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The Role of Bacterial Plasmids in Cenetic Transfer.

By Higel Johanrinter.
ABSTRACT: Studies are described on the actual and potential ability of
plasmids to transfer genes both within aﬁd between bactérial species.
Comparisons between phenotypically-related antibioctic-resistance
plasmids from a wide variety of bacterial hosits isolated in diverse
geographical locations showed that a particular plasmid type, .once-
evolved, could spread rapidly and widely in respounse to selective
pressure, Plasmid transfer by conjugation and mobilisation was’
investigated using a series of insertion mutations in a conjugative Inc
P plasmid by means of a transductional complemenﬁation system. At least
N )
five functions involved in P group conjugation were identified. The
ability of plasmids to accept and transfer transposons was considered.
Transposition by transposcn T was characterised and a host function
involved in transposition identified. Plasmid-mediated transfer of
' .
chromosomal. genes was studied using R plasmids generated in vivo and
in vitro. The reclative importance of extensive plasmid-chromosome
homology, the recA gene and the insertion sequence ISl were assessed
and 2 general model proposed for chromosome mobilisation. Finally,
interactions.between plasmids and bacteriophages were considered.
Transduction of plasmid DNA by bacteriophags Pl was shown to be a more
complex process than earlier studies had indicated. The bacteriophage
was shown to be capable of transducing a plasmid of 90Md. and a site-

'specific nuclease was shown to be involved in packaging plasmid DNA.

A model is proposed for plasmid transduction.
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INTRODUCTION: THE DIVERSITY OF BACTERIAL PLASMIDS

The essential genes of many diverse bacterial species have been
shown in each case tc constitute a single linkage group or chromosome
(see Novick, 1969). = The fertility facior F in Escherichia coli was
the first example of a stable, autonomous, extrachromosomal linkage
group (plasmid) to be demonstrated (Hayes, 1953). It codes for no
indispensible functions, all its known properties being connected with
its maintenance, replication and transfer.

Plasmids coding for additioﬁal functions ﬁere first identified in
Japan in the late 1950s, when multiple antibiotic resistance in Shigella
was shoyp to be infectious and the genes inveolved to be separate from
the chromosome (see Watanabe, 1963). Similar findings were soon repor-
ted in other parts of the Worfa (see Datta, 1965) and plasmid borne
antibiotic resistance is now known to be extremely coﬁmon and to occur
in many different bacterial genera (Table I.1).

Subsequently, many other plasmid borne characters have been
observed, and some of these are listed in Table I.2. It is the central
theme of this thesis that bacterial plasmids are of great importance in
the spread of genetic information in the course of which any character
may become plasmid borne in response to selective pressure. Plasmids
can acquire new functions by interactions with other plasmids, bacterial
chromosomes, transposons and bacteriophages, and then transfer the new!
property to other bacteria 5y conjugation or transduction. A1l of
these aspects are considered in the followihg chapters. /

Plasmids are thus dispensible, transmissible, extrachromosomal
replicons which enlarge the gene pool of a bacterial population and
provide sites where genetic "experiments" can be carried on without
harming the host. This 15 advantageous because bacteria are haploid

and chromosomal mutations are likely to affect viability. This view



Table I.1. The range and spread of plasmids coding for antibiotic resistance

Plasmids have been isolated coding for resistance to: Antibiotic resistance plasmids have been identified in:
Penicillins and cephalosporins Enterobacteriaceae (many different genera)
Chloramphenicol Psudomonas
Tetracyclines Vibrio
Exrythromycin and other macrolides ; Yersinia
Streptomycin Pastsurella .
Neomycin/Kanamycin and related aminoglycosides HaeAOphilus
.Gentamicin, Tobramycin ‘ Neisseria
Amikacin Bacteroides
Fusidic acid Staphylococci
Sulphonamides | Streptococci
Trimethoprim . Clostridia

Streptomyces

...8'[...
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Table I.2. Plasmid-borne characteristics

Resistance genes:

Antibiotic resistance (see Tabie I.1)

Heavy metal resistance eg. arsenic, bismuth, lead, mercury,
cadmium

Resistance to colicins

Resistance to female-specific phages.

