiency
Donor number (X 109) colonies (X 10-8) rec-/rec*
F+ rect 1 4 1853 46
44
3 10 4078 41 ]
2.7%
rec” 1 4 54 1.3 j
1.2
3 10 109 11
F-lact+ rect 5 10 157,400 1574
0.13%
rec 1 4 127 3.2
2.1
5 10 103 1.0
coll + LFC rect 1 4 11 0.28
2 10 24 0.24} 0.25)
3 10 23 0.23
. /%92%
LFC rec- 1 4 9 0.22
2 10 22 0.22: 0.23]
3 10 28 0.28
HFC rect 6 10 182 1.82 )
8 10 177 1.77¢ 1.80 o
HFC  rec- 6 10 86 086 ( //69 %
8 10 161 1.61 1.24]
colVe+ rect 4 6 1567 26.2
16.8 )
7 10 1121 11.2 .
L 101%
rec 4 6 168 2.8
1.7 |
10 101 1.0
colV3+ rect 7 20 1688 8.4
7.3%
rec- 7 20 122 0.61 '
F- rect 4 10 0
(control)
7 20 0
< .003
rec 4 10 0
7 10 0

50 ml {oung cultures (ca. 2X 108) of both donor and recipient strains are mixed at 37° for 2 hr (static), washed twice
in 100 ml buffer and resuspended in 5 ml (X20). Volumes of 0.2 ml are then plated on minimal medium supplemented
with arginine, thiamine, and streptomycin and incubated 48 hr at 37°.

* Resistant to colicin I (coll”) and cross resistant to colicin V2 and V3.
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TABLE 5
Unselected markers among recombinants

Donor Recipient
AB 1157 X 58-161
(thr leu thi pro his arg xyl-Té7) (met xyl+ T6S) F-

met* Donor
recombinants
with F-lact F+ coll+ colVe+ colV3+
donor marker* rect rec rect rec” rect rec rec* rec” rect rec
zyl- 10/48 9/48 17/63 9/63 6/63 9/63 24/80 -33/128 16/90 22/90
(21%) (19%) (27%) (14%) (10%) (14%) (30%) (26%) (18%) (24%)
TéT 1/366 6/103 5/63 3/63 8/63 6/63 6/80 7/128 10/90 13/90

(025%) (6%) (8%) (5%) (12%) (10%) (8%) (6%) (11%) (14%)

* Pooled recombinants from crosses shown in Table 4 were tested for these unseleced markers.

ture, in this case lac, which lies between pro and T6. This particular F-prime
transfers prot as an early (proximal) marker and 76 as a late (distal) marker
(ScarFe and Gross 1962). The results from rect donors shown in Table 5 are
in line with these observations, the donor zyl marker being found in between 10
and 309% of the met* recombinants in all crosses, whereas although the T6
marker is found in between 8 and 129, recombinants from F, coll, colV2 and
colV3 mediated crosses, it is found in only 0.25% of the recombinants from F-lac
donors.

In contrast, the incorporation of both markers is more nearly the same from
all rec~ donors, including those from F-lac rec- donors; zyl appearing in 14 to
269 of the recombinants and 76 in 5 to 149.

DISCUSSION

The results of Table 2 show that the rec™ strain 96 (AB2463 of Howarb-
Franpers and Tuerior) is defective when used as a recipient. It has been
assumed that this defect is probably due to the inability to integrate the genetic
material which is received from the donor, as has been concluded in the case of
the similar strain isolated by CLark and Marcuries (1965), and it is ot due to
the lack of ability to accept this genetic material from the donor. This latter aspect
is supported by the finding that no difficulty was experienced in infecting AB
2463 with the various sex factors used in this study. Moreover, this strain has
been shown by Howarp-FLanDERs and TuEerior to be hypersensitive to both
ultraviolet and X-irradiation to the same extent as the strain of CLaRk and Mar-
GuLies. It may also be concluded from Table 2 that infection of this rec™ strain
with any of the sex factors used in this study does not compensate this defect,
and that if this 1s due to lack of recombination, then recombination 1s still not
possible in the rec™ donor strains.

When used as donors, all the rec™ strains infected with various sex factors were
able to form contacts and transfer their sex factor with near-normal efficiency to
the standard recipient C600F- strain (Table 3). This suggests that the donor
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properties including the formation of stable unions and the transfer of non-
chromosomal elements are not greatly affected by the rec- mutation. The pro-
duction of recombinants, and by inference, chromosomal transfer is, on the other
hand, markedly reduced from all donor strains carrying the réc- mutation, with
the exception of those carrying coll (Table 4). This is consistent with the idea
that the major part of chromosome transfer mediated either by F (or F-lac), colV2
or colV3 depends on the recombination of the sex factor and the chromosome (as
has also been concluded in the case of F or F-lac by ApeLBERG and PirTarp
(1965) and by ScarFe and Gross (1964)) and this recombination is precluded
by the rec- mutation.

_The results from the study of unselected markers (Table 5) support this main
conclusion. Here it is seen that transfer from an F-lac rec donor does not show
the bias against a distal marker such as 76, as is shown by the F-lac rect donor.
It can be concluded that transfer from the rec* donor arising from recombination
of the F-prime element with the preferred (lac) site, is no longer possible, and
that the greatly reduced and nonpolarized transfer from the F-lac rec- donor is
due, as is that from all rec~ donors, to events which do not involve recombination
of sex factor and chromosome. These results would also seem to eliminate a trans-
fer mechanism involving a transient, unstable structural association of sex factor
and chromosome, not necessarily involving recombination, since this would also
be likely to show a bias for the preferred site in F-prime transfer. The finding of
a constant level of recombinants from all rec~ donors, irrespective of the differ-
ences shown by the corresponding rect donors, supports the idea of a low level
transfer from all donors, which is independent of interaction of sex factor and
chromosome. “Leakiness” in the rec- mutation, on the other hand, would be
expected to lead to a constant rect /rec” ratio of recombination.

In the case of coll, it appears that the low level of chromosomal transfer
normally seen (from coll* rec* donors) is not due in any extent to recombina-
tion of sex factor and chromosome. This is supported by the fact that this low
level transfer, shown by coll donors in the HFC state, whether in rect or rec”
strains, occurs at a similar level to that which is shown by all other rec~ donors.
(The level shown by coll in the LFC state is further reduced due to the lower
frequency with which this factor exhibits all sex-factor properties, including
formation of unions and transfer of extrachromosomal elements, when stabilized
in a cell [see Table 3 and Monk and CLowes 1964a]).

Chromosome transfer from coll donors therefore seems at all times to be inde-
pendent of interaction of sex factor and chromosome. This is a situation parallel
to that involving the transfer of other noninfective extrachromosomal elements
such as colE1 and colE2 that can be brought about by sex factors like F or coll.
In these cases, there is also apparently no structural association between the
mediating and the passive extrachromosomal elements (e.g. transfer of colE1 or
colF2 by coll in Salmonella (SmitH, Ozek: and STockER 1963) or of colE1 and
colE2 by F (Crowes 1964). Chromosome transfer by coll might depend only
upon spontaneous fragmentation of the normally circular K-12 chromosome to
form a linear structure, as has been suggested in an earlier publication (CLowEs
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1963a), and the coll factor seems to have no demonstrable ability for association
or integration with the chromosome as have the other sex factors used in this
study.

We are indebted to Dr. P. Howarp-FrLanDers for the rect and rec— parental strains and
for unpublished information.

SUMMARY

Chromosome transfer mediated by certain sex factors (F and F-primes, colV2
and colV3) is greatly reduced from donor strains which have a “recombination-
deficient” (rec™) mutation, when compared to transfer from the corresponding
normal (rect) donors. It is concluded that the major part of chromosome
transfer mediated by these factors is dependent upon recombination of sex factor
and chromosome. Nevertheless, chromosomal transfer is in fact found in all
cases at a decreased level which is fairly constant in crosses involving any of
these sex factors. Unselected marker transfer supports the idea that this low level
transfer does not depend upon recombination or on a transient association of sex
factor and chromosome. Chromosome transfer by another factor such as coll is
similar whether from rect or rec™ donors from which it is concluded that such
factors may be incapable of structural association or integration with the bac-
terial chromosome.
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CHAPTER 4

THE STIMULATION OF CHROMOSOME TRANSFER

Shortlytafter the discovery of recombination in E. coli K12,
it was reporﬁed that irradiation of the parents of a cross with
ultraviolet light stimuiates the formation of recombinants‘(Haas,
Wfss & Stone, 1948). With the discovery of sexual differentiation
\Hayes,(1952a)_demonstrated that the stimulation of recombinant
formation is due entirely.to an increased fertility of the Ef.donor
'popﬁlation. If the F~ recipient bacteria are irradiated, the
numbers of recombinants fall proportionately with the U.Yl;sufvival
rate of the Ef,pspulétion. ihis is not surprising since the F~
strain is the parenf which.constitutes éhe iygote wherein the entire -
recombination and segregatlon processes occur. Similsrly, the
".fertlllty of Hfr donor strains fallﬂ!glth 1ncreasxng U Vo damage, v,,
parallellng the viable count. - |

. The U.V.‘stimulatioh of recombinant formation was shown to be

, vphoto-reactivabie and to require ihcubation of the irradiated F*
donor in broth fp:lits devélopment'(Hayés, 1953b). The stimulatios.»i
of fertility by U.V. irradiation can produce as much as a Soffdld
'increase in the total sumbér of'recombinants under optimallssnditions.
The incfeased‘ddnor ability to generate recombinants;is not
inhsrited by thsidescendenfs of the induced F* donor bacteria
(Hayes, 1960) and there.iis no appreciable increase in the number of 
stable‘gfs donors formed.-

The phsnomenon has been redefined»as the ipéﬁction, by U.V; '

irradiation, of new chromosomal donors in bactefial populations




- 60 -

which harbour autonomous sex factors; this induction is reflected
in an increcase in the absolutc number of recombinants gcnefated'
’(Evenchik, Stacey & Hayes, 1969).

The induction of new chromosomal donérs also occurs following
treatment with mitomycin C, thymine starvation or nitrous acid, but
does not develop after X-irradiation, treatment with hydroxylamine,
caffeine, or methyl methane sulphonate (MMS), or following the
incorporation of 5-bromouracil (Evenchik et al, 1969; Rajchert-

Trzpil & Dobrzanski, 1968).

The damage produced in DNA by U.V. .irradiation and the inhibition
of DNA synthesis is known to activaté the enzymatic repair ' .?‘f' |
" mechanisms of the bacteriél cell (Boyce‘& Howard-Flanéers, 1964a;

Howard-Flanders, Boyc; & Theriot, 1966), which probably also
operates oq_DNA.damaged by mitomycin C (Boyce & Howard-Flandefs, 1964b).
7$-The stimulgtiﬁg effects,?f these mgtégenic agenté on:the fert?lity of .
"'ff:don;r strains could, thérefdre,'perhéps be the activatién'of Dﬁxf
repéir synthesis. .The repair processes might faVSur the
recdmbination event betweén the sex facéor and the chromosome
{ ‘.’(Réjcherf-Trzpii & Dobrza;ski, 1968).  These authorg claim that
caffeine treatment of U.V. irradiatéd donor baﬁteria, before |
conjugation, erhancesthe effect of the U.V. stimulation. ° Caffeine

is believed to.inhibit U.V. dark repair (Lieb, 1961; Metzger, 1964).

The agents that produce the U.V. stimulation effect all yield

v -
"

the type of DNA damage which is repaired by an excision process.

The damaged single strand'fragmentsAof DNA, contéining pyrimidine

dimers a;é'excised and acid soluble nucleotidesiéppear in the medium

vr
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{Boyce, 1966; Boyce & Howard-Flanders, 1964a; Setlow & Carrier,
196L4). The result of this excision is that single stranded éaps
are exposed in the DNA." These gaps are repaired by new DNA
synthesis using the interrupted strand as a primer and the intact,
complementary strand as a template (Pettijohn & Hanawalt, 1964).
When the F* dbnor is defective in the excision of.pyrimidine dimers
from its DNA after U.V. irradiation!(gng) (van de Putte, van
Sluis, v;n Dillewijn & RBrsgh, 19655 of is unable to carry out
normal recombination (rec™)'the U.V. stimulation of fertility doesh‘

not take place (Evenchik et al, 1969). Evenchik et al therefore

'suggested that the excision of a U.V. damaged strand of chromosomal -

DNA in a region of sex factor homology could lead to facilitatiop:
of pairing of the sex fact&r with the intact chromosomal strand.
This would be followed by bréakage of the sex factor strand and its
covalent bonding to the free end of the excised strand, by means of
"the bacterial REC system. This unorthodox structure, in which sex
‘ factof and chromosome are joineq by only a single DNA strand,k&és&po
obvious barrier to a replicatioﬁ which is initiated in the. sex |

factor, continuing along the chromosome to effect chromosome

transfer. However, a second replication of the chromosome, or the -

;

" completion of a Single replicatioﬁ initiated‘at_theAchromosomali e

origin, will be blocked at the sex factor attachment site.: Thus,

this donor would be inviable. :
g

In support of this model, the U.V. stimulation is inhibited in

irradiated uvrfgf donors which have been treated.with acriflavine,
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.a dye reported to prevent the excision of pyrimidine dimers (Harm,
1967; Setlow, 1§66). Moreover, Hayes (1953) demonstrated thaf‘the
effect is reversed by photo reactivation, which is known to
specifically uncouple pyrimidine dimers.(Rupert, 1961; Setlow,

Carrier & Bollum, 1965).

Experimental Section 2

The effect of U.V. irradiation on the fertility of donor : - \
strains, carrying many different transmissible plasmids was

investigated. Does the U.V. stimulation of chromosome transfer in.

all these sexual systems? The donor strains used in this study Are

listed in Table 6. The recipient_strains were J62 proA his trp strA

-

F~ and PA309 thr leu thi trp his argH stra F-.

2=A The ultraviolet stimulation of chromosome transfer

Aliquots of all the donor cultures were irradiated iﬁ phosphaté.
buffer to a survival of c.30%. Immediately after irradiation the
cuitures were transferred to ;crew—cappea bottles and 1/20th volUme
of X20 nutrient broth added. .The bottles were wrappedlin silver foil;  e

to prevent photoreactivation and incubated on an inclined turntable.

The unirradiated control cultures were maintained in log phase,

s

without multiplication during this time. Both donor preparatidﬂgf: i

were then mated with the same recipient under identical conditions.
The effect of U.V. irradiation on the fertility of a series of -

isogenic donor strains is shown in Table 1k. All irradiated donor

v

. 74
.strains show some increase in the total number of recombinants,

‘ for at least one of the recombinant classes examined. The colicin-

ogenic fgcto:s Col B1, Col B2 and Col'gﬁ are fertility?repressed '
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TABLE 14

A comparison of the effect of U.V. irradiation on

the fertility'of isogenic donor strains

The total number of recombinants/ml.

Sex factor Before U.V. After U.V. Increase
i
F 8.0 x 103: 2.6 x.105 *a.e X 32
- _ 5 ¢
F'lac 7.0 x 10 2.8 x 107 a X4
K 2 A
. -Col V2 6.0 x 10 1.0 x 10" b X 17
' 2 b
Col V3 4.8 x 10 9.1 x 10 c X 19
~Col B3 4.9 x 10° 1.7 x 10° a.b.e X 34
Col VB 8.8 x 10° L.k x 104 a X5
R1 drd 19 2.4 x 10° 7.2 x 10° ¢ X 3
R192 drd F7 8.8 x 102 1.4 x 10* a X 16
Col Ib drd 1.0 7.9 x 10 b.c. X 79
R64 drd 11 " 4.0 x 10° 1.9 x 104 c X 47
Riky dard 3 6.0 x 102 3.2 x 10° e X 53

recombinants class selected a. pro*A

’

* b. arg*H

c. thr* leu*

4. trp*

e. his*

cross in several experiments.