Resistance to ultraviolet light by eg. R4U6, R2.

Utilisation of unusual carbon sources:

eg. Enzymes degrading camphor
Octane
Salicylate
Utilisation of sucrose and lactose.

Steps in major metabolic pathways:

eg. Dégredation of "stable" RNA (by F)
DNA polymerase (R—Utrecht),

s N s
Enzymes for restriction and modification:

eg. EcoRI (RY13)
Pl. endonuclease (Pl)
DNA methylase (N3).

Functions associated with conjugation:

eg. Transmissibility
Sensitivity to male specific phages
Surface exclusion.

Production of antibaecterial agents:

eg. Colicins (various Col factors)
Bacteriocins (Streptococcus faecalis)
Antibiotics (SCPl in S. coelicolor).

Virulence factors:

eg. K88 antigen
Enterotoxin production.

Miscellanecus functions:

Inhibition of certain phages

Sensitivity to silicate

Sensitivity to scdium dodecyl sulphate

Sensitivity to acridines

Tumorgenicity (Ti plasmid in Agrobacterium tumefaciens).
The data in this Table are from Noviek, 1969; Cohen, 1376 and
Reanney, 1975. .
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of plasmids is supported by the observation of cryptic plasmids which
confer no‘known characteristics (Smith and Linggood, 1970; Gyles
et al., 1974).

In view of the remarkable ability of plasmids to bring about
exchange of genetic information, their classification should be based
on & more fundamental property than that of their conferred phenotypes.
The phenomenon of plasmid incompatibility provides such a basis (Datta,
1975). Plasmid replication, whether positively or negatively regulated,
involves specific proteins and/or cellular sites. When two plasmids of
. similar replication specificity are present together in the same cell,
there is mutual interference with replication - whether through the
simultaneous production of the same repressor (Pritchard et al., 1969)
or competition for the same cgilular sites (Jacéb et al., 1963). This
results in the eventual loss of one or other of the pair of incompatible
plasmids. Compatible blésmids, on the other hand, can coexist stably
in the same cell line for many generations. Recent work has suggested
that-the basis of incompatibility is more complex, involving negative
regulation in some cases (Cabello et al., 1976) and positive controls in
others (Kolter et al., 1978). Partition mechanisms which ensure that
both daughters receive a plasmid coﬁy at cell division are believed
also to play a part (Novick and Schwesinger, 1976; Timmis et al.,
1978). However, incompatibility between a pair of plasmids may be
taken as an indication of their fundamental relationship and has been
used to place plasmids in groups, the members of which are incompatible
with each other and compatible with members of all other groups. So
far, over twenty groups have beeﬁ identified among plasmids from E. colt
and other enteric bacteria (see Jacob et al.; 197Ta).

Therefore, although the number of different phenotypes conferred

by plasmids may run into thousands, the number of basic plasmid types is
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relatively small. The significance of this in relation to the possible
- origin of plasmids is discussed in Chapter 5.

The work presented here is intended to illustrate ways in which
the versatility of vacterial plasmids nhas made a singular contribution

to bacterial evolution.
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CHAPTER 1

MATERTALS AND METHOD3

Bacterial strains. Strains are listed in Table 1.1.

Bacterial plasmids. Plasmids are shown in Table 1.2.

Bacteriophages. Phages are listed in Table 1.3.

Nutrient media. Oxoid No. 2 broth (CM6T) .
Oxoid New Zealand agar (+ No. 2 broth)
Oxoid Isosensitest agar (CMLT1)

Oxoid MacConkey agar (CMT6).

Minimal media. Mimimal salts agar (Clowes and Hayes, 1968) using

Oxoid No. 3 agar at 1.2%.
M9 (Roberts et al., 1955).

Supplements to minimal media

Glucose, lactose and other carbon sources to a concentration of
0.2% weight/volume. :

Amino acids to a concentration of 20 ug/ml.

Vitamins to a concentration of 1 ug/ml.

Buffers

TES buffer pH8

50 mM Tris

50 mM NaCl adjust pH with concentrated (10M) HC1
5 mM EDTA

TNE buffer pHT.5

50 mM Tris

50 mM NaCl adjust pH with concentrated (10M) HC1
1 mM EDTA

Borate buffer pH8.3

89 mM Tris
89 M Boric acid
1.25 mM EDTA

Acetate buffer pHT7.T (Aaij and Borst, 1972)

4O mM Tris | /
20 mM Sodium acetate :
2 mM EDTA
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Restrietion enzyme buffers

1) For FeoRI and BglII digestions (pH 7.5):

1 M Tris
0.5 M NaCl
0.1 M MgCl

2) For HindIII digestions:
0.1 M MgCl,.

~ Sterilisation. All minimal media, buffers and glucose solutions were

sterilised at 121°C for 15 minutes. ‘Amino acids and all other sugafs
were autoclaved at 110°C for 15 minutes. Antibiotics were made up
aseptically using sterile water and stored at 1°c.,

Antibiotics. The following antibiotics were used to select for resist-

ant bacteria:

Antibiotic (abbreviation) Selective concentration (ug/ml) in solid media

Ampicillin (Ap) 100
Chloramphenicol (Cm) 25
Gentamicin (Gm) i
Kanamycin (Km) 25
Nalidgixic acid (Nal) 25
Rifampicin (Rif) 50
Streptomycin (Sm) 15
Sulphonamide (Su) 100
Tetracycline (Te) 10
Trimethoprim (Tp) 10

When selecting or testing for trimethoprim or sulphonamide resistance %n
the thy strain W3110T~, both antibiotics were used at a concentration of
1000 ng/ml. in minimal salts agar. ' -
A1l drugs were obtained from commercial sources except the
following which were gifts: chloramphenicol pure powder from Parke /
/
Davis and Co.; trimethoprim lactate from the Wellcome Research LaboraﬂL
ories; nalidixic acid from Winthrop Laboratories; rifampicin from Ciba

Laboratories.

Testing for antibiotic resistance. Oxoid "Multodises" (code L99TE) were

used or antibiotic ditch plates prepared using the concentrations shown

above. Tests for trimethoprim or sulphonamide resistance were done on
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Oxoid Isosensitest agar (CMLTL) containing 4% lysed horse blood.

R plasmid transfer by conjugation

(a) Plate matings. A broth culture (generally of the antibiotic-

9

sensitive recipient strain) was grown to 107 cells/ml. 0.1 ml was then
spread over one half of a minimal plate containing the nutritional
requirements of the recipient plus a selective concentration of an
appropriate antibiotic. Colonies from a plate of the differentially
~ marked donor (R*) strain were streasked across the plate into the
recipient using a loop. Plates were incubated at 37% overnight. If
the recipient was Nal or Rif resistant, then one of these antibiotiés
was incarporated in the plate to counterselect the donor, and a nutrient
medium could be employed. \\\
This method has the advantage of simplicity and is very useful if
it is required to test large numbers of R* clones for transmissibility.
Also, 5ecause of the hiéh\cell concentrations on the plate, transfer is
detectable even if it takes place at very low frequency. The method is,
however, entirely non-quantitative and measurements of transfer frequency

etc. have to be obtained frombroth matings, as described in (b).

(b) Broth matings. A broth culture of the R~ recipient was grown

with aeration to a cell titre of lOg/ml. while the R* donor was grown
without aeration to 108 cells/ml. Equal volumes of the two cultures
were mixed and allowed to stand at 37°C for a timed periocd berfore

vortexing, diluting and plating on medium selective for the R* recipient.