‘At least 500 recombinants were scored per

¢
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plasmids. To measure the effect of U.V. irradiation on their ;
fertility it waé necessary to prepare HFCT donor culture;. After'd
overnight growth, followed by sub-culture and a fgrther zé.hr.
incubation, these newly infected intermediate donors were
irradiated. The infection of the intermediate donors was always
better than 95%. The effects of irradiation on chromosome traﬁsfgr
by these HFCT cultures is shown in Table 15. The ultravioiet
irradiation stimulates both LFCT and ﬂFCT donor cultures. The
increased number of recombinanté(siredﬂby the LFCT cultures must
reflect, the dégree §f de;epression of the conjugal functions
'.produced by U.V.'irradiation, since both irradiation andfthe
preparation of HFCT donor cultures produce the_same‘incrgased
frequgpcy of recombinants (see Table 15). However, it is probable
that: in both cases, part of this increasé is due to a superimposéd
enhancement of chromosome transfer. |
Those plasmids which have incorporated parts of the bactefiaL 
chromosome into the plasmid genome.aré the relatively leasb |
-stimulated by’U;V. irradiation, although the total number of
recombinants produced are, of course, much greater. In fact, the
.total number'of reéombinants yielded by these irradiated donors -

approximates the number éxpected from an Hfr donor. It is

therefore not surprising that the F'lac, Col VB trp cys and R1 drd 19

factors do not show a large increase in the number of recombinants.

o

* These three plasmids already interact very efficiently with the
.bacterial chromosome. There is no evidence that R1 drd 19 has any

Achromdsomal-maferial as part‘of its genome, but it does transfer the
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TABLE 15

1{\

A compérison of the effect of the U.V. irradiation on the fertility

of LFCT and HFCT cultures of Col B* donors

The total number of recombinants/ml

Sex Before U.V. "After U.V. | Increase | Before U.V. | After U;V, ' Increase
factor LFCT LFCT HFCT HFCT
L o o, *b.c. 3
Col B1 1.8 x 10 9.0 x 10 X5 2.4 x 10 k.6 x 10 X 19
1 : 2 k T 2 *d‘e',bl 3
Col B2 1.6 x 10 1.3 x 10 X8 1.4 x 10 2.2 x 107 - X 16
. 1 ’ 2 ) * 2 *aoc? l* .
Col BA4 8.0 x 10 7.2 x 10 X9 7.2 x 10 1.2 x 10. X 16
* recombinant classes selected a. pro*A
b. arg*H
c. thrt*leu*
d. trp*
e. his*

At least 500 recombinants were scored per cross in -
several experiments. ' :

\
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chromosome at a very high frequency from a fixed origin which is
near the genes for tryptophan biosynthesis (Pearce & Meynell,'1968);
The greatest stimulation of recombinant formation by U.V. |
irradiation was found with a fertility;dgrepréssed mutant of

Col Ib. In some experiments £here was more than a 100-fold
increase in the total yield of recombinants.

2-B Discussion

The observations of the effect of ultravioief irradiation on -
the fertility of donor stx;ains (Hayes, 195-2a, igsgb; Rajchert-
Trzpil & Dobrzaﬁski, 1968; Evenchik et al, 1969) have been confirmed
and extended to a wide range of plasmids; u.Vv. irfadiafion is
~capable of stimulating chromosome transfer in all these plasmid
conjugation systems. “However, it seems doubtfﬁl that the model
proposed by Evenchik et al (1969) can provide a full explanation of
the data obtained with Col Ib drd. In conditions where the Col
factor transfer to a recipient,population is over 100% due to
epidemic spread, the frequency of recombinants for chromosomal genes
~is as low as 10'8—10f9. If one assumes tﬁat this indicates an
exceptionally low degree of‘homoloéy between the plasmid and the .
chromosome, it is surprising that U.V. irradiation of a Col Ib drd
donor can cause as much as a 1dO-fold increase in total number of
recombinants the highest degree of stimﬁl#tion observed for any
plaémid. If the sole..effect of irradiation were due to the excision.

- of U.V. damage to expose single stranded regions of DNA, thus

increasing -the efficiency of pairing, one would expect thét;the-
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lower the inherent homology, the lower would be the extent of enhance-t

ment of pairing and ?he smaller the relative increase in the yield of

recombinants. It seems far more likely that.a major effect of the

'ultraviolgt irradiation, in thié case at least, is to induce a hither=-
s

to repressed plasmid function, which is able to promote an inter-

action with the bacterial chromosome.

Experimental Section 3 -

The irradiation of repressed donor bacteriayﬁith ultraviolet
light produces an increase in the efficiency o%jconjugal plasmid
transfer similar to that obtained by the prepaiation of an HFci‘ donor
culture.ﬂ This was attributéd to the“destruc£;on of a repreSsor‘by
U.V. and the abgence of'répréSSOr‘in the ﬁew;y infected bagteria.

(Monk & Clowes, 1964b). In view of the stimulatibn‘of éhromgsbme;

‘ transfer produced.by U.v. irfadiationiqf donor strains; it's
importaht to see if the proceéss of newﬂihfécfion“éléd-stfmﬁléfédw

chromosome transfer by these:transmissible plasmids.

“g-A The stimulation of chromosome transfer following new . , -

infectidniwith transmissible plasmids

It is essential in this study that‘only the transfer of éhromo—
somal markers frOmithe intermediaté donors, and notlfrom thé-briginai
donor bapterié,'is measured.‘ To ensure this, selection was made for
a recombinant class to which the original donor strain could'not héve
contributed. The gengtypes of the prim%ry donors and secondary donor
strains are éhownbin Tabie 16. ,Sipce the primary donor and
recipient stfains have identical auxotrophié requirements, the 6nly

possible recombinants must be sired‘by the secondary intermediate
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TABLE ' 16

The strains used to demonstrate the stimulation of

- chromosome transfer in newly infected donor hacteria

The primary donor strains were W1655 nalA F~ derivatives infected
with the plasmids listed in Table 5.
The secondary donor strain used in all the crosses was JC5455

his trp spcA F~ Achtman, Willetts & Clark (1971).

The recipient strain used throughout these experiments was a
streptomycin resistant isolate of W1655F~, derived'for these
_expériments. W1655 StrA F=

The new infection of’ secondary donors was achleved as follows:

Primary donor ' Secondary donor Recipient-'

X o X
metB nalA his trp spcA F~ metB strA F©

P

Where HFCT donor cultures were required, new infection of the

'secondary donors was obtainéd in the following wéy.
; _ . .

Primary donor (HFCT culture) ‘Secondary donor Recipient
: p'e X |
(metB nalA” X metB F~) ' his trp spcA F~ metB strA F= -

/" )
metB* strA recombinants can only arise from transfer from the
secondary donor straxns. :

—
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donor strain. In the case of.repr§ssed plasmids, the primary donor
must of.course be an HFCT preparat;on, so that three strains are -
used successively as donors in the,éross, as shown in Table 16.
‘The effects of new infection on chromosome transfer by various
plasmids is shown in Tables 17 & 18. The results are similar to
those obtained in the U.V. sfimulation of chromosome transfer
éxperiments. All the donor bacteria, including those carrying sex
factors (such:as F) which are derepressed with respect to theirv
copjugal function, Showgd'stimulation of cﬁromosome transfer when
newly trénsferfed. The stimulation of transfer in the crosses
invol&ing the HFCT donor cultures was variable, probably due to the
double sub—cultﬁring of the HFCT donor preparation.

The gréatest effect of new infection on the production-of
recombinants is shown by Col Ib drd. As with the effects of U.V.
irradiation, thére was:freAuentlyia 100-fold increase in thé tota14 

number of recombinants yielded by this plasmid. The propertieéqu
the Col Ib drd plasmid théréfore seemed fo'warraht a more Qetailed-;

investigation. e

3-B The properties of donor ‘strains harbouring a newly

transferred Col Ib drd plasmid

The fertility-derepressed mutant of Col Ib is readily transferred

to recipient bacteria by conjugation, the kinetics of its transfer

being élmost identical tq'thése observed in an HFCT donor culturé'of
Col Ib. Transfer ex;é;ds 96% within 15 minutes of mating, Figure 6.
- It is easy to prepare ddhor‘bgcteriA which have a newly transferred;

plasmid when transfer is so efficient, and, therefore, to examine’
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TABLE 17

A comparison of the effects of new infection on chromosome

transfer by isogenic donor strains

harbouring various plasmids

The total number of recombinants/ml.*

Sex " Standard Newly infected '
Increase
factor Cross donors
3 5 -
F 5.7 x 10 1.7 x 10 X 29
5 6 ‘
F'lac 8.1 x 10 1.6 x 10 X 2
' 2 , 3
Col V2 5.8 x 107 : 6.4 x 10 X 11
‘ 2 o L
Col V3 5.6 x 10 1.1 x 10 X 20
Col B3 5.1 x 10° 2.2 x 10° X 41
o - ] . 5 . ,
" Col VB - 8.8 x 10 . 1.6 x 10 X 2
S o L | . N | O
R1 drd 19 - 2.9 x 10 6.4 x 10~ X 2
R192 drd F7 9.0 x 10° 1.8 x 10° ‘ X 20
Col Ib drd 1.1 e C 134 : X 121
o 2 ' A '
.R64 drd 11 6.2 x 10 3.8 x 10 X 61
Rikk drd 3 5.0 x 10° 2.5 x 10° X 49

,[metB nalA X his trp spcA] X. metB strA

* at least 1,000 recombinants scored per cross.

TG S
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TABLE 18

.

A comparison of the effect of new infection on the fertility

of Col Bt

i

donor strains -

The total number of met*B strA recombinants/ml.*

se*' §tapdarq HFCT * fNewly“infected‘dqnor . -3increasé:
: factor., -Cross ) : R N T e
e e / _ 2 - 5 -
Col B1 3.4 x 10 2.8 x 10” X 8
o , 3
Col B2 . 2.9 x 10 238 x 10 X 10
2 3
Col Bk 6.6 x 10 9.2 x 10 X 14

[(metB nald X metB) X  his trp spcA] X metB strA

* At least 1,000.recombinants'peﬁ‘cross were scored.
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'. Figure 6.
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~whether or not the process of‘hew infection can.derepress other
plasmid functions; The derepression of the conjugal transfer system
in an HFCT donor culture also‘leads to an increased'synﬁhesis of
colicin, as measured by lacunae formation, Table 19. In addition,
there is a loss of viability of the cells of an HFCT culture.
' . Bacteria harbouring the Col Ib drd plaémid also show an
increased'synthesis of colicin even when stably infected, the basal |
level of lacunae formation being higher than in the caée of the wild
type repressed plasmid. This level is increased still further upon
new infection. The viable counts of cultures of Col Ib drd donors
are frequently as Quch as 50% lower than the total counts (see
uTableAjg). Thésé'pleiot;opic effects are shown by several
derepressed fertility mutahts of Col. Ib type plasmids (Dowman &
Meynell, 1970). Measuremepts of the amount of plasmid DNA and of a
‘»plasmid-determined enzyme led these~authors to conclude that the
| :increased cgliciﬁ synthesis does not.result from an increased numberl
of;plasmid,génomes per donor cell. However, the possibility exists
W'fﬁat therejméi‘be'a peri9d of'multiplication of'the plasﬁiq gftertit
isbnewiy traﬁsferred, as hés_been found in the case of an E;lgg
factor,kde Haan & Stou?hamer, 1963).
" The presence of a Col Ib plasmid in a bacterium greatly
“increases the cell's resistance to damage by ultraviolet light
(Héwarth, 1965; Takano,. 1966; Walsh & Meynell, 1967). Tﬁis
. ! ,
‘increased resistance will also protect a recA strain from small doses
of'radiation, up to 100 érgé/mmz. When this dose is exceeded a .

strain : .
recA Cal.ijdies’at approximately the same rate as a recA F™ strain.
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TABLE 19

The derepression of colicin synthesis

on new infection

The measurement of the numbers of lacunae/ml given by different

preparations of Col Ib

Donor / Viable count of Number of lacunae/ml Transfer

culture . donor bacteria € . racunae of Col Ib
Col Ib 2.1 x 10 /ml --8.6 x 10 . 1.0%
Col Ib LFCT | 2.0 x 105/ml 2.9 x 10° ‘ 3.8%
Col IB HFCT: 1.6 x 10°/m1 " 4.6 x 10° 99%
Col Ib drd 1.1 x 108/m1 d 7.8 x 10% : 98%
newly infected 1.0 x 105/ml 1.0 x 10° 106%
Col Ib drd T : -

Lacunae production: Serial dilutions of a newly infected
~Col Ib drd donor culture were made together witﬁ the |
control Col Ib cultures, and O.1 ml samples were plated
in triplicate in a lawn of Col-sensitive strA indicator -
bacteria, on streptomycin nutrient agar plates. " The

plates were incubated at 370, and the lacunae scored after

6 hrs.
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The U.V. survival of strains which harboured a newly transferred

- SEEL_ih.gzg.plasmid was_ﬁeésu;ed.A' Thezfesults a;e'showh ip Figu?é 7,9{§v
Baqteria ﬁew1y infeéfed with-the Col factor have an inéfeased's .
resistance compared to a stably infected strain. Furthermore, the
ﬁfotection against U.V. da&ége in a newly infectedigggé strain raises
the survival to that of a newly infected‘gggf strain. Newly infected
recA bacteria can survive U.V. AOSes qf up to 1,000 ergs/mm2 befo?e
they start to'die at an appreciable rate, but at these large U.V.
doses there is considerable damage to the plasmid which often shows
deletions involving several characters on transfer to another cell
(Moody, ﬁnpublished data). This could be the reason for the loss of
the U.V. protectiop if the plasmid is so damaged as to be nén-
functional. gIt is intéfes£ing ¥hat cells newly infected with Col Ib
drd plasmids are apparegtly less susceptible to the induction of
colicin synthesis by ultravio;et light, perhaps because induction is
already approaching the maximum. The protection that Col Ib affords
an irradiéted'cell‘suggests that perhaps this plasmid can specify the
synthesis of a repair enzyﬁe,;lthough this is probably not an excision
‘enzyme since Col Ib does'not confer protection on uvr® bacteria
(Eveﬁchik et al,{1969§"Moody,-udpublished data). The synthesis of
this proposed enzyme could be induced by new infection, so givipg:rise'
to the increased resistance to U.V. damage. |

Since newly infected recA strains are protected from U.V. death
there might‘also‘be.somé restoratién of their recombination-deficiency.
The resﬁlié obtained in'gfi cfosses'with a newly infected recA

. recipient strain are shown in Table 20. There is at least a 100-fold.
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Figure 7. .
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TABLE 20

Recombinaht . production by rec* and recA recipient

bacteria newly infected with Col Ib drd

/The frequency of met*B nalA recombinants per 100 input Hfr

Sex factor - ..
- .. rec’ recipient recA recipient
in recipient
-1 -
None 8.2 x 10 1.1 x 10
| | o . : -5
‘Col .Ib : 7-9 x 10 » 1.2'x 10
. B . . . N .. -1 I A . ‘ -5 - P
newly infected ;i . ' -3
Col Ib drd - 8.0 x 10 4.1 x 10
*newly infected -1 -5
Col Ib uvp-2 8.6 x 10 2.0 x 10

Hfr P13 cys his X W1655 metB nalA F~

*.Col Ib mutant which fails to confer reSLStance to
ultrav101et light (see Figure 8):

£ At least 500 recombinants scored per cross.

-
-
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increase in the number of recombinants produced by a recA recipient
which has been newly infected.with Col Ib drd as compared to the
fstably infected recA strain. Thus there ié'a partial restoratioh
of the ability to produce redombinants in thesg newly infected
recombination-deficient strains, although it does not approach the

wild type level.