Tests for surface exclusion (superinfection inhibition)

A broth mating wasvperformed as described in section (b)V/ The
recipient strain contains the plasmid of unknown exclusion properties.
Controls consist of an R~ (Sex™) recipient.and a racipient containing a
plasmid known to exclude the‘donor.(Sex+ control). The index of

exclusion was the ratio of:
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number of transfers to the K~ recipient

number of transfers to the RT recipient

Tests for incompatibility

This was to discover if two plasmids could stably co-exist in the
same cell., Each piasmid must have a phenotype which allows it to be
detected in the presence of the other (usually this means they have
distinguishablé drug resistance patterns). Both plasmids were sepa—
rately checked for their stable inheritance in the absence of drug
selection. Transfers were then done by plate matings (as described
above) in both directions (i.e. pla:mid A - plasmid B and vice versa)
and ten of the resulting colonies purified, maintaining selection only
for the incoming plasmid. Pufified colonies were stresked onto anti-
biotic ditch plates testing for the presence of both plasmids. If the
resident plasmid was eliminated in all ten cases in both directions, the
plasmids were incompatible.

Clones apparently harbouring both plasmids were further examined
for stability by growing in drug-free medium for several generations,
purifying, and retesting ten colonies for antibiotic resistance.

Failure of the plasmids to co-exist in drug-free medium indicated

incompatibility. .
f
Clones stably inheriting antibiotic resistances from both plasmibs

were tested for their ability to transfer separately the drug resistance
patterns of these plasmids. This was done by plate matings with
appropriate antibiotic selection and ten transconjugants from both /
selections were purified. If all twenty had the resistances of both
plasmids, recombination was considered to have occurred and the plasmids
were incompatible.

Plasmid pairs which do not mutually eliminate each other and‘which

are stably and separately inherited in the absence of antibiotic selec—
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tion are compatible.

In cases whers one or.both of the plasmids to be tested were non-
cenjugative, then they were transferred by a mobilising plasmid known to
be compatible with both of the test plasmids.

Isolation of thy strains

This was as described by Barth and Grinter (197h4). 0.1 ml of a
late log phase culture (5-10 x 108 cells/ml) was plated onto minimal
» medium containing the nutritional requirements of the strain together
with L00O uM thymine and 10 ug/ml £rimethoprim. Colonies obtained after
48 hours incubation were purified on the same medium before repeating
the selection on medium containing trimethoprim and only 20 uM thymine

to isolate low-thymine requirers (Barth et al., 1968).

N\

N

Isolation of vecd strains

MA1OT9 is an Hfr recd strain wnich transfersthe recd gene as an
early marker, gene traﬂsfér being in an anticlockwise direction. The
thy gene is close to recd.  MALOTY9 was crossed with a thy recipient,
selection being for Thy' in the recipient, and 5-10% of the Thy* trans-
conjugants were found to have co-inherited the recd locus.  Transcon-
jugants were tested for U.V. sensitivity by streaking across a nutrient
plate and exposing the open plate to the fadiation from a Transillumin-
ator Screen (U.V. Products Inc.) at a distance of 50 cm. The streaks
were progressively covered by a card being moved over the plate, taking
about 30 secondé to completely cover it, recd strains were killed by
2-5 seconds exposure, while recAt strains were not appreciably harmed//
by the full dose. /

Growth and use of bacteriophage MS2 (Davis et al., 1961)

Two 50 ml broth cultures of F* E. coli K12 were grown at 37° with

7

aeration to a cell density of 3-5 x 108. About 10’ p.f.u. of a stock

of MS2 were added tc onie culture @nd both returned to shaske for 2-3 hours
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by which time the phage—inTected cells have visitly lysed. Chloroform
was added to this culture and it was shaken vigorcusly before spinning
down the cell debris at SOOO-x g for 10 minutes. The supernatant was
serially diluted in broth and mixed with an F* tester strain before
adding soft agar and pouring onto nutrient plates. A plague count gave
an estimate of the titre of the phage preparation. When testing for
the presence of F pili on an unknown, a similar method was used, 10-100
p.f.u. of MS2 being added per plate. F* and F~ controls were included.

Pl transduction

The method adopted is basically as described in Barth et al. (1976).
Transducing lysates were prepared by growing the donor bacterial strain

1
in nutrient broth with aeration at 370 to a titre of 5 x 108 cells/ml.

\
1M CaCl2 was added to a concentration of 10mM and 0.25 ml samples of

this culture added to 0.1 ml of a suspension of Plke containing 5 x lO7
plagque forming units (ﬁ.fiu.) per ml in Pl adsorption medium (this phage
had been grown on an R~ A~ bacterial strain). Adsorption was for about
25 minutes at 37°C. Soft'agar was prepared by adding an equal volume
of éOmM CaCl2 to molten minimal agar (no salts) and cooling to arcund
50°¢. 2.5 ml samples were added to the cells + phage and the mixture
poured onto the surface of prewarmed, undried plates containing 50 ml of
nutrient agar with 10mM CaCl2. They were immediately incubated a£ 37%
for roughly 16 hours. The top layers were removed with a glass spreader
into sterile 50 ml centrifuge tubes, 0.25 ml of chloroform added and the
mixture vortexed for about 30 seconds. The tubes were spun at 4°¢ for
10 minutes at 12000 x g énd the supernatants caréfully removedjﬁith a
pasteur pipette. The liquid was diluted 10-fold in Pl buffer and the
dilution checked for sterility by plating 0.1 ml samples onto nutrient

agar plates and incubating overnight.

Phage titres were assayed by mixing 0.1 mls of serial dilutions in
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Pl @sdsorption medium of the.phage preparation with 0.25 mls of Fl
sensitive indicator (usually J53) grown as above, allowing adsorption,
adding 2.5 ml soft agar and pouring onto ordinary dried nutrient plates
which had been prewérmed. The plates vwere left on the bench 1-3
minutes until the soft layers were beginning to set and then incubated
overnight. Phage plaques were counted and the titre was typically
5 x lO8 to 5 x 109 p.f.u. per ml after the dilution in P1 buffer.
The transducticnal recipient strain was grown in 10 ml CaCl2
broth! as above, centrifuged and resuspended in 1 ml of donor phage
suspension (in P1 adsorption medium) at a multiplicity of infection
(m.0.i.) generally between 0.0l and 0.1. After adsorption, sodium
citrate solution was added to\a-concentration of 10 mg/ml and the cells
centrifuged again and resuspenaed in 2.5 ml of nutrient bréth containing
sodium citrate (10 mgm/ml) before incubation for one hour at 37°C and
plating onto suitable selective media containing sodium citrate (10

meg/ml) .2

Tris minimal medium (Hershey, 1955)

Per litre: Glucose 2.0 g (sterilised separately) Tris 12.1 g
NaCl 5.4 g KH_ PO, C.087 g
KC1 3.0 g NaSso, 0.023 g
NH)Cl 1.1 g FeCl3.6HOO 0.00027 g
CaCl, 0.011 g MgCl] = 0.095 g
!
Pl adsorption medium |
1
10 ml1 Tryptone broth
1 ml 1M CalCl
89 ml sterile distilled water /
l/’(
1 When the temperature sensitive strain CRTLE was used, it was grown
at 30°C with aeration in Hershey medium cont%ining 10mM CaClg.
A11 subsequent stages were carried out at 30°C,
2 The presence of sodium citrate was found to block the expression of

tetracycline resistance by most plasmidg_[:except those of incom-
patibility group N (N.J.G. unpublished)_J and so it was cmitted
from plates containing tetracycline.
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Pl buffer (Walker and‘Anderson, 1970)
20 mM Tris
10 mM MgS0), pH to 7.2 with dilute HC1
1% NHhCH3COO