3-C Discussion

Bacteria newly infected with transmissible plasmids behave in
a manner similér to stabl& infected bacteria which have been
irradiated with ultraviolet light. The conjugal'transfer‘éystems of
repressed plasmids can be derepressed by either low dozes of U.V.
'irradiation_(Méhk~& Clowes, 1964b).or by new infection in an HFCT
donor'cultufe-(Stocker, Smith & Ozeki, 1963); This results in the
efficiént ﬁrénéfer of the temporarily derépressed plasmid to recipienﬁ

Y

- bacteria. ' Thé same conditions also lead to an increase in the

nu@ber?of ceils that Comménce lethal colicin syntheéis in 5 éolicin;A
ogeﬁic étrain. | |
 Monk & Clowes (1564b) envisaged thé regulation of plasmid

functions throﬁgh cytoplasmic repressors, whereby the inactivation of |
répréssor fuﬁctioh by U.V. irradiation, or its ébsence in newly
infected strains;vleads to the expression of plasmid genes in a
manner similar té'the U.Vf induction (Jacob & Monod; 1961) or the
_zygotié ihductiqh of a.ﬁ_}ysogep (Jacob & Wollman, 1956a; Wollman &
Jacob, 1957). ~¥:

One might expect that the various plasmid functions would be

regulated independently but this does not seem:always to be the case.
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A fe?tility.derepressed mut;nt of Col Ib-type plasmid, R14k drd,
also showed an increased synthesis of colicin, as judged by the sizg
of the inhibition zone (Meynell et al, 1968). 'This increased
colicih synthesis is apparently not'due to an increased number of

v I
plasmidshper cell (Dowman & Meyneli, 1970). An intimate relation-

ship between the transfer genes of a colicinogenic factor and the

.genes concérned with colicin synthesis is also found in the sex

factor; Col V2. This is a naturally derepressed F-like colicinogenic

factor. The conjugal transfer system of Col V2 is subject to the
repressor produced by a repressed Rfi* factor,.gggg so that, in a'
strain harbouring both Col V2 and R222, virtually no Col factor
transfer takes place. At the same time the amount.of colicin
produced is‘only 25% th;tlof the same strain carrying the Col V2
alone (Moody, unpublished data). This could mean that at one time /
there might have been a functiogal felationship between the.transfef
genes and ‘the genes concgrned'with colicin synthesis; for example,
colicin V2 might have evolvea from mutanf pilﬁs sﬁb—units. In
contrast,if an F'lac faqtoi- is substituted for the Col factor, th_ef'
fertility system is repressed as before but the synthesis éf
. B-galactosidase ié-completely unaffected.by £he.§7factor repressioﬁv
(Moody, unpublished data). ,V‘A

It is pfoposed that "the tran;fer of chrdmosomal material is -
another inducible.plasmid'function. The stimulation ofzchromosome
transfer by ulfraviole££;rradiatioﬁ'(Hayes, 1952a, 1953b;
Rajchert-Trzpil & Dobrzanski, 1968; Evenchik et al; 1969) (see also

Tables 14 & 15) and by new infectioﬂ (see Tables 17 & 18) can be
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accounted for by the &erepressién of this plasmid function. The
ﬂincreased interaction of transmissible plasmids with the bacterial
chromosome after U.V.‘irradiation has been attributed to the excision
of a damaged strand of DNA'in a region of sex factor homology, tﬁusA
exposing a singlebstranded region which is more readily recognised by
the sex-f.ag:tor (Evenchik et al, 1969). This model has been
criticised in Experimental Section 2-B on the basis of the resul?é
obtained with Col Ib drd, a-plasmid which seems to lack Hémology'
with the'chromoséme and yet is stimulated by ultraviolet light.
These criticisms are strengthened by the data obtained in
Experimental Section 3-A. Donor bacteria which have a newly
transferred plasmid show a stimulation of’cﬁromosome transfer
similax to that of the U.V. induced donors. Here there is no
reason to suspect that the;e is any damaged DNA to be excised in the
regions éf sex factof homology. A rea;onablé alternati&e.model,
thereforeﬁ is the induction of some plasmid-specific function which
can be derepressed‘by either U.V. stimulation or by new ihfecfion.
,'The derepression leads to an increased interaction between the
vplasmid and fhe chromosome which resulté‘in the-tfansfer of

" chromosomal genes during conjugation.

However, in a standard cross involQingvan autonomous plasmid,
fhis postuléted plasmid function must Bé.assumed to interact with the_
>bactéfial éEQ systen, sipce both systems are required to maintain the
'hofmal_f:eéuehc& of re;;mbinanﬁs. If the badfgrial_REC{sys?em is»,
defecéivé, as in_EgéA d;ndrs; thélfrequency'oftféqombinanté ﬁfqps

to the levels shown in Table 13. This low level of recombinants
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is characteristig of'the frequéncy of recombinants produced by
Col Ib*drd donors, regardless of their recombination proficiency.
The resuits obtained in Experimental Section 1—CAsugge$t that the
transfer of chromosome by Col Ib drd plasmids ;s by a mechanism-
which is totally independent of the bacterial ﬁEC system, and so may
be entirely mediated by a plasmid-specified fuéétion. If this is
true, the increase.in chromosomal transfer shoé; byiggl;lg_ggg'
intermediate donors should also work in recA donor straing.‘

The results obtained with some newly infected recA (Table 21)4

donors are shown in Table 22. -_The'low numbers of'recpmbinants:_.”"

- siréé inAtﬁé majdrity 9£.¢rgssés’%nvéiﬁing;iggé‘dénofshma&efiﬁ iﬂf%ﬁ
neqéssaryth‘feééqf £hé‘cros§es~many £;me;:t§*cheékktheiféﬁfbadqgﬁiiiéy 1
6f.the results. Normally, dono? cultures were set up in triblicate‘ |
: &nd ail crossed with the same recipient. The result of each
experiment was‘taken as the average of the three donor éﬁltures, and
repeated at leasf five times.

. Surprisingly, new infection by £ or F' plasmids turned out fo
provoke as high a relative increase in the number of recombinants
produced by the rec™ donors as had‘been found in the case of‘gggf
donors (Table 17) although, of course the.absolute number of
recombinantsiwas;enormously greater in the rec* crosses. In tﬁe'
latter crosses, the stimulation of chromosome transfer does not
appear to be directly aftributable to induction of the proposed
plasmid-spécific functiéﬁy since the REC‘system is cléarly necessary . ‘!
for efficient transfer. fo.investigate the contribution of thg

plasmid-specific function to normal transfer would require analysis .
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TABLE 21

The strains used to demonstrate the stimulation

, of chromosome transfer in newly infected

recombination deficient donor bacteria

The primary donor strains were W1655.22lé_£ggé_£f derivatives infected
with the plasmids listed in Table 5.‘ The origin of this
recombination-deficient strain is described in Table 6.

- The secondary donor strain was a reéombination—deficient
mutant derived from JC5455 by Dr. N. S. Willetts. It is designated

'JC5466  his trp spcA recA F-

The new infection of secondary donors was achieved as follows:

Primary donor o Secondary donor ' Recipient
X X

metB nalA recA :  his trp spcA recA F~ metB strA F=
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TABLE 22

‘The effect of new plasmid infection on the number of

recombinants for chromosomal genes sired

by recombination-deficient (recA)

isogenic donor strains

.

The total number of recombinants per ml *

Sex | Standard crosé Newly infected Increas
factor - (stably infected donors) donors : ase
F : 2.0 60.0° | x30
F'lac 2.4 | 9.6 X &

: _ 4 ' ok .
R1 drd 19 © 1.6 x 10 3.2 x 10 X2
Col Ib drd ' 0.67 69.0 X 103

LpetB recA nalA X his trp recA spcA] X ¥'metB strA

* At least 200 recombinants were counted in each cross
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‘ of the behaviour, in rec* strains, of mutants of the F faetor which
are unable to stihulate chromosome transfer on new infection of rec™
bacteria. Such mutants have not yet been isola.ted'.

The induction of a plasmid specific function revealed in
Table 22, although striking, occurs at such a low level that it is
only just detectable in recA donors. Hoﬁerer, the levels of
chromosome transfer by both Col Ib drd and by R1 drd 19 donor
strains are directly related to rhe induction of this plasmid functipnr
Chromosome transfer by these two plasmids is independent of the REC
system.

The properties of bacteria harbouring a newly transferred
Col Ib drd factor made ié very tempting to explain the U.V.
protection effect in terms of a plasmid-specific recombination enzyme,
_Enzymes involved in recombination and repair mechanisms have many
. similar functlons to perform, and 1t seemed probable that, in Col Ib,
'rhese functions might have an enzyme in common. Unfortunately, this
is n6£ the‘oase.

Therevare mutants of the’ Col Ib plasmid whlch have 1ost thelr‘-
ablllty to protect a bacterlal cell. from U.V. damage (Howarth-

Thompson, 1969). The experiments performed with Col Ib drd were

repeated using one of these mutants (Col_zg uvp=-2). This Col
factor.confers no resistance to ultraviolet irrediation, even when
newly transferred (see Figure 8). Newlylinfected.zggé strains are
' neither protected from.U.V; death, nor does the factor partially
restore their recombination-proficiency as does the.wild type Col

factor;(See'TabIe 14). However, donor.strains harbouring a newly
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transferred Col Ib uvp-2 factor show the same degree of stimulation

of chromosome transfer as the derepressed mutaﬁf, Col .Ib drd. It
is therefore reasonable to assume that the Col' Ib genes which are
responsible for the U.V. protection are not the plasmid’'s

recombination enzymes, or at least not those responsible for its

interactions with the chromosome.
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CHAPTER 5

THE REGULATION OF PLASMIDS

1-1 Many plasmids pass through two stages on éntry into a new-
bacterial host. Immediately upon infection of a new cell there is
expression of some plasmid functions. which are ultimately switched off.

When plasmids enter the second stage they either multiply independentix;_

3 of ﬁhe chromosome but in paréllel with their host'celi or_they ma&_ L
iptegrgte-inﬁo the-ghfbﬁoéoﬁe._ If élﬁiasmiA:intéératég'i£ £é1théﬂ'nv,. P
reblicatéd as paré of the bactérial genome.. .

An autpnohous plasmid establishes a stable relationship with the

bacterial cell. It keeps pace with cell division with probably less

“than two plasmid copies per bacterial chromosome. This conclusion was
drawn from the fact that when F* or F'lac donérs éré superinfected with
an homblogous plasmid like an F'gal, very quickly two cell lines are
established, each carrying only one of the two plasmids (Scaife &
Gross, 1962). A rapid segregation would not be expected if there was
a large pool of plasmids per cell. The numbér of copies of an. F'lac
factor per cell was also estimated at one or two from the levels of
p-galactosidase produced (Jacob & Monod, 1961). There may be a
period of multiplication of an F' factor immediately after its
introduction into a new hostlceil (de Haan & Stouthamer, 1963). Any
model proposed to explain the contréllof replication of transmissible
plasmids must also account for the.very low fréquency of loss of the
plasmid, indicating not'énly‘that replication of the plasmid is

controlled but also that the segregation of daughter replicas is

.
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- precisely co-ordinated with cell division. The model of Jacob &
Brennér (1963) incorporates both these aspects of plasmid
propagation.

1~-2 The replicon hypothesis

According to the model of Jacob & Brenner (1963), the sex factor

F is a replicon, which they define as an independent unit of
repliééiion. The replicon hypothesis of Jacob, Brenner & Cuzin
'(1963) states that all replicons, including the bacterial chromosome - ~
and many sex factors are controlled by their particular gene produc£,‘
the initiator. ' This initiatof interacts specifically with a
particular site of the replicon, the replicator, the resﬁlt of this -
interaction being the initiation of a new-round of DNA réplication at
the replicator. For purposes of segregation and transfer the mo&elv
also assumes that replicons attach to sites on the cell membrane which;
increase in number or in area as the cell grows (Marvin, 1968).

While accepting thét the attachment-site hypothesis accounts for ﬁany
features of the behavioﬁrﬂof plasmids, {Pritchard, Barth & Collins,
(1969) point out that some are not so readily interbreted in thése
terms. They propose a cytoplasmic system of negative éontrol.wherebyl:
reiﬂitiation ié_prevented by a repressor determined by a gene locateﬂf-”
very close to the replicator or 'origin'. ' Increase in the volume of .
the growing cell would reduce the.concentration of this repressor
below a critical threshold so that a new round of replication is
initiated and the concentration of repressor is doubled by gene

duplication (Pritchard, 1968, 1969; Pritchard et al, 1969).
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Séme of the functions involved in the replication of established
sex faétors were defined by Jacob et al (1963) by the isolation of
conditional lethal mutants of an F'lac* facﬁor which are unable to
feplicate at 420. When lac™ cells carrying these mutants are spread
on an indicator medium, they produce lactose fermenting colonies at
300 but not at 420, due to loss of the F'lac* factor at the higher
temperature. In fact, two genetic classes of sex factor replication
mutants were obtained, in one of which the sex factors themselves

are mutant (for example, F'ts, lac* and F't51141a°+) and are unable to

—

replicate at 420 regardless of fheir F~ host bgckground. The second
class of mutant involves the bacterial chromosome (for example, 35112) A:
so that it is unable to maintain a wild type F' factor whenAincqbated
at 420. The isolation of these two classes‘of mutations suggestsl-
that both plasmid and bacterial components are involved in the
replication of plasmids. Howevéf, the F'ts factors are able to
multiply at the high temperature if they are ha:boured.in the same
cell as a wild-type sex-féctor, suggesting that the defective..
plasmid component is a cytoplasmic product (Jacob,et al? 1963) .

If donor strains carrying either clasé of mutation ére incﬁbated
at onfit is possible to rescue the E' factor byvintegrating it into

the chromosome. If the donor chromosome is deleted for the bacterial . .

" region carried on the F' factor, this can be used to isolate a wide

variety of Hfr strains, by selecting colonies which retain the sex
factor at 420. Using this highly selective technique Hfr donors have :.
been isolated from F'ts1141a0+ strains (Broda, pers. commun.) and from

ts mutants harbouring a wild-type sex-factor (Moody, unpublished data).

—112
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The Hfr donors isolated by either techniﬁue are highly fertile when
used in crosses with F~recipients at both 30o and 42°. The
transfer of the cytoplasmic 51331141327 factor is also normal at
both temperatures. Whatever the defect is in.gﬂigllgiggf, its -
defective replication apparently has no ill éffects on its own
“transfer or its transfer of chromosome when integrated. The Jacob
et al (1963) model proposes that a replicon should occupy a specific
site on the éell membrane. - In the case of the sex factor, its
membrane éttﬁdhment'site‘wou;é-also be the site at which conjugal
union ;ccurs.so that, whether transfer fo.alrecipiént bactérium
occﬁrs through a sex>pilu$ (Brinton, 1965, 1967;'.Brinton et él, 1964)
or By the mechanism proposed by Curtiss (1969) the sex factor would

" be in a favoured position. According to this hypothesis the simplest

2

interpretation of the effect of the_Egll bacterial mutation is that
the membrane is somehow altered at 420, so preventing the étable
attachment and replication of the sex factor. It is therefore

surprising that the rescued F' factors in a ts

112 mutant are Hfr

at 420, since, being unattached, it should be unable-tolrespond to
sexual contact with an F~ recipient which is supposed to trigger
transfer at the attachment point.

[

1-3 The phenomenon of integrative suppressioni_

When the F sex faccor is integrated into ;he bacteria1 th9m9§gmg::t
its autonomous replication sysfem is non-functional ana it is -
replicated as part of the bacterial genome by the chromosomal
replication mechanism (Caro & Berg,_1969a Cuzin &fJacobﬁ‘1967;

Hirota, 1960)..  This is partiy based .on ‘the observatigp ¢haﬁfth§;;”'

<3
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integrated sex factor in an Hfr strain-is not suscebtible to curing |,
by acridine dyes (Hirota, 1960). However, many plasmids are not
susceptible to acridine curing (Clowes, Moody & Priﬁchérd,_1965;
Ozeki, 1960) and thefe is no é;idence to suggest that these plasmids
can integrate at any appreciable frequency. When an F factor
regains its autonomy from’an Hfr strain to form an F* or an F!
factor,‘its autonomous replication system becomes functional once
more. This F-replication system Qan'replicate larger genetic
element than the sex factor aloﬁe; Many F' factors carry
considerable amounts of bactefial chromosomal material, and could

be considered as'additioﬁal'chromosomes in the cell. This
reasoning was carried to its extreme by Nishimura,_Caro,‘Berg &
Hirotg.(1971) who designed experiments to see if the F-replication
syst;m could replicate the entire bacterial genome under conditioﬁs
where the bacterial~initiator-replicator Syétem was non-functional.
They presented evidence_fdr a new type of suppreséion of a temperature-
sensitive mutation affecting the initiation of DNA replicatioh which'
:Qquireé the integration of a functional episome into the chromosome

of the is mutant; there was no complementation of the initiation

DNA

" defect if the sex factor was autonomous. When temperature-resistant

" .
tsENAE donor strain nearly all were

revertants were picked from a
found to have the F sex factor integrated at a number of sites on

- the chromosome and to have retained the original mutation.

2SpNa
Since these revertants proved to be sensitive to acridine orange
_and ethidium bromide at 42°, but not at 30°, it is claimed that at

'420 the initiation of chromosome replication is an F-specified
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function. Mutations'involving'replicative functions other than
initiation are not suppressed by sex factor integration.A

All revertants resulting from integrative suppression are, qf‘
course, Hfr donors. However, F integration per se is xnot
sufficient to effect the reversion,.sihce not all Hfr strains

isolated at 30o are able to grow at 420. The phenomenon does not

take place in recA strains. Clearly, as the authors point out,
' the selection of integratively suppressed revertants from a tanA'Ef

donor ‘is a useful tool for isolating Hfr donors..

Thg suppression of a tSENA initiator mutant is also possible

with a sex factor which is defective in its own replication, for

‘example 22251141a° andlg'ts5 lac, although there is no complementation

.of either defect when the sex factor is autonomous. However,

' although‘eithgr replication-defecfive factor can, on integration,
permit chromosome réplication at 420, the resulting strains are not
Hfr donors and appear to be completely sterile (Moody, unpublished
data). It is unlikely that this infertility reflects an essential

' 'joint—role of the two replication systems which is required for
chromosome transfer, as the defective factors are capable of

- autonomous transfer. Since integration alone is not sufficient to
‘give integrative suppression, it is claimed that some internal
fearrangemeﬁts within the integrated sek factors may be necessary
(Nishimura et al, 1971). These proposed rearrangements could

:*“pefhaps ca&;e s§me'defect$ in .the plasmidfs transfer‘genes. The
revertants afe sensifive~to {hé mé}e-specific pb;ge M;S.z-indicating

that if they are transfer deficient mutants they would have to be
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tra G or tra I mutants. The tra I gene is almost certainly
responsible for the transfer of the sex factor itself (Willetts,
perse. commun.). Tra I mutants of an F'lac factor will promote

the transfer of a non-transmissible plasmid like Col E1 to a

recipient, but the mutant F'lac is not transferred (Alfaro &

Willetts, pers. commun.). It is péssible that, in the case of

".these mutant sex factors, infegration disrupts one of these genes..

Y
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In this publication no e#planation was offered to explain the
observed curing of plasmids by_thymine deprivation. Thyming—requiring
mutants 6fl§'.£2l£ are apparently much more sensitive than wild-type
to the presence of cobait énd nickel salts (Devoret, pers. commun.).
Cobalt and nickel salts were first used to éliminate the F sex factor.
It is possible that plasmids in thyA strains could be more
susceptible to curing by the trace amounts of these elements in the
minimal medium used in these éxper?ments.

_ Alternativeiy, when thymine-requiring bacteria are starved of -
thyminé,‘intérruptions app;ar in thé covalently closed circular DNA
ZOf the sex factor (Freifelder, 1969). The circles of sex factof DNA
are ldét at a rate which is proportional to the molecular weight:of. 
the sex factor, suggesting that the interruptions do not occur at a 
lunique site on the sex factor DNA molecule. These breaks are
probably single-stranded interruptions, which Freifelder (1969)‘
hypothesizes would'normallj be repaired. Thymine starvation
perhaps inhibits a repair enzyme, or possibly a DNA ligase (Oliﬁera/
& Lehman, 1967) which would normally repair these naturally

. occurring breaks, so that the sex factor.is eliminated.
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INTRODUCTION

The concept that the F sex factor of Escherichia coli K12 exists in an extrachromosomal
state in F+ cells, and in a chromosomally-integrated state in Hfr cells is supported by the
demonstration that it may be eliminated from F+, but not from Hfr males. This
elimination of ¥, first reported in the presence of cobalt and nickel salts, was found to be
accomplished more effectively by treatment with acridine dyes. Under optimal condi-
* tions virtually 100%, of F+ cells were ‘cured’ of F' to become F~ (see Hirota 1960),
whereas no curing was found in Hfr strains.

Since that time extrachromosomal elements (or plasmids) other than F have been
extensively investigated, particularly in . coli and related strains of Enterobacteriaceae.
These elements include the colicin factors (or col factors) that control the maintenance of
protein-like antibiotics or colicins in colicinogenic (col*) strains. It has been suggested
that although some of these col factors are infective and may be transferred in the
absence of chromosomal characters, they may have a chromosomal location in the
majority of the cells of a culture of a stable colicinogenic strain: (see Smith, Ozeki &
Stocker, 1963).

A specific chromosomal site has in fact been claimed for colF1, but this conclusion
does not appear to be supported by more extensive genetic experiments (see Clowes,
1964). Other genetic crosses suggest that other col factors are transferred as extra-
chromosomal elements and a concept of colicin factors as self-regulating extrachromo-
somal genetic elements has been proposed (see Monk & Clowes, 19644, b) to account for
their genetic features. However, in spite of their apparent non-chromosomal nature, the
elimination or ‘curing’ of any col factor does not appear to have been accomplished
(Ozeki, 1960).

This paper reports a method whereby elimination of col factors and of other extra-
chromosomal elements may be achieved from thymineless mutants under conditions of
thymine limited growth.

MATERIALS AND METHODS

Bacterial Strains. The derivation and characteristics of the strains used in this study
are listed in Table 1. The methods of isolation of colicin resistant and colicinogenic
derivates have been described elsewhere (Monk & Clowes, 1964a).

Media. In addition to basic media described by Monk & Clowes (1964a), specific media
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included : Low phosphate medium, the ‘TG’ medium of Echols, Garen, Garen & Torriani
(1961) and M9 medium, made up as NagHPO, (anhydr.) 6 g., KH2PO4 (anhydr.) 3 g.,
NaCl 0-5 g., NH4Cl 1-0 g., MgS04 0-001 »1, CaClp 0-0001 M, Glucose 4 g., water to 1 1.

Techniques. Colicinogeny was tested by the triple overlay technique (see Monk &
Clowes, 1964a). ColE1+ colonies were tested in the presence of the colicin I factor by
using a strain resistant to colicin I (510) as an indicator. Similarly, when testing for
coll*+ colonies in the presence of the colE1 factor, an El-resistant indicator (511) was
used.

F status of strains was checked by testing for resistance (F-) or sensitivity (F+ or Hfr)
to the male-specific phage u by a modified screening method (Monk & Clowes, 1964a).

Acridine orange treatment followed the method of Hirota (1960). A log phase culture at
¢. 108/ml. was inoculated to produce a cell density of about 104/ml. in broth at pH 7-6
containing acridine orange at concentrations from 40 to 100 ug./ml. The culture was
incubated with aeration overnight, during which the cell density increased to about
108/ml. Dilutions were then plated for single colonies which were individually scored for
colicinogeny by the triple overlay technique.

Isolation of thymineless mutants was achieved by a simplified version of the Okada,
Yanagisawa & Ryan (1961) technique. A log phase culture (c. 2 x 108/ml.) was diluted
to about 500 cells/ml. into M9 medium (supplemented with appropriate growth factors)
containing thymine and aminopterin (both at 200 ug./ml.), and incubated for 48 hours
at 37°. Samples were then plated on nutrient agar supplemented with thymine
(200 ug./ml.) and clones of thymineless mutants were recognized by their inability to be
transferred by replica plating to nutrient agar. In most instances, 50 to 1009, of the
surviving clones are found to be thymine requiring, but in rather high concentrations,
40 pg./ml. being required for optimal growth.

Growth on limiting thymine. 0-1 ml. samples of an overnight culture (109/ml.) of a
thymineless mutant in M9 medium supplemented with appropriate growth factors and
containing 40 pg./ml. thymine, were subcultured into a series of 5 ml. volumes of M9
medium, supplemented with the same growth factors and various sub-optimal con-
centrations of thymine (0, 2, 10, and 25 ug./ml.), and incubated for 24 hours with aeration.
Appropriately diluted samples were then plated for single colonies in soft agar containing
50 ug./ml. thymine on nutrient agar plates similarly supplemented with thymine.
Colonies which appeared after overnight incubation were tested for colicinogeny by the
triple overlay method, and a random sample of colonics picked from the overlay were
tested for maleness (¥) with u phage, and in some instances for colicinogeny by a stab

technique (see Monk & Clowes, 1964a).

RESULTS
(A) Acridine orange treatment

The first experiments involved a strain (557) carrying the plasmids F, coll and colE1
which after standard acridine orange treatment at 50 ug. and 75 pg. was plated for
single colonies and tested for each of the three factors. Among 80 colonies tested at
either AOQ concentration, all were found to have lost the F sex factor, but to have retained
both col factors (Table 2, lines 1 and 2).

A further series of experiments involved strains which were first made resistant to
colicin, before acquiring colicinogeny. In this way it was hoped that ‘cured’ cells would
remain insensitive to the action of the free colicin liberated in the medium by the non-
cured majority. With a strain both colicinogenic for, and resistant to colicin E1 (521),
no colonies cured of colE1 were found among 1604 tested, although every one of ten
colonies tested for F were found to have lost this factor (Table 2, line 3). A further strain,
both colicinogenic and resistant to colicins I and El (551) was treated with AO
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Table 1. Derivation and characters of bacterial strains

(a) Strains derived from Escherichia coli K12, 58-161, met~

149

Strain Strain

No. Characters Origin No. Characters Origin

501 F+ (See Monk & 516 ¥F+colEl-r 501
Clowes, 1964a) 521 F+(colE1)tcolE1-r 516

502 F-str-r 546 F—(coll)*coll-r(colE1)*colE1-r str-r 512

518 F- 551 F+(coll)*coll-r(colE1)*colE1-r gir-r 546/501

510* F-coll-r str-r 502 528 F—(coll)*(colE1)* 518

5111 F-colE1-r str-r 502 557 Ft(coll)*(colE1)* 528/501

512 ¥-coll-r colE1-r str-r 510 566 F+(coll)*(colE1)*thy— 557

Strain (b) Strains derived from other E. coli K12 strains

No. Characters Origin

779 A’Hfr(colE1)*thy- 732 (Monk & Clowes, 1964a)

770 'W1655 met—lact (Flact) (Scaife & Gross, 1962)

790 met—pro-lac—thy—(Flact) A K12 recombinant made thy— and infected with

Flac from 770

533 W3747 met~lac— (Flactade*) The original strain carrying F13 = Flactade* (Hirota

& Sneath, 1961)
564 W3747 (F13) thy~ 533

* Original source of coll and colicin I is Shigella sonnei (P9) (Monk & Clowes, 1964a).

t Original source of colE1 and colicin El is E. coli K30 (Clowes, 1964).

Table 2. Elimination of plasmids with acridine orange

AO
concentra- F coll colE1

Strain tion . . n L — A . — A \

No. (pg./ml.) Examined %, ‘curing’ Examined 9/ ‘curing’ Examined %, ‘curing’
1. 557 50 40 100 2756 0 — —
2. 557 75 40 100 3598 0 4027 0
3. 521 50 10 100 — —_ 1604 0
4, 551 40 80 100 2580 1] 2782 0
5. 551 50 80 100 1985 0 2155 0
6. 557 100* 40 100 1683 0 1307 0
7. 770 40 40 100 —_ — — —
8. 533 40 . 40 0 — — — —

* Grown in low phosphate medium (McFall, Pardee & Stent, 1958).

concentrations of 40 and 50 pg. Again although all tested colonies had apparently
been cured of ¥, none of many thousands tested had lost either col factor (Table 2, lines 4

and 5).

Tt is known that under normal conditions of growth, K12 strains are multinucleate.
Moreover, recent experiments (Ozeki, unpublished) suggest that replication of colicin
factors occurs within a few minutes after transfer, thereby rendering heavily labelled
(32P) colicin factors stable to inactivation by 32P ‘suicide’ unless the recipient cells are
very rapidly frozen after infection by the colicin factor. In an attempt to limit the
number of col factors and the number of nuclei per cell, the strains were grown on a low
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phosphate medium, which has been shown to result in uninucleate cells (McFall,
Pardee & Stent, 1958) prior to treatment with acridine orange at 100 ug./ml. Even under
these conditions (Table 2,line 6) which produce 1009, F ‘ curing’, no ( <0-075%,) curing of
either col factor occurred.

(B) Thymine imitation

Thymineless derivatives of various plasmid-infected K12 strains were grown for 24
hours under conditions of sub-optimal thymine supplementation, and the surviving
colonies were tested for retention of plasmids, with the results shown in Table 3. Strain
566, a thymineless derivative of strain 557 (carrying ¥, coll and colEI) was grown in

Table 3. Elimination of plasmids under thymine deprivation

Concentra-
tion of F coll colE1

Strain thymine - A . A v - A -

No. (pg./ml.) Examined 9% ‘curing’ Examined 9, ‘curing’ Examined 9, ‘curing’
1. 566 10 70 100 1311 0 2533 50-9
2. 566 2 40 100 1331 4-4 1350 99-2
3. 566 2 40 100 1232 4.0 831 999
4. 779 10 40 0 — — 1529 79
5. 564 10 28 100 — — — —
6. 564 10 40 100 —_ — — —
7. 566 25 80 50 — —_ — —
8. 564 25 80 52-5 — — — —_
9. 790 25 80 49 —_ —_— — _

medium containing 10 ug./ml. thymine. There was 1009, loss of ¥, and about 509,
loss of colE1, but no loss of coll.

The effect of more severe deprivation of thymine (2 pg./ml.), and of its complete
absence from the medium were tested. From an inoculum of 107 thymineless cells/ml.,
no survivors (<10 cells/ml.) were isolated after 24 hours’ incubation in the abscnce of
thymine. However at 2 ug./ml. thymine, the final cell concentration after 24 hours was
c. 108 cells/ml. Among these cells, loss of all three plasmids was observed (Table 3, lines
2 and 3). All the examined clones were F-, over 999, had lost colE1, and 4:09%, were now
‘cured’ of coll.

The elimination of each colicin factor appeared to occur independently. Thus at
2 pg./ml. of thymine, less than 19, of the survivors retained colE1, nevertheless among
those cured of coll, one out of fifty cells retained colE1. All the clones which had lost all
three factors F, coll and colE1 were found to remain thy—, met— and lac+.

The effects of thymine deprivation on an integrated F factor and a colicin factor were
examined by subjecting an Hfr colE1+ strain to this treatment. In such a strain (779),
the expected elimination of colE1 occurred but no elimination of F was found in 40
colonies examined.

(C) Elimination of other plasmids by growth in limiting thymine

The F factor of K12 has been shown to be capable of incorporating segments of
chromosomal material, giving rise to ‘F prime’ heterogenotic strains (see Driskell-
Zamenhof, 1964). Some of these F' prime strains, for example 770, a strain carrying an
F prime factor incorporating a lact marker (Flact) is completely cured of both F and
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lac+ after standard acridine orange treatment (Table 2, line 7). In contrast, another
strain (533) with an F prime (F13) carrying a number of chromosomal genes (Hirota
& Sneath, 1961) was resistant to curing by this method (Table 2, line 8). However,
when a thymineless derivative of 533 (564) was grown in limiting (10 pg./ml.) thymine,
all the isolated clones were found to have lost this plasmid as judged from inability to
plate i (Table 3, lines 5 and 6). Four of these presumed ‘cured’ strains were examined
for their ability to transfer lac*. All were now found to be unable to transfer this factor
(<19%,) to an F-lac~ strain after 2 hours contact compared to a 1009, transfer achieved
by the parental 564.

When the three strains carrying ¥, Flac and F13 respectively were grown under less
severe thymine deprivation (25 pg./ml.) which did not cure every cell of F factors,
these strains all showed the same sensitivity to thymine ‘curing’, the factor being lost
from about 50%, of the cells in each case (Table 3, lines 7, 8 and 9).

DISCUSSION

In confirmation of the results of Ozeki (1960), it was found that colicin factors, in this
instance coll and colE1, were refractory to elimination by acridine orange treatment.
No elimination of either col factor was found from strains under conditions which led to a
complete elimination of the F sex factor.

In contrast, when thymineless strains were grown in limiting concentrations of
thymine, both colicin factors were eliminated. The colicin E1 factor was lost in up to
99-9%, of the population, whereas coll was lost in a smaller proportion, less than 5%, of
the surviving clones.