Preparation of bacteriophage A

A 10 ml broth culture of J62 was grbwn with aeration to a titre of
about 2 x 108 cells/ml. The culture was poured into a sterile petri
.dish and irradiated at a distance of 15 cm from a U.V. Transilluminator
Screen (U.V. Products, Inc., San Gabriel, California, USA) for 30 seconds.
The culture was swirled continuously during irradiation. It was then
" returned to 37°C with aeration until the culture had cleared (60 to 90
minutes). 0.25 ml of chloroform was added and the cellular debris
pelleted by centrifugation at\?OOO x g for 10 minutes. . The super-
natant was carefully collected\using a pasteur pipette. Plaque assays

9

showed the. preparation to contain between 10” and lOlO A p.f.u. per ml.

~

Tests for A lysogeny

Approximately 0.05 ml of a A suspension prepared as above was
streaked in a thin line across a nutrient plate using a loop. A
parallel streak of Agv (a gift from R. W. Hedges) was made on the same
plate. Cultures or colonies to be tested were streaked through the A
and Agv. AS, kimm and AR controls were included. Immunity to A and

sensitivity to Agv was taken to indicate lysogeny.

Preparation of A DNA

1. Induction of a A lysogen. This was either by thymine star-—

vation or thermal induction. a) Thymine starvation (Korn and Weissbach,
1962).  W3L10T™(A) was grown at 37°C in 100 mls nutrient broth with
aeration to a titre of 5 x 108 cells/ml. The cells were spun down at
10,000 x g for 10 minutes, the supefnatant discarded, and the pellet
resuspended in 100 mls M9 containing glucose (0.2%) and casamino acids

(0.5%), but nd thymine. The culture was shaken at 37°C for a further
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21 hours when thymine was added to a concentration of 10 uM. Shaking
~was continued for 2 more hours and then 0.5 mls of chloroform added.
Vigorous shaking for several minutes caused the culture to lyse.

b) Thermal induction (Michaelis‘et al., 1969). C600(Arlk) was
grown at 30° with aeration in 100 mls of M9 medium containing glucose
(0.2%) and casamino acids (0.5%) for approximately 4 hours to a titre
of 5 x 108. The culture vas transferred to a water bath at 1°c for

20 minutes with intermittent swirling and then shaken at 37°C for 2 to
3 hours until the culture visibly lysed. 0.5 ml of chloroform was
added and the culture shaken vigorously for several minutes.

2. Purification and concentration of A phage particles (Wu et al. ,

1972; Yemamoto and Alberts,\1970). The crude phage lysate from a) or
b) above was spun at 10,000 x é for 10 minutes at SOC and the super-

natant collected. Bacterial DNA was digested by the addition of bovine
pancreatic DNase (Sigma.Cﬁemicals, London) to a concentration of 1 pg/ml

and MgCl, to 250 uM. After 20 minutes at room temperature, NaCl was

2
added to 0.5 M with shaking until dissolved. PEG 6000 (B.D.H.) was
added to 10% w/v and stirred at 10°C until dissolved. This caused a
partitioning effect and the bacteriophage sedimented out of the mixture
on standing overﬁight.v Alternatively, itbcould be spun out at 10,000 x
g for 10 minutes at SOC. The pellet was resuspended in 1 ml of TES aﬁd
the resuspension added to a 5 ml centrifuge tube. This was underlaid
(using a syringe) with CsCl solutions in TES of progressively increasing
density. Firstly 1 ml at 1.3 gm/ml, folloﬁed by 2 mls at 1.5 gm/ml %gd
finally 1 ml at 1.7 gm/ml. The tube was topped with 0.2 mls cof liquid
paraffin and spun in a swing out rotor at 125,000 x g for 24 hours st
SOC. A forms an opague blue-white bénd between the 1.5 and 1.7 gm/ml

layers and could be extracted using a syringe from sbove. The volume

extracted was approximetely 1 ml. °
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3. Extraction of A DNA from phage particles (B¢vre and Szybalski,

1971). - 1lmlof purified A was dialysed at SOC agzinst four changes of
10mM phosphate buffer, pH 7.4. 10 pl of 25% w/v sodium dodecyl
sulphate was added and the mixture.heated to 60°C for 3 minutes to
release A DNA from the phage heads. The tube was cooled in ice and
treated with an equal volume of redistilled phenol equilibrated with
0.1 M phosphate buffer (pH T.4t). The tube was gently inverted at room
‘ temperature for 1 minute and then spun at 5000 x g for 10 minutes at
SOC. The lower (phenol) layer was pipetted off and discarded and the
. extraction repeated twice more before dialysing the DNA against.a
continuous flow o 10 litres of TNE at 5°¢.

DNA concentration was e;timated by measuring the absorbance at
260nm using the relationship:\\l ug/ml of DNA E’absorbance of 0.02k4.

Concentrations of hetween 200 and 500 pg/ml were obtained.

Isolation of labelled plasmid DNA

This was basically the method described in Barth and Grinter
(1974).  For thy strains the labelling medium was M9 supplemented with
0.2% glucose, 0.5% casein hydrolysate (Oxoid) and 6.6 uCi/ml 3H thymine
or 1.2 uCi/ml th thymine (both from Amersham), and cold thymine to
make the total thymine concentratioﬁ 20 uM. For thy+ strains, the
cold thymine was omitted and deoxyadenosine added to 1mM.  For strain
J62, tryptophan (20 ug/ml) was also added.

Overnight standing cultures in labelling medium were diluted
tenfold into 7.5 ml of fresh, prewarmed medium and grown with aeration
at 37°C until they reached a titre of about 109 cells/mlf This was
usually after L4-5 hours. The cultures were cooled in ice and lysed by
the method of.Bazaral and Helinski ('1968). Cells were sedimented by
centrifugation at 0°C for 5 minutes at 5000 x g in an MSE Coclspin

centrifuge. ‘Pellets were resuspended in the same volume of cold TES
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buffer and sbun again. The cells were vortexed and then gently mixed
with 0.5 ml of a solution of iysozyme {1 mg/ml), sucrose (100 mgm/ml)
and RNase (0.5 mg/ml) in TES; After 20 minutes at room temperature
the cells were lysed by the addition of 0.25 ml of sarkosyl (24 mg/ml)
in TES. A further 0.5 ml of TES was added and the chromosomal DNA
sheared by vortexing for 3 minutes before transferring the lysate to

10 ml polycarbonate centrifuge tubes. The volume was made up to 1.6 ml
by the addition of TES followed by 5 mls of a TES solution containing
5.6 gms of caesium chloride (made by adding 112 g of caesium chloride
to 69 mls TES) and 1 ml of a solution of 1.5 mg/ml ethidium bromide in
TES. The tube's contents were mixed by inverting several times,
topped with 1 ml of liquid paraffin and centrifuged at 200,000 x g fér
65 hours at 20°C in & 10 x lO\%itanium angle rotor in an MSE Superspeed
65 centrifuge.

Fractions (0.1 mlj %ere collected from a hole pierced in the bottom
of the tubes using a collection apparatus essentially as described by
Tan(1972). 5 ul samples were transferred to glass fibre discs
(Whatman GF/C) which were dried and washed (about 50 at a time in 3
layers on filter papers in a Buchner funnei) in 400 ml of cold 5%
trichloroacetic acid followed by 100 ml of acetone. The papers were
dried again and their radioactivity counted in 5 mls of scintillanf
(7 ems/litre of 2- [ ht—t-butyl-vhenyl :I -5-[ L"-biphenylyl -1,3,4-
oxadiazole per litre of toluene) in an Intertechnique SL4000 liquid
secintillation spectrometer.

Fractions containiﬁg supercoiled DNA shown by a peak in gédio—
active counts were pooled, the ethidium bromide removed by two extrac-—
tions with equal volumes’of.isopropanol and then dialysed for 36 hours

against a continuocus flow of TNE buffer at 10°c. Plasmid DNA was

stored at —QOOC;
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If the plasmid DNA was not to be used for sucrose gradient analy-—
sis, high activity was not necessary and the amount of label could be .
reduced by a factor of 5 and still allew a plasmid peek to be detected.