Since thymine deprivation is known to induce lethal phage synthesis in A-lysogenic
strains and lethal colicin synthesis in colicinogenic strains (Sicard & Devoret, 1962;
Luzatti & Chevalier, 1964), it might be suggested that ‘curing’ of the colicin factors
oceurs as a result of the induction of a genetic element that was initially chromosomally
integrated. The kinetics of exponential death of colicinogenic and non-colicinogenic
strains under conditions producing thymineless death and ecolicin induction have been
studied. Luzzati & Chevalier (1964), using resting cells, found no difference in these
kinetics, whereas Sicard (1964) found that there is a more rapid loss of viability in cells of
a colicinogenic strain under these conditions. Our experiments were also performed with
resting cultures so it is possible that colicin induction is occurring only in these cells
undergoing thymineless death, and the surviving clones have not arisen from cells that
have undergone a non-lethal induction. In any event, no elimination of A was found
from strains in which successful col factor elimination had occurred, nor was there any
elimination of chromosomally-integrated F under these conditions of col factor elimination.

It may be concluded, therefore, that factors integrated in the chromosome are not
eliminated in cells surviving thymine deprivation, so that the elimination of col factors
under these conditions may be adduced as evidence of their non-chromosomal nature.
This conclusion is in agreement with observations on the genetic transfer of coll and
colE1, and supports the suggestions that all colicin factors are extrachromosomal under
all conditions so far investigated (see Clowes, 1964).

There is, however, a striking difference in the susceptibility to elimination shown by
various extrachromosomal elements. Growth in the presence of acridine orange elimi-
nates wild-type F and certain F prime factors with great efficiency, but is without
effect on colicin factors, and on a particular F prime, (¥13 of Hirota & Sneath, 1961).
In 10 ug./ml. thymine, there is complete elimination of F13, c. 509%, elimination of colZ1,
and 1o elimination of coll. When thymine deprivation is more severe (2ug./ml.), colE1
elimination is increased to 999, and a small proportion of cells now lose coll, but the
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two col factors appear to be eliminated independently, since about 2%, of the cells which
lose coll, retain colE1.

Curiously, although F13 is apparently refractory to curing by acridine orange in
contrast to other F factors, they are all equally susceptible to elimination by thymine
deprivation. At 25 ug./ml., approximately 50%, elimination of F factors occurred from
all strains, including that carrying F13.

Scaife & Pekhov (1964) suggest that in W3747, the strain in which the F13 factor
arose, the chromosomal genes carried by the F prime are deleted from the bacterial
chromosome. This conclusion is difficult to reconcile with the ability to produce F-
clones (by the criteria of insensitivity to male specific phage and inability to transfer
lact) by thymine deprivation of a thymineless mutant of W3747.
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A Appendix 3 (Cont'd)

If the rate of loss of plasmid DNA circles is proportional to
the molecular weight of the plasmid studied, it is interes;ting
that although the Col Ib plasmid is the‘same size as the F sex factor
it is eliminated much less frequently. The Col Ib plasmid might
determine the synthesis of an enzyme which is able to repair or
iigase these single-strand interruptions, this plasmid confers
protection to Col Ib* bacteria against damage by U.V. irradiation.

The elimi;nation of certain R-factors has been reportéd by
Pinney & Smith (1971), who also claim some R-factors are refractory

to elimination by thymine deprivation.

M . . . 6.
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Experimental Section 4

In this short experimental section the ability of sex facto?s
. to integrate into the bacterial chromosome is measured. The
criteria for assessing the ability to integrate involve the phenomehon
of integrative suppression (Nishimura et al, 1971) and the donor
status of initiation revertants.

The temperature-sensitive mutationAaffecting the_initiation of
‘DNA replication, Eﬁén was isolated in the CR34 sub-line. The
mutant strain is referred to as CRT46 and has the following genotype:

_thr leu thi thyA ilv lac mal ts, . F~ (Hirota et al, 1968). The

strain CRT4L6 was infected in turn with the transmissible plgémids
listed in Table'5.~ All infections and subsequent incubation of
the selective plates were performed at 300. No difficulty was

. experienced in the infection of CRT46, but CRT46 donor strains are
very Qifficélf to maintain ei;her.on plates, stab cultures,Asldpes -

or frozen in Dimethyl Sulphoxide (DMSO) at -70°.

L-A VWhich transmissible plasmids are able to integrate

into the E. coli chromosome?

The defecti?e replication of CRT46 was not complemented by any
of the transmissible plasmids, when the piasmid remained autonomous
in the cytoplasm. The experimental protocol'was essentiélly the
same as that .of Nishimura et al (1971). Broth cultures supplemented
with thymine we;e grown - at 300 with good seration. The CRT46
donor cultures were diluted and plated on nutrient agar flates

supplemented with thymine and prewarmed to either 30o or 42°.
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The plates were immediately incubated at 30o and 420 in fan-assisted
incubatorse.

The viable counts obtained at 30°.and 420 in these experiments
are shown in Table 23. The survival ratio, i.e. the viable counts
at 42°/Viablé count at 300; is also shown since it is used by
Nishimpra'et.él,(1971).“ Howéver, it should not be taken to -
indicate absolute freauencies because i£ islimpbssible to ésfimate
the.number of cells per plate when the :evertants grow up into
dis£inguishable colonies. There could be considerable residual -
cell diVigion inlthese mutant strains. The survival ratio serves
merely as a crude indication of the integration events. It appears
that all the F-like fransmissible plasmids are capable of Some
"degree of integrative suppression and; therefore, integration.

4~B The isolation of Hfr-type donor strains

The integratively sﬁppressed revertants grow very slowly in
liquid cultures, making it very difficult to prgbare log phase proth
cultures to test their fertility. The donor %tatus of the
revertants was assessed by the plate-matingAteéhnique described in
Appendix 6C(iv). The incubation of all maste?—plates and replicas
was performed at 420. To Save time and also ensure a good repliéa
for the duplicate log phase plate donor éultures, master-plates were7

inoculated in triplicate} A simple illuminated, inclined triple- . '

template was bukltifor this purposé (see'Appendix?S).;’ The;same-;; g
apparatus can be used to read the results of the plate matings and . :° !
. . - . i A Lt . Lo

match the fertile patches. Three recombinant classes per mating can-

. be examined, and some idea of polarity obtained.
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TABLE 23

The viable counts of CRTL46 donor strains

at 30° and 42°C

Sex Viable Cougt/mli Viable Cognt/ml Ratio°42°C/
factor at 30 at 42 30°C
None o ~ohlh o x 108 8.8 x 102 2.0 x 10'6
F s . 2.1 x 108 1.3 x 104 6.3 x 10'5
F'lac 1.8 x 108 3.6 x 105, 2.0 x 10'3
Col V2 3.9 x 108 1.1 x 104 2.8 x 10=?
Col V3 k.2 x 10° : 1.0 x 10* 2.3 x 10~
Col B1 © 1.9 x 108 5.0 x 10° 2.6 x 10~
- Col. B2 | 2.8 x 108 5.1 x 103 1.8 x 10'5 _
Col B3 = - |, 1.1 x 10% 1.3 x'1o4 ‘ 1.1 x 10‘4_
2C01 Bl - bl x 108' - k.2 x 10° ' 1.1 x 1072
Col VB 1.1x 100 2.0 x 107 1.8 x 10~
R1 drd 19 - 2.9 x 10° 1.0 x 10* 3.4 x 10~
8 : 3. =5
R192 drd F7 1.5 x 10 8.0 x 10 4.1 x 10
. ' 8 ' 2 _6
Col Ib drd - 1.5 x 10 _ 3.0 x 10 2.0 x 10
R6L drd 11 2.2 x 108 : o Lk.6 x 102. 2.1 x 10"6
’ 8 : S 2 : )
R14k drd -3 2.5 x 100 5.0 x 10 2.0 x 10
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All the F-like CRT46 donor strains produce temperature-
insensitive revertants which are highly fertile and, so far as can be
'judged from the plate matings are Hfr-type aonors, transferring £heir

chromosomes in an oriented, sequential manner. Unfortunately, they
are not particulérly useful donor strains, since their doubling time
in broth at 42° is between 60-110 minutes, with the result that they
are rapidly overgrown by true EE?DNA revertants. Since integrative
sﬁppression has only been used as a tool to demonstrate the ability
"of plasmids to integrate,’no detailed analysis of the Hfr donor
types will be presented. However, all the sex factors .which formed A
Hfr donor strains integrated in the same general region, between
Oh=T7h minutes 6h‘the standard chromosome map of E. coli (Taylor;_
1970), There is‘no apparent bias to the direction ofltransfer; .
A plate‘mating analysis of 1,500 temperature~resistant o

revertants selected by incubating CRT46 Col Ib* drd at 42° failed to

yield any evidence of increased fertilityland no polarity of
chromosome transfer. Another 500 revertants were selected from
 CRTL6 newly infected with Col Ib drd, these also were infertile. .

A further 1,000 each from CRTL46 R6L drd 11 and R14L drd 3 showed the

- same result as Col Ib drd. It was concluded that, since there was
no increase in the survival ratio of CRT46 in the presence of these

three I-like plasmids, and also no evidence of polarity of transfer,

the plasmids Colilg drd, RO64 drd 11 and R144 drd 3 are unable to
confer integfative suppression and, in fact, probably do not integrate
into the E. coli chromesome. Of course, it is possible_that

integration events may occur which do not result in Hfr type donors. .

[
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CHAPTER 6

THE TRANSFER OF CHROMOSOME BY Hfr DONORS

" Section 1

The models for chromosome transfer

1-1 The requirement for metabolic activity

In Hfr X F~ crosses, the donor chromosome is transferred to the
F~ recipient bacteria in a known genetic sequence (Jacob & Wollman,
1958). An extensive study of the metabolic requirements of the Hfr
and F~ parents has been made to determine the role of each parent in
chromosome transfer. This has revealed that the donor requires
active'metabolism to initiate chromosome transfer and the recipient

requires energy to control the rate of chromosome transfer (Curtiss

& Charamella, 1966; Curtiss, Charamella, Stallions & Mays, 1968).

 1-2 The mé@haﬁism of chfo@osgﬁe transfer

A.nﬁmber of modelé‘have been propqsea to eiplain'the‘trahsférléff
donor'chromosome DNA during bactefigl mating. | Aﬂ important featuge
_ considered in all thé models is the requirement for DNA synthesis in
either the donor or the recipient'or both parénts‘for successful
chrémoéome transfer. The model of Bouck & Adelberg (1963), based on
 the results of Nagafa (1963), éroposed néﬁ—replicative transfer, that
is, transfer whiéh is independent of donor DﬁA replication. The
model of Jacob & Brenner (1963); developed from their hypothesis of
the replicon and i£s regulation, favoured replicatfon—dependent
chromosome transfer, effective pair formation between donor and

recipient’ bacteria providing the contact stimulus to commence transfer.
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The enefgy from the DNA replication would then propel the newly
synthesized donor chromosome through the conjugation bridgg into the
F~ recipient. This model assumed that the transferred donor
material is doub}e-stranded DNA, one strand being newly synthesized
in the dono? during transfer.

3

Autoradiographic analysis of “H-labelled DNA transferred to’
recipients during conjugation, under different conditions of

labelling, showed that the amount of label traﬁ#ferred to the zygote

was compatible with the transfer of newly synthesized double-stranded

DNA, provided that no DNA synthesis was occurring in the adenine-
requiring recipient. However, if, as now seems probable, DNA
synthesis did take place in the recipient, the results of Gross & -

Caro (1966) are also compatible with .the transfer of a siﬁgle pre=" .

i exisfing_strand of donor DNA; with subSequenf syntheéisfoffé:;azl

complementary strgnd'ih the zygote. E

1-3. The role of the recipient in chromosome transfer
Y The data obtained in othér experiments suggested an important
“role for the récipient during conjugal transfer (Bonhoeffer, 1966;
Bonhoeffer, Hosselbarth & Lehmann, 1967; Freifelder, 1967; Ohki &
Tomizawa, 1968). Where the recipient was thermosensitive with A

respect to DNA synthesis, virtually no recombinants were

21SoNA®

formed when the cross was performed at’42°_(Bonhoeffer, 1966). ?his
was taken to indicate a.lack of transfer.' It was therefore
proposed that the donor DNA transferred was single-stranded; the
complementéry strand being synthesized in thé recipient during

mating, and that this:eésential synthesis was responsible for pulling

the donor strand into the zygote.
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There is a considerable volume of evidencé to support the
concept of single~stranded transfer (Bonhoeffer & Vielﬁétter,'1968;
Cohen, Fisher, Curtiss & Adler, 1968a.b; Ihler & Rupp, 1969; Ohki
& Tomizawa, 1968; Rupp & Ihler, 1968; Vapnek & Rupp, 1970;
Vielmetter, Bonhoeffer & Schiltte, 1968), as well as for the
synthesis of the complementary strand in the recipient (Breéler,
Lanzov & Lukjaniec-Blinkova, 1968; Cohen et al, 1968a.b;
Eisenberg & Pardee, 196§; Vapnek & Rupp, 1970). The synthesis of
DNA has in fact been shown to,accompan& genetic transfer during
conjugation (Blinkova, Bresler & Lanzov, 1965; Freifelder, 1966 ;
Herman & Forro, 1964; Ishibashi, 1966; Ptashne, 1965; Silver,
1963). ‘

It turns out that the synthesis of the complementary strand by;
the fecipient is not a prerequisite for chrohosome transfer. The

transfer of DNA to the Bonhoeffer EEDNA F~ recipient at the

restrictive temperature has now been demonstrated (Moody & Lukin,

. . . . ‘
1970). The lesion in this particular ts NA mutant causes

degradation of the recipient DNA at 42° (Buttin & Wright, 1968),
so that this degradation could be the reason for the lack of

recombinants at 420, if the incoming Hfr DNA is similarly degraded..

The degradation of the ts NA_recipient DNA is directly brought about.

.by_the EES:E nuclease which normally attacks double-stranded DNA at
a single-strand break, put does not break down single-stranded DNA
(Buttin & Wright, 1968). If this nuclease also degrades the
ihcoming.gzg.DNA, it follows that either this DNA is doubie-straﬁded

or there must be some synthesis prior to degradation which produces P
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double-stranded regions. No recombinants are formed for donor genes,

transferred prior‘to the ts? Hfr allele, but entry of this allele
—DNA ———

rescues markers transferred subsequent to it, as well as.the wild
llele i £, s ATl .

type allele itsel Additional rexXperiments with other tsZNA

recipients which do not degrade their DNA at 420 show clearly that

transfer occurs normally and recombinants are formed when DNA

synthesis in the recipient is inhibited (see Experimental Section 5).

Section 2

Hfr chromosome transfer

The direction of chromosome transfer is believed to be
determined by the orientation of the inserted sex factor (Beckwith &
" Signer, 1966; $caife & Gross, 1963). The Jacob & Brenner model for
chromosome transfer (Jacob & Brenner, 1963; Jacob, Brenner & Cuzin,
.=1963) predicts that transfer is obligatorily linked with DNA
'synthesis in fhe donor strain, this transfer replication being
.contro;led by the F sex factor.

Hfr dgﬂor strains, thermosensitive for DNA synthesis, sire
recompinaﬁté at a normal freqﬁenqy when mated at the restrictive -
tempefature (Bonhoeffer, 1566). This ﬁiéht suggest that fhé donof
chromosome can be transferred in the absence of DNA synthesis is not
irreconcilable with the Jacob-BrennerIhypothesis, which predicts-that
the transferred dpnér DNA should be double-stranded, one strand |
‘being newly syﬁthesize@‘during transfer, since the EEDNA mutation in
these strains affects bacterial DNA synthesis only. On the other
hand, transfer by Hfr donors in the Jacob-Brenner model is hypothesized

as F-mediated. In support of this, Bresler et al (1968), in their



- 102 =~

experiments with ts NA mutants, were led -to conclude that there was

a special transfer replication system operating under the control of
the sex factor; they could detect DNA synthesis associated with

conjugation even when both Hfr and F~ strains were ts NA mutants.

However, since repair synthesis does occur in these strains at 42°
(Couch & Hanawalt, 1967), the results of Bresler et al (1968)

cannot bé accepted as proof of the existence of a F-directed transfer
replication system.

The results of Ohki & Tomizawa (1968) and Vapnek & Rupp,(lQ?O) A
demonstrated that the transferred DNA is single-stranded and its |
compiemént is synthesized in the.recipient. | Vapnek & Rupp (1970)
alsoAsﬁow that a strand with the same polarity as the transferred
strand ié synthesized in the donor during.or after transfef. The
asymmetric strand distribution obsé;ved in fheir transfer experiments
:could'Be generated by a reélicatién.mechanism such as the rolling
,circle model proposed by Gilbert &'Dressler (1968).

‘ Afhe demonstration of linkage between terminal markers and those .-’
near the origin of an Hfr donor led Fulﬁon (1965) to propose a
continuous iransfeir of DNA during mating, the transfer of DNA being
in excess of the unit length of the circular genome. Aaditional
evidence has been offered for fhe model of continuous chromosome
transfer by Moody & Lukin (1970), who demonstrated linkage between
the terminal marker, the integratedlg'factor and the proximal marker;

'during late transfer by an Hfr strain. This was done under

conditions where the recombinants prior to the entry 6f.the'termina13

marker are presumed to be degraded by a'ts:NA‘recipiént at 4207'

t
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The continuous transfer of a genetic linkage map (Fulton, 1965;
Moody & Lukin, 1970) is the precise genetic equivalent of a rolling

circle model of DNA synthesis mediating transfer.

.

Experimental Section 5

Chromosome transfer by Hfr donor

5-A The requirement for DNA synthesis in the recipient strain

during conjugation

A number of mutants; thermosensitive with respect to DNA synthesis,
were obtained from Dr. H. Goldfine. The mutants‘were all isolated
»in the sub-line CR34 after ethyl methane sulphonate (EMS) trgatment.
. All these mutant ¥~ sfrains were used as recipients in standard Hfr
crosses at 37o and 42°.A The donor stfains used were HfrH, Hfr
>Cavalii ané'ﬂfgugll. Selection was made for thr*leu* recombinapts by.

'incubatingAon-supplemented minimal medium at 309, and for 'ts"'NA

récomBinantS on nutrient medium at 42°.

. . ,
Some of the tSZNA mutants behaved in the same way as Bonhoeffer's

+ + ; ; .
tsENA éﬁ, no thr*leu’ recombinants being produced by Hf;H in a cross

-at 420, althOUQh'bOth,EEBNA and thr*leut* K recombinants could be

recovered in prolonged matings (140 minutes) as described by

Moody & Lukin (1970). All the other EEDNA mutants produced

recombinants at the non-permissive temperature.

5-B The location of ts mutations determined by

DNA

interrupted mating experiments

The crosses performed in 5-A indicated an approximate map

location for the tsZNA mutations. The p051tlggs of 15 of these
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mutations were confirmed by performing interrupted mating experiments,
using Hfr donors of opposite polarity to determine time of entry of
the EEENA allele. ' Aliquots of the mating mixtures were interrupted
as described by Moody & Lukin'(i970) using a Low & Wood‘(1965)

blending device. Results are shown in Figures .9-14. These map
positions are in good agreement with the map locations of various
other mutations affecting DNA synthesis (Figure 15). All four

mutations including Bonhoeffer's ts 43, which prevented

XSona —=DNA

recombinant formation at 420, maﬁéed together in Group B (Figure iS),
The other mutations tested, which permit recombinant formation, wéfe
' found to belong to GroupsﬁA and E. Although not all thé.groups of
DNA mutants were examined and mapped in this study,:it is

reasonably safe to say that DNA synthesis in the recipient during

mating is not essential for successful chromosome transfer, -
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The transfer of Hfr chromosome to the Bonhoeffer tspy, female has been shown to
occur normally at the restrictive temperature. The #s;y, mutation has been
mapped by both interrupted mating experiments and linkage analysis, and is
located at about 82 minutes on the Taylor & Trotter (1967) map of Escherichia
coli.

A possible mechanism of the protection of the tspyy, female from thermal death
by mating is discussed, and some evidence is presented supporting the model of
continuous chromosome transfer (Fulton, 1965).

1. Introduction

In Hfr X ¥~ matings, the donor chromosome is transferred to the recipient in a
known genetic sequence (Jacob & Wollman, 1958). Two models have been proposed
to explain this transfer.

Model 1. DNA replication in the donor is required and provides the energy for
transfer of DNA to the recipient. Therefore, only newly replicated DNA
is transferred (Jacob & Brenner, 1963; Jacob, Brenner & Cuzin, 1963).
Model 2. Transfer occurs after replication has been completed. Therefore, transfer
is independent of replication (Bouck & Adelberg, 1963).
The evidence for the models will be dealt with in the Discussion. However, the majority
of experiments are interpreted as supporting the Jacob-Brenner hypothesis.
Bonhoeffer (1966) cast doubt on the validity of this model. He showed that an Hfr
strain, thermosensitive (ts) with respect to DNA synthesis, gave the normal yield of
recombinants when mated at the restrictive temperature. The reciprocal cross, using
a tspy,F ~ strain gave 500 times fewer recombinants at 42°C as compared to 37°C. He
concluded that DNA synthesis in the recipient is required for effective transfer; one
hypothesis to explain this phenomenon was that only one DNA strand is transferred
from the donor, the complementary strand being simultaneously synthesized in the
recipient during transfer.

Confirmatory evidence for the active role of the female was provided by Bonhoeffer,
Hosselbarth & Lehmann (1967). They discovered that not only were recombinants
not produced by atspy 4 recipient at the restrictive temperature, but that these recipients
failed to synthesize any B-galactosidase at a time when control experiments showed
that the structural gene for this enzyme should have been transferred to the wild-type
female.

1 Present address: Department of Biology, Moscow University, Moscow B234, U.S.S.R.
209
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Evidence is presented here that the wild-type HfrH strain does in fact transfer its
chromosome to the Bonhoeffer £s,y, female at 42°C, since the mutation has been
mapped at the restrictive temperature, using the time of entry of the wild-type ts*
allele. The latter part of this paper offers support for the model of continuous chromo-
some transfer (Fulton, 1965).

2. Materials and Methods

TaBLE 1

Substrains of Escherichia coli used were as follows:

Strain Genotypet Reference
CR34 thr leu thy lac — str-r F ~ Okade, Yanagisawa & Ryan, 1960
CR34 thr lew thy lac ~ str-r spc-r F ~
CR34 thr lew'thy lac = str-r tspya F — Bonhoeffer, 1966
HfrH prototrophic A~ Hayes, 1953
Hfr Reeves 1  met Reeves, 1960
Hfr Cavalli met Cavalli-Sforza, 1950
Hfr Cavalli met tlv ampA Ericksson-Grennberg, 1968
Hfr P13 cys his Hirota, Jacob, Ryter, Buttin & Nakai, 1968

t Symbols for genetic markers: thr, leu, thy, met, ilv, cys and his, requirement for threonine,
leucine, thymine, methionine, isoleucine plus valine, cysteine and histidine respectively; lac -,
inability to utilize lactose as sole carbon source; str-r, resistance to streptomycin; ampA, resistance
to ampicillin; spc-r, resistance to spectinomycin; tspy,, thermosensitive with respect to DNA
synthesis.

(a) Media

All bacterial cultures and crosses were made in Oxoid no. 2 nutrient broth (25 g/1., pH 7-2).
Viable counts and selection for fs}y, recombinants were made on nutrient agar (Oxoid
no. 2 broth, solidified with 1-59%,, w/v, Davis New Zealand agar), results being read after
overnight incubation at 37 or 42°C.

Recombinants for nutritional markers were scored on M9 (Adams, 1959) minimal—
glucose-agar supplemented according to the required selection. Nutrient broth to a final
concentration of 0-59%, was added to M9 minimal-glucose-agar.

Thymine and amino acids were used at a final concentration 20 ug/ml., and streptomycin
and ampicillin at 100 pg/ml. Dilutions were made in the standard phosphate buffer
(pH 7-2) used in this laboratory. For each day’s experiments cultures of thermosensitive
strains were always set up in triplicate from three separate colonies, grown overnight with
aeration at 35°C, plated for tsjy, revertants and then stored at 4°C overnight. The culture
with the fewest revertants was selected.

(b) Mating conditions

Overnight donor cultures were diluted 1/50 in fresh warm broth and grown with aeration
to approx. 2 to 3 X 108 bacteria/ml. The selected overnight recipient culture (1 to 2 x 109/
ml.) was diluted 1/10 at the beginning of an experiment. This dilution was always into
fresh broth, prewarrmed to 37 or 42°C. Donor : recipient mixtures were made in the ratio
1:10.

(c) Interruption of mating
0-1-ml. samples were removed from the mating mixtures, diluted and transferred to
test tubes containing 2-5 ml. 0-69, w/v Difco agar. The tubes were then violently agitated

for 10 sec on a blender of the type described by Low & Wood (1965). Samples were then
plated by pouring the 2-5 ml. vol. of soft agar on to the surface of the selective medium and
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allowing to set. Plates to be incubated at 42°C for selection of ts7y , recombinants were kept
on a thermostatically controlled hot-plate before and during plating.

3. Experiments and Results
(a) Bacterial crosses

The experiments described by Bonhoeffer (1966) were repeated using the donor
strain Hfr Cavalli in addition to HfrH. The results of the HftH X ¢s,y,F ~ cross were
in complete agreement with Bonhoeffer’s results. There was a 500 to 1000 times lower
yield of thr*leu* str-r recombinants when matings were carried out at 42°C, followed
by incubation at 37°C after plating, compared to the number of recombinants from
matings at 37°C, at all times up to 60 minutes after mixing when the matings were
terminated.

TABLE 2

Yield of thr *leu*str-r recombinants as function of time

Temperature

Donor Recipient °C) 0 10 20 40 60 min
HfrH CR34 F - 37 0-001 0-02 50 120 16-0
42 0-:002 1-0 8-0 14-0 18-5
HifrH CR34 tspyF ~ 37 0-002 0-02 50 10-5 14-0
42 0-001 0-005 0-005 0-005 0-006
Hfr Cavalli CR34 F - 37 0-002 0-003 35 12-5 17-0
42 0-002 0-002 50 15-0 190
Hfr Cavalli CR34 tspy.F ~ 37 0-003 0-004 30 12-0 16-56
42 0-001 0-003 2-5 155 200

The yield is expressed in number of recombinants formed per 100 input donor bacteria.

Strain Hfr Cavalli, however, showed no reduction of thr*lew* str-r recombinants at
60 minutes when mated at 42°C. Indeed in many experiments more recombinants
were actually produced in the 42°C mating. Transfer of the Hfr chromosome by this
donor does, therefore, occur at the restrictive temperature for this female. In this case
the appearance of thr*leu*str-r recombinants is almost certainly due to their rescue
by transfer of the ts}y, allele, since no thr *lew™* str-r tspy, recombinants were found
when crosses mated at 42°C were plated and incubated at 37°C.

(b) Interrupted matings

The map position of the tspy, mutation was first determined by interrupted mating
experiments. The crosses with Hfr Cavalli had already indicated in which segment of
the chromosome the ¢s,y, mutation lay. Strains Hfr Cavalli and Hfr P13 were mainly
used, although Hfr Reeves 1 was used in some early experiments. The matings were
carried out at 37 or 42°C, thr*leu*str-r recombinants being selected at 37°C, and
tspy 4str-r recombinants at 42°C from both types of mating. The time of entry of the
tspy 4 allele was determined using the above three Hir strains in crosses at 37°C. The
tspn4 mutation is located at 80 to 82 minutes on the Taylor & Trotter (1967) map of
Escherichia coli.
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Fic. 1. Interrupted mating experiment selecting for thr*lew* str-r and for tsfy str-r recombin-
ants. Donor strain Hfr Reeves 1 and the recipient is CR34 tspy,F —; the mating was carried, out
at 37°C. The entry times of tsgy, (—A—A—), and of the thrtleu* (—O—(O—) have been
determined.

Fi1c. 2. Interrupted mating experiments with donor strain Hfr P13 x CR34 tspy,F —; the
matings were carried out at 37°C, selecting tsjy 48tr-r (— A— A—) and thr+leuw* str-r (—QO—Q—);
and at 42°C, selecting tsjystr-r (—A— A—) and thrtlew* sir-r(—@—@—).

Fic. 3. Interrupted mating experiment with donor strain Hfr Cavalli X CR34 tspy,F -, select-
ing thr*leu*str-r (—QO—Q—), and tsjy gstr-r (— A—A—). The temperature of the mating was
37°C.

F16. 4. Interrupted mating experiment with donor strain Hfr Cavalli X CR34 tspy,F -, select-
ing thrtleu*tstr-r (—@—@—), and tsfy str-r (— A-— A—). The temperature of the mating was
42°C.
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It was noted that in interrupted mating experiments with Hfr Cavalli at 42°C, there
was a delay in the apparent time of entry of thr*leu*, as compared with mating at
37°C, which now coincided with the time of entry of ts;y,. These two markers had
quite separate entry times in the crosses made at 42°C with Hfr strains of opposite
polarity to that of Hfr Cavalli. In general, markers appeared earlier in matings at
42°C than in those at 37°C. Wood (1968) has reported that transfer velocity in Hfr x
F- matings approximately doubles between 38 and 42°C, in contrast to population
growth rate and rate of DNA synthesis, which drop significantly.

(¢} Map position by linkage analysis
An attempt to determine the map position of the tspy, locus by phage P1 trans-

duction was abandoned because the ts,y, recipient proved to be very inefficient
both for making lysates and for transduction.

TaBLE 3
Linkage between tspy, and ampA

Donor Recinient Recombinant class Unselected
13 selected marker§
Hifr Cavalli ampA CR34 tspya teadya atr-r ampA 1009,
Hfr Cavalli ampd CR34 tspy, tampA str-r tsfna 989

Recombinants from Hfr Cavalli amp4 X CR34 tspy,F —; time of mating was 60 min, tempera-
ture of mating was 37°C.

1 ta5na selected on nutrient agar with thymine + streptomyecin, incubated at 42°C overnight.

1 Sample held at 37°C for 4 hr for expression of ampA before plating on nutrient agar +
thymine 4 ampicillin.

§ 100 recombinants were purified on the same medium on which they were selected; the per-
centage of the unselected markers was determined by replica plating from the purified recombin-
ants.

Confirmation of the map position was obtained in crosses between Hfr Cavalli
ampAd X tspy4F -, selection being made for s}y str-r and forampAstr-r recombinants.
The purified recombinants were scored for ampA and ts}y , respectively. This analysis
(Table 3) shows that the two markers are very closely linked and confirms a map
position of about 82 minutes (Ericksson-Grennberg, 1968).

(d) Protection by mating

It was observed on checking viable counts before and after matings at 42°C, that
the fspy '~ bacteria in the mating mixtures were not killed to anything like the
extent as in an unmated control. Survival curves for the s,y ,F~ bacteria were
determined in mating mixtures at 42°C with HfrH and Hfr Cavalli; an unmated
tspysF ~ culture was the control.

The unmated female bacteria died exponentially at the restrictive temperature.
The viable counts of the ts,y,F ~ bacteria in the mating mixtures initially dropped to
about 109, survival, and then remained constant up to 60 minutes, when the experi-
ment was terminated. The survival level of the ¢s,y, bacteria seemed to be determined
by the proportion of Hfr cells in the mixture. Since this protective effect occurs with
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HfrH at times up to 60 minutes, it is unlikely to have anything to do with the transfer
of the wild-type allele. This was checked. Survivors at 37°C from the HfrH X tspy,F~
mating at 42°C were replica-plated to new plates and incubated at 42°C. They were all
temperature sensitive. '

(e) Chromosome transfer by strain HfrH

Crosses at 42°C with Hfr strains other than HfrH have shown that chromosome
transfer to #s,y,F~ bacteria occurs at the restrictive temperature. It was decided to
reinvestigate the HftH X ts,y,F~ cross at 42°C, but extending the mating time to
140 minutes, selecting for both #s7y, and thr*leu* recombinants.

=
T
]

No. of recombinants /100 Hfr bacteria
" [=)
T T
1 1

ola_ e al ool _ao — o9

0 20 40 60 80 100 120 140

Time of mating (min)

Fia. 5. The kinetics of recombinant formation in a cross HfrH X CR34 tspy,F -, selecting for
thr *lew* str-r recombinants in matings performed at 37°C (—O-—QO—), and at 42°C (—— @ —@—).

Two new and interesting features of this cross emerged from these experiments. Thée
first, and most relevant to the Bonhoeffer effect, was that approximately the same
number of ts}y str-r recombinants arose on streptomycin—nutrient agar, irrespective
of whether mating and subsequent incubation were at 42°C, or mating carried out at
37°C and the plates incubated at 42°C. Interrupted mating experiments conducted at
42°C showed that the #s7y 4 locus was transferred to the fs,y, recipients at about 80
minutes after the beginning of mating, that is, at about the same time as at 37°C. It is
therefore evident that the HfrH chromosome is transferred normally to ¢s,, , recipient
bacteria at 42°C, despite the fact that recombinants for proximal loci appear at only
an insignificant frequency.

In the case of selection for thr*lew* recombinants, the results obtained were the
same as in the previous experiments for times up to 80 minutes. Transfer of thr*leu*
occurred at a low level, yielding about 0-0059, recombinants.

The second interesting feature of this cross was that a secondary increase in the
number of thr*leu* recombinants commenced at about 90 minutes after the beginning
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of mating and continued up to termination of mating at 140 minutes. This result
suggested two possibilities. One is that transfer of the s7y, locus was occurring after
about 80 minutes of mating, with the formation of ¢s}y , recombinants. These s}y, F -
bacteria could have mated anew with Hfr bacteria and the thr*leu* loci have begun
to be transferred at the normal time, i.e. about ten minutes later, which would
correspond to 90 minutes in the original mating mixture. The other possibility was that
we were observing an example of the continuous chromosome transfer described by
Fulton (1965). Experiments were designed to distinguish between these two possi-
bilities.
(f) Remating or continuous transfer

Strain HfrH was mated with the Bonhoeffer ¢y, ,F - strain at 42°C for 140 minutes;
samples of the mixture were taken at 10-minute intervals, blended and plated for
thr*lew*tsfy str-r recombinants. No recombinants of this type appeared at the
dilutions plated until after 90 minutes of mating. The frequency of such recombinants
was at best 0-5%, of input Hfr bacteria at 140 minutes.

These recombinants were purified and checked that they were indeed thr+leu*
tspy4str-r. Maleness was tested by cross streaking against the male-specific bacterio-
phage MS2 (Davis, Strauss & Sinsheimer, 1961). This showed that 59 recombinants
out of 60 were MS2-sensitive and, therefore, males. These male strains were then
tested for the Hfr state by cross streaking against a thr leu spectinomycin-resistant
(spc-r) F- strain, selecting for early transfer of thr*leu*. Spectinomycin was used as
the contraselective agent, since these recombinant males are streptomyecin resistant.
All these recombinant males seemed to be Hfr in this crude test. Five of them were
finally checked by a standard cross, and all were found to give at least 59, thrtleu*
recombinants with the spectinomycin-resistant recipient. The interpretation of these
results will be dealt with in the Discussion.

4. Discussion

A number of models have been proposed to explain the transfer of donor DNA to
recipient cells during mating. The model of Bouck & Adelberg (1963) based on the
results of Nagata (1963) proposed non-replicative transfer. The second model is that
of Jacob & Brenner (1963) developed from their hypothesis of the replicon and its
regulation, where transfer is dependent upon replication. Cell contact during conjuga-
tion provides the stimulus to commence replication transfer. This second model
should now be divided into two models: double-stranded transfer (Jacob & Brenner,
1963), one of the strands being newly synthesized in the donor during transfer, and
single-stranded transfer (Cohen, Fisher, Curtiss & Adler, 1968), where the comple-
mentary strand is synthesized in the recipient (Ohki & Tomizawa, 1968).

The results of Bonhoeffer (1966) questioned the Jacob-Brenner hypothesis. He
showed that the yield of recombinants, sired by an Hfr strain, thermo-sensitive with
respect to DNA synthesis (¢spy,), was normal when mating was carried out at the
restrictive temperature. On the contrary, in the reciprocal cross, where the female was
t3py4 Virtually no recombinants were formed at 42°C. Bonhoeffer (1966) interpreted
these results as indicating lack of transfer. It was proposed that the donor DNA
transferred in mating was single stranded, and that the complementary strand was
synthesized in the female, this synthesis being required for transfer. Clark & Margulies
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(1965) demonstrated that lack of recombinants is no criterion for lack of transfer,
since the formation of recombinants involves other mechanisms in addition to transfer.
However, Bonhoeffer et al. (1967) showed that not only were no lac* recombinants
formed in matings with a ts,,y, recipient at 42°C, but that no g-galactosidase synthesis
followed the mating, in contrast to control matings at 37°C. They interpreted this
absence of gene expression, which is not dependent on recombinant formation, as
good evidence for lack of transfer.

In this paper we have presented results which invalidate the role of the female
suggested by Bonhoeffer’s experiments. Transfer to the ¢s,y, female has been demon-
strated to occur normally at the restrictive temperature. It has been shown that the
thermo-sensitivity of the fs;y, female breaks down its own DNA at 42°C (Buttin &
Wright, 1968; Moody, unpublished data). The degradative enzyme appears to be the
product of the recB gene (Buttin & Wright, 1968). This degradation of DNA in the
t3pn4F ~ strain could be the reason why no recombinants are formed in matings at
42°C. The postulated small regions of homology between the proximal extremity of
the donor chromosome and the recipient chromosome, required for successful recom-
binant formation (Curtiss, Charamella, Stallions & Mays, 1968), could be destroyed,
or the incoming donor DNA could be generally degraded, as the absence of gene
expression at the restrictive temperature suggests. The protection from thermal death
by mating might also be taken to indicate that the latter explanation is true. The
increased transfer velocity observed at 42°C (Wood, 1968) might provide sufficient
substrate to saturate the breakdown enzyme and prevent degradation of the F~ DNA,
as has been suggested to happen in host restriction (Glover & Colson, 1965). This
explanation cannot be quite so simple, however, since although the introduction of a
recB mutation into Bonhoeffer’s tspy,F~ strain prevents DNA degradation, as
measured by release of trichloroacetic acid-soluble material, it does not prevent loss
of viability (Buttin & Wright, 1968).

The question of whether single- or double-stranded material is transferred remains
open. The experiments of Gross & Caro (1966) strongly support double-stranded
transfer, as predicted by the Jacob—Brenner model. Nevertheless some experiments
by other workers favour single-stranded transfer (Bonhoeffer, 1966; Cohen, Allision,
Adler & Curtiss, 1967; Vielmetter, Bonhoeffer & Schutte, 1968). Single-stranded DNA
has been isolated from females after mating (Cohen et al., 1968), but these workers
keep in mind the possibility of double-stranded DNA being transferred and converted
to single-stranded DNA in the female (see Piekarowicz & Kunicki-Goldfinger, 1968).

Our evidence in favour of Fulton’s (1965) model of continuous transfer is based on
the observation that virtually all the thr*lew*tsy, recombinants formed after 90
minutes mating between HfrH and the ispy, female are Hfr. We propose that most of
the DNA transferred, before entry of the tsfy 4 locus, is destroyed in matings at 42°C;
there is certainly no significant number of recombinants formed at shorter periods of
mating. The linkage observed between 33y, the integrated sex-factor and thr*lew*
can only be explained if they are all transferred on a continuous structure.

The question of the role of DNA synthesis in the female has not been answered in
the data presented here. However, preliminary experiments with about 20 mutants,
thermo-sensitive as regards DNA synthesis, show no reduction in the number of
recombinants when mated at 42°C (Moody, unpublished data). The data presented
we interpret as favouring the Jacob—Brenner hypothesis (1963).
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CHAPTER 7
CONCLUSIONS

Many transmissible plasmids are capable of transferring donor

chromosomal material during conjugation. This chromosome transfer -~

PR

is believed to result from the interééfion'of.the'plasmids,with'the 25}1 o
bacterial chromosome to form some type of physical association. The -

data obtained by Clowes & Moody (1966), and the work now reported in

7]

3

Experiwental Section 1, suggésts that ﬁhe greater part of chromosome
‘transfer by the majority of plasmids is dependent on the bacterial
recombination, (REC) system. Virtually all transfer of donor
chromosome is abolished when the donor strain is’recombinatiénA
deficient, throﬁgh a defect in the recA gene. Transfef is only
partially affected by the presence of a EEéE mutation in the donor.

In the case of the majority of plasmids, these plasmid.
chromosome interactions, élthough perfectly adequate for chromosome
transfer rarely result in a réciprocal genetic exchangé to form an
Hfr type donor. Indeed, the formation of stable Hfr clones does not
account for more than i0-15% of the observed fertility of F* donor
cuitures (Broda, 1967, pers.'commuh.; Cﬁrtiss, 1968; Curtiss &
Renshaw, 1965, 1969). Integration events are perhaps initiéted.bu£
not often completed.

Chromosome transfer by‘ the ?lasmids ﬂl@_ drd and R1 drd _1_9
probably occu?s by a mechanism which is indebendent of the bacterial
REC gystem'since it is unaffected by the p?esenée‘of the recA

mutation in the donor strain.:
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The transfer of chromosomal material by aﬁtonomous plasmids can

be stimulated by small doses of ultraviolet light (Evenchik et al,

1969; Hayes, 1952a, 1953b; Rajchert-Trzpil & Dobrzanski,. 1968)

(see Experimental Section 2). In a redefinition of the phenomenon - _

of U;V.-induqed'donors (EVenbhik>et ai?(1969) propbséd‘thétVtge:
inéreaséd iﬁteraétion of thezg factor with the chrombéomé-ﬁaélaué.to
the excision of a U.V. damaged strand of chromosomal DNA. If this
ngcision occurs in a region of sex factor homology, this might
_resulf in greatly increased efficiency of pairing of the sex factor
with the chromosome, perhaps forming a temporary structufe capabie'
of transferring chroﬁosomal material. This is supperted by the
fact that the U.V. stimulation does not occur in uvr~ strains, where
the excision of U.V. damage is defective, nor in rec” strains.

Donor strains harbouring newly transferred transmissible p;aSmids
also show a stiﬁulation of chromosome transfer, and in thesé donor ..
strains there is no reason to suppose that there is damage which
leads to excision. An;ther objection to the general applicability'
of the Evénchik et al (1969)'mode1 can be found in the data obtained
with the plasmid Col Ib drd. .This plésmid norqally transfers
chromosomal genes at a very low freguency. The conventional
interpretation of.this wou;d suggest that the Col Ib drd plasmid '
lacked genetic homology with the chromosoﬁe. However, the transfer
of chromosome by Col Ib drd donor strains can be stimulated about
100-foid by both U.V. irradiation and new infection. It is unlikely
that either treatment can ingrease to such an extent the affinity ‘ |

that the plasmid has for the 6hrom8some. It is more reasonable
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to propose that the stimulation of chromosome tyénsfer is due to the
induction of some plasmid function which promofés interaction with
the bacterial chromosome. At the same time tgére is an apparent
derepression of other Col Ib drd plasmid functf%ns. This can be
observed by an increased number of cells commencing the lethal
synthesis of colicin, as_judged by the numbers of lacunae.
Cells harbouring Col Ib are more resistaht to ﬁ.V. damage than
- %"" bac_teria (Howarth, 1965; Takanov,:;l96‘6';; Wals'h"s; Mey'nellv‘,‘ 19’6%)’.,’; ,
Bacteria'newli ingeéted with_gglllg_gig'shdw é‘great'ihcregse'ihlfﬁis
U.V. resistance, which can even protect.a newly infected{gggé‘strain
" from death following large U.V. doses. Under these same conditiphs'
there is a parfial restoration of the recombination proficiency of.
these recA bacteria, measured by their ability, as recipients, to
produce recombinants in an Hfr cross. -Moreoverz when eithér.sgéf
or recA bacteria are newly with a Col Ib drd plasmid, these doﬁors
- yield 100 times more recombinants than stably infected cells. The'
low level of residual transfer from all Eéﬁﬁ donors can also be
markedly stimulated by the process of new infection by any piasmid,
’,with the single exception of R1 drd 19 which'already has a high
transfer frequency.. Thése data are perhaps consistent with the

following model.

A model for the transfer of chromosome

by autonomous transmissible plasmids

.

It is proposed that all transmissible plasmids can specify the
‘synthesis of an endonucleaseé, which can make single-strand excisions
in bofh the plasmid and chromosomal DNA. The synthesis of this

t
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enzyme is normally repressed but, like the expression of the conjuggl
fertility systems of many Col or R-~factors, or the synthesis of
colicin by all Col factors, the repression occasionally breaks down;
thus permitting the plasmid to interact Qith the chromosome.

The endonuclease activity of the plasmid R1 drd 19 is probably
naturally derepressed, ju;t as the F factor is a naturally occurring
'fertility-derepressed plasmid. The U.V. stimulation of donors and
the stimulation observed in newly infected donor strains could thus
"be due to the derepression of this endonuclease system, similar to
the U,y; induction or the zygotic induction observed with a A
lysogen.

B The Singlé-strand spissiéns produced'in thezplasmid chrq@osomal,
DNA by:this éndonucleolytié action are éife; which can theﬁ be
attécked by an exonucleasg, possibly the reé*B EEE:E nuclease, whichl
wouid partially digeSt both of the cut-strands iﬁ the 3'-»5"' direction.
The extent of this digestion is controlled by the rec*A product. ‘Ié
this way, the attempt at interaction'in a recA donor might itself be

a lethal event,. both the chromosome and the séx factor becoming
degradéd, following‘endonucleasé "nicking'", so that chromosome
transfer cannot occur.

Plasnids like Col Ib drd and R1 drd 19 which are unaffected in
their ability to transfer chromosome by the Eggﬁ-mutation must be able

to control the nuclease action in the absence of the rectA product,’

.

and it has been shown (Table 20) that the Col.zg drd factor at least
can restore some degree of recombination functibn to recA'recibient

cells.
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The EEE:E.fEE:E exonuclgaseAdigestion exposes single gtranded
regions on both the plasmid and the chromosome and these regions
will almost ce;tainly be capable of some limited pairing. - derogen
bonding in this region would give some stability to the structure.

A repair-type DNA synthesis could-then.replace the digested strand
of the plasmid using the exposed/3' end as a primer.. and the intact
complementary étrand as a template (see Figure 16). The plasmid
.endonuclease now cleaves the intact sprand of the chromosome. The
newly synthesized sex—factor.strand could finally be joined to the
chromosomal strand by a poiynucleotide ligase, thus forming a
continuous'single-stranded structure from éart of the sex-factor and
‘the chromosome. Moreover, this structure ﬁreserves the 5'—p3"'
Acont;nuity whiéh has been reported for thé transfer of DNA from Hfr .
(Rupp & Ihler, 1968) and from F* donors (Vapnek & Rupp, 1970). The
t?ansferred material would be single-stranded énd there is no
requirement for DNA synthesis, apart from some repair-type synthesis.
This structure; shown in Figure. 16(5), is therefore capable
_of transferring donor chromosomal genes to a recipient and its
formation is REC-dependent for most plasmids. Hoﬁever, it can never
lead to a stable integration event, because certain regions required
_for a reciprocal genetic exchange are lost_through'exonuclease
digestion.
The férmation of Hfr type (see Figure 17) may involve the
é‘plésmid endonuclease making single-strand scissigns. - If this is the
case, it is more likely ;hat-therélis an unwindiﬁg;of the élé;ved

'

strands rather than digeétion by an exonuclease. . - The plasmid-
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A model for chromosome transfer by autonomous

o plasmids.
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chromosome complex probably is stabilized by hydrogen-bonding until
a limited repair synthesis and ligase action joins one strand of the
plasmid with one of the chromosomal strands. . After this‘fairly
stable structure is formed, a pfogression of endonuclease action,

followed by hydfogen bonding, repair synthesis and ligase may

finally produce the structure shown in Figure 17(5).

e
<3t



Appendix 5
Media

Nutrient Broth:

Oxoid No. 2 nutrient broth powder 25g;
distilled water to 1 litre, pH = 7.2

EMB peptone base:

Difco Bacto Casamino acids 42.4g;
Difco Bacto Yeast extract 5.2g; NaCl 27g; KJH P04 10.4g;
distilled water to 1 litre

Minimal Salts (X&):

»

NH,Cl 20g; NH L 8g;

Lg; Mg SO

L L3

anhydrogs Kz HPOQ 12g; KH2 POQ

distilled water to 1 litre

NO, 4g; anhydrous Na2 SO

, 7H,0 O.4g;

Minimal medium:

Minimal salts (X4) diluted % with distilled water.
Glucose added to 0.2%

Phosphate buffer:

- - l - :
Anhydrous Na2 HP04 79; KH2 POQ 3g; NaCl 4g; Mg 504
7H,0 0.2g; distilled water to 1 litre

Nutrient Agar:

Oxo0id nutrient broth solidified with 15.0g./l..of Davis

New Zealand Agar

Water Agar:

Davis New Zealand agar 20g; distilled water to 1 litre,
adjust pH = 7.2

Minimal agar:.

Minimal salts (X4) diluted 1 with water agar.

. Glucose added to 0.2%
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Water Soft agar:

Difco Bacto agar 7g; distilled water to 1 litre

EMB dyes:

Eosin yellow 4% (w/v); methylene blue 0.65% (w/v)

EMB . (Sugar) agar:

300 ml water agar;: 75 ml EMB peptone base; 4 ml Eosin
'{sqiution; A ml‘me?ﬁylene blue solution; 20 ml of a

20% Sugar soiution | |

EMB-O agar:
500 ml nutrien£ agar;'.é ml Eosin soiution{ 4 ml methylene
Elué solution |

. Aﬁino acids:

Méde up as a solution of 4 mg./ml. and used at a final
cdncentra£ion_of‘20 pg/ml. |

Vitamin B1: |
Thiamin hydrochloride, used at a fiﬁal concentration of‘
1 pg/ml.

Thymine:
Used at alfinal concentration of.SOéié/ml..

Sugar Solution:

Made up as 20% solutions and used a{*a final concentration
of 0.2%, except in EMB sugar plates; where the final’

concentration is 1.0%

Y]
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B. Antibiotics
Penicillin:
Benzyl penicillin (Glaxo) usea at a final concentration
of 20 pg/ml.

Tetracycline:

Achromycin hydrochloride (Cyanamid) was used at a final
concentration of 50 ug/ml.

Streptomycin:

Streptomycin sulphate BP (Glaxo) used at a final
>concentration_of 200 pg/ml. for the_contraselection of
- donors, with'chfomosomal markers. At a final
concentration of 20 pg/ml. to seléct an R-factor
resistance. However, tp select aga%nst a donor strain
':harbouring a drug resistance for streptomycin, the final

~ concentration was 5,000 fg/ml.

Spectinomycin:

i

'Spectinomycin base, a gift from the Upjohn Chemical Company, .

was used at a final concentration of 100 pg/ml. for both
the contraselection with chromosomal markers and the

selection of an R~factor resistance.

Kanamycin:

Kanamycin sulphate BPC (Bayer) used at a final concentration

of 20 pg/ml. .

-Chloramphenicol:

Chloromycetin (Parke Davis) used at a final concentration

of 20 pg/ml.



(iv)

Appendix 5 (Cont'd)

Nalidixic Acid:

As sodium na}idixate, used at a final concentration
of 40 pg/ml.

Multodisks:
Oxoid multodisks, Qode No. 30-19N, carrying the following
antibiotics impregnated on paper:- tetracycline,
streptomycin, sulphonamide, kanamycin, chloramphenicol,

ampicillin.
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A. Bacteria
Ali bacterial strains were maintained in Difco agar stabs at
room temperature. In addition to the stab cultures certain stocks
were maintained frozen in Dimethyl Sulphoxidevpﬁso. Bacterial
strains in current use for experimental work Qére also maintained on
nutrient agar plates at 4°.
(i) Difco stabs Difco Bacto nutriené?broth 9g; Dif;o'BactA
~agar 7-59; Nqu Sg;A thymine 0.1g;

distilled water to 1 litre

(ii) DMSO cultures = Concentrate 250 ml log broth chltures by -

- filtrationlfprough»Miiiiporé5fi}térs. ;?}“
Resuspend the filters in iQ'mlrdxéia bioth.
and add 0.8 ml DMSO. - Store at -70°.

Y

B. Culture conditions

6vernight cultures were prepared by innoculating 5 ml of oxoid
broth; in a screw-capped bottle,bwith alsinglé colony of the desired
strain, followed by a 12-18 hr. ipcubation period usually at'j?o |
without aerétién. Cultures prepared this way normally have é
viable count of between 4.0-8.0'x 108/ml,' Log phase cultures were A
prepared by diluting the overnight broth cultures 1/50 in fresh
prewarmed broth. These ‘diluted cultures were incubated oﬁ an
inclined turn-table at a speed of 33 r.p.m., in a 37o incubator.
After approximately 2 h?s. these cultures had a titre of 2.0-5.0 x
108/ml. All culturés’were first measured for their total count with

a Petroff-Hauser counting chamber.. The number of viable bacteria/ml.
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was then measured by plating 0.1 ml samples of serial dilutions of
the cultures, made in phosphate buffer, in 3.0 ml. of molten soft-.~A
agar, on a nutrient agar_PlaFe. . The colonies are‘coqnted after '
18-24 hrs. ;ncubafion‘afA36b;.37o or 42° as {éqﬁired,_  A/knowlédéé—;ﬂ.A
of.the tétal coun% was useful in planning the dilutidns for the
viable count and for adjustihg donor:recipient ratios in the mating
Z

mixtupes.

When cultures reached the required totai count they were
maintained at this figure by packing ice around the bottles or
flaéks containipg the culture. This may be used to maintain donorl
strainé in mid;log phase for up to 2 hrs. with no ill éffects on the
mating experiment. The iced cultures are.allowed to éqpilibrate to

temperature used in the cross for 5 min. before adding the other

parent of the cross.

c. Mating procedures

(i) standard Hfr X F~ cross

Overnight culture of Eza'parent was subcultured in fresh warm
broth and grown with aeration to ¢.2.0-3.0 x 108/m1. Saturgted
overnight of the F~ recipient, c.2.0-4.0 x 10%/ml., was diluted
_ 1/10 in fresh warm broth immediately before the commencement of -
mating. Take O.1 ml samples of .both parents for dilutions for the
viable counts. |

Matell.d ml. log Eﬁg donor with & ml..o/N/lo.gf recipient sfrain'
in 250 ml. Erlenmeyer flask with very gentlevaeration atj37°C fof
§O'mih.v Dilute and plate fér recombinants on the appropriate |

selective media.
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(ii) Standard cross for donor strain harbouring

an autonomous sex-factor
.Ovefnight_culture;‘of.both_donor'éhd-récipient‘éfrains'Wére‘sﬁp%‘
cu;furedlin ffesh:éarm Erothiénd~growg\with ééra£i6n tb’égé:b-B;b i ﬁF'
108/m1. Take O.1 ml sgmples for the viable counts of both pérents.
" ffate 1.0 ml. log donor culture with 9.0 ml. log recipient in 250 ml.
:flask at 370 fér 60 min. with very gentle aeration. Dilute and |
plate:fof the transfer of the extrachromosomal elements and for

chromosomal recombinants.

(iii) Cross=~streak mating technique

This can be used to test the fertility of an Hfr donor. Make
a broad streak of a log broth culture of.a suitable recipient strain
on a supplemented minimal agar plate, using either streptomYcinvor
spgctinomycih to contraselect the donor stréin. Streak log
cultures of the donor.sfrains across the recipient culture streak.
Incubate the plates for 24 hr. at 37°. This test is easily
modified to test for the transfer of E' factors or to check whether
a culture contains a derepressed R-factor.
NOTE Nalidixic acid cannot be used for this test,.because.it

inhibits the transker.of both chrohosomal and extra-chromosomal

" material.

(iv) Plate mating technigue

i

»,The-colonies to be tested for their donor ability are patched

on:a master-plate, 50 patches per plate and incubated overnight at 370,
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The master plates are then replica plated to duplicate plates
containing the same medium as the master plate, these replicas are
incubated for 3 hrs. at 370, agar side down, to obtain fresh "log"
patches. The duplicate replica plates are then plate-mated to
supplemented minimal plates which have been spread with 0.2 ml. of
a log broth culture of a suitable F~ recipient; The duplicate
matings should give identical results, again nalidixic acid cannot

be used.

D.(i) The isolation of donor strains

(a) All the fertility derepressed plasmids;ﬁill successfully
infect most recipient strains under the eonditiens of a standard

cross described in Appendix C(ii).

(b) HFCT or HFRT donor cultures. In orderito infect strains

with fertility repressed plasmids it is necessary to temporarily

derepress the fertillty system of the plasmids in HFCT or HFRT donort
preparations. These are prepared by mixing c. 5 O X 10 /hl iegwil.
phase donor cells with c¢.1.0 x 10 /ml{ log phase intermediate donor

‘ 8&115, in 5 ml. nutrient broth, and incubating together overnight
_without aeratien at 370. The overnight mixed culture is.diluted
1/20 in fresh warm broth and incubated with aeration at 370 for 2% hrs,
the majority of the intermediate donors, have been recently infected'

with the plasmid and will thus serve as highly efficient donors of

the sex factor.
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D(ii) The recognition of infected recipient -bacteria

(a) F* bacteria

The presumed infected recipient bacteria can be selected on
nutrient or supplemented'minimal media using streptomycin,
spectinomycin or nalidixic acid to contraselect the original donor
strain. After 18 hr. growth at 370, the colonies are replica
: plated'on to EMB-0O plates which have previously been spread with
0.2 ml of M.S.2 (c.2.0 x 1072 p-f.u/ml.) and incubated overnight at
420. Colqﬁies of F* bacteria replica plate very poorly or not at
all w%th'fhé.pfecipifation qf’the EMB dyes in the imﬁediate vicinity
of th; Ef célony. F! faétors can be festgd thié way 1if for.any '
reaéon they cannot be selgcted directly, for example the recognition

of an F'lact in a chromosomally lact background.

(b) Col* bacteria

Plate O.1 ml aliquots of dilutions of the infection mixture in
3.0 ml. of molten soft agar, on oxoid mutrient or suppleménted
'minimai plates. When the first layer has set, a second lafer of
soft agar is podred over the first to prevent any surface colonies:
from bursting ihroggh the first layer and being washed over the
surface of the plates when the layer of soft ag#r, containing the
indicator bacteria, ié added..' N
Iﬁcubaté the plates overnight at 370, fhé#ioverlay with 3.0 ml.
soft agar containing 0.1 ml. o/N'culture of ggifsensitive indicator

bacteria. Incubate the plates at 37o overnight, the Col* bacteria

are recognised by the zones of inhibitioh-surrdunding them.
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NOTE It is important to match the antibiotic resistances of the
infected recipient and the Col-sensitive indicator strain.
'(c) R* bacteria |
‘Bacteria infected with R-factors can be selected directly on

nutrient or supplemented minimal plates containing the suitable
: ’ v

combination of antibiotics.

E(i) The isolation of thymine requiring mutants

A modification of the method of Stacey & Simson (1965) &as usea
" to isolate Eézf mutants. The concentrations of trimethoprim and
thymine were increased to 200 pg/ml., after 48 hr. incubation,
dilutions were plated on nutrient plates subplemented with thymine
50 pg/ml. and trimethoprim 50 pg/ml. Only thymine requiring

bacteria can grow on these plates.

E(ii) The isolation of recA mutants

To construct a recA strain, a thyA mutant was first isolated as -

in Appendix 6 E(i). The thyA strain was crossed with Hfr JC5088,

a derivative of Hfr KL16 thr ilv recA56 spcA which transfers thy*

early. Selection was made for Ehzf recombinants in a 15 minute
cross, the purified thy* recombinants were- then tested for recA.

To tes£ for the recA mutation, streak o;-replica plate the
colonies.to be examined onto oxoid nutfienf agar plates containing
3 parts per 10,000 of methyl methane sulphonate (MMS), rec™ strains

are very sensitive to MMS.
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Procedures used in the experimental sections

A(i) The efficiency of rec” strains as recipients was measured by the

standard Hfr éross (see Appendix 6 C(i)). . Phenocopies were

produced by taking a very heavy innoculuﬁ for nutrient agar plates
with a fresh overnight growth at 370 and resuspending this heavy
growth in nutrient broth breaking up the cell clumps with a Whirlimixer

before mating.

(ii) Extrachromosomal transfer by rec™ donor strain was measured by
the standard cross for autonomous plasmids (see Appendix 6 C(ii)).
For the HFCT or HFRT donor preparations, the original F~ strainlwas

used as the intermediate donor for example.

AB2463 Col B1* X  AB2463 F~ X  W1655 nalA F~

(iii) . Chromosomal transfer from rec~ donors

As described in Appendix 6 c(ii) and 7 A(ii). The crosses were
set up in at least triplicate for all the réec™ donors.to ensure a
reasohably large number of recombinants were examined. .Plates &éré
'picked a£ random from each'cross an& all the recombinants were .

patched and tested to show that they were genuine recombinants.

(iv) T}ypsin treatment

, After comparing the number of recombinants produced by Col*
donor strains when they were mated with Col-sensitive recipient
bacteria in presence or absence of trypsin 200 pg/ml., it was decided

not to use trypsin to inactivate free colicin in all subsequent

crosses, as the effect of colicin was negligible. ;
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B. The-stimulation of chromesome transfer

(i) U.V. irradiation

The output of the U.V. lamp was adjusted to give a dose of 5 ergs/
mmz/sec. The dbnor bacteria were irradiated in phosphate buffer, in
a glass petri dish, the total U.V. dose being 100 ergs/mmz. After
irradiation the donor bacteria were quickly tranéferred into foil

wrapped screw-cap bottles and reconstituted as.a nutrient broth.

The U.V. dose usually lowered the survival to about 30% except in
the case of the Col Ib type factors which conféfs some prétection to
their host bacteria. The post-irradiation incubation period was

always 45 minutes in nutrient broth at 37°.

(ii) Newly infected donor bacteria

"-The;strains,used are described in Tables 16 and-21. New infectiénr

was achieved by'mixing-E.S.bix_}QQ/mipiog:phééé‘Prima;y~a§ﬁdr;?iﬁ§: 61;.?{\
c:i.ovx iOG/hl. lgg phase Secondary donor and incubaﬁing the ‘mixture
}Pgether for 2 hrs. at 370 with gentle aeration. Sub=culture 1/10
into fresh warm broth contaiﬁing spectinomycin 100 pg/ml. and incubate
60 min. at 37o with gentle aeration. '~ This is now a newly infected

donor culture, mate with a recipient in a standard 1.0 ml donor X

9.0 ml. F~ recipient ratio.
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A simple device for making multiple master-plates for replica
plating, and for reading the results of replica-plating.

See attached photograph.
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Many sex-factors or transmissible plasmids are capable of transferring
donor chromosomal genes during conjugation with recipient bacteria. This
chromosome transfer is believed to result from the interaction of the sex-
factor with the bacterial genome to form some type of physical association
between the two, linking the genetic material of the bacterium to the transfer
mechanism of the sex-factor. The results of crosses performed using
recombination~-deficient (recA) donor strains suggest that the great part of
chromosome transfer by the majority of transmissible plasmids is dependent on
the functional integrity of the bacterial recombination (BEE) sjstem.
Virtually all transfer is abolished when the donor strain is defective in the
BEE system as the result of a mutation in the recA gene. At the same time
there is an indication of an alternative mechanism of transfer which is
apparently independent of the REC system.

Most plasmid-chromésome interactions are perfectly adequate for the
transfer of donor chromosomal material but rarely result in the reciprocal
genetic exchange necessary for the formation of Hfr-type donors.

Chromosome transfer can be stimulated both by U.V. irradiation and by
new infection of donor strains, and it is proposed that this stimulation is
due to the induction of a plasmid-specific function which promotes
interaction with the bacterial chromosome, resulting in the transfer of donor
chromosomal genes.

A simple model for chromosome transfer by autonomous plasmids is
proposed where the plasmid-specific function would normally interact with the
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