Trans formation

The method adopted was a modification of that of Jacob and Hobbs,
published in Barth and Grinter (1974). Recipient cells were E. coli C,
E. coli Cthy or ED5654 and the DNA was prepared as described above.

A standing overnight culture of the recipient in nutrient broth
was diluted 1 in 20 into fresh, prewarmed broth and grown with aeratioﬁ
at 370C for 100 minutes (Humphreys, 1978). The cells were chilled in
ice and .sedimented at 5000 x g for 5 minutes ai 0°c in an MSE Coolspin
centrifuge. Resuspension in the same volume of ice-cold 0.1 M CaCl

N\

was followed by a second spin and resuspension in 0.5 volume of cold

2

CaClg. The cells were left 20 minutes in ice tefore a third spin and

resuspension in 0.05 volume of cold CaCl The cells were now .compet-—

o
ent and 0.2 ml were mixed with 0.1 ml ice-cold DNA in TNE and heat
shocked in a 3700 water bath for 1 minute with constant shaking before
returning to ice for 1 hour. 2.7 ml prewarmed nutrient broth was
added and the cells incubated at 37 C for another hour. Platings
wvere made on nutrient agar with selective.concentrations of an appro-

priate antibiotic.

Sucrose gradient sedimentation analysis of radicactively labelled

plasmid DNA (Barth and Grinter, 1974 and 197T)

5 ml cellulose nitrate tubes (Beckman) containing 4.6 ml of a /
/
12.5% solution of sucrose in TES were frozen at —YOOC. The tubes
were thawed for 100 minutes in centrifuge buckets held in a block of
Styrofoam and the gradients formed approximated very closely to theo-—

retical isokinetic 5-20% gradients (P. T. Barth, personal communication).

Intact or restriction enzyme digested 3H labelled plasmid DNA was



carefully loaded onto the top of the gradient together with a suitable
th labelled DNA to‘act as a molecular weight marker. The total volume
added did not exceed 0.2 ml. Tubes were spun at 100,000 x g in a
6 x 5.5 ml swing ou® aluminium rotor atb 20°C in an MSE Superspeed 65
centrifuge for a time which depended on the molecular weight of the DNA
being analysed.

0.1 ml fractions were collected cnto Whatman GF/C filters which
were washed, dried and counted as described above in "Isolation of
labelled plasmid DNA".  The exact volume of thé gradient was noted. °

Molecular weights (M) were calculated from the ratio of sedimen-

tation distances (d) of DNA molecules with similar tertiary structures,

\

M{species A)

using the equation:

daA
M(species B) ;;
The sedimentation exponent (e) was empirically derived as 0.3k, 0;35
and 0.42 for linear (LIN), open circular (OC) and supercoiled (bCC)
forms respectively (P. T. Barth, personal cqmmunication). The ratio
of the distances sedimented by the various tertiary structures of a

DNA molecule were given by the relationships:

aa(cee) . \

= 1.20 x MAO'OT
da{oc)
/I
and daA(0C) /
_ = 1,09 x MAO'Ol .
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Restriction enzyme digestions

A1l digestions were done in 2 ml Eppendorf conical polypropylene
tubes. To the DNA in TNE was added 0.1 volume of appropriate buffer
(see "Buffers" above] and 0.0l volume of the enzyme (Miles Ltd.).
Digestion was for 60 minutes at 37°C.  Resigual enzyme activity was
destroyed by heating to 60°C for 10 minutes.

DNA ligations

Restricted DNA prepared as above was dialysed overnight against a
continuous flow of 5 litres of THNE. 0.01 volumes of 5 mM ATP, 1.5 M

MgCl, and DNA ligase (Miles Ltd.) were added and the mixture left over-

2

night at 10°¢. It was dialysed again and then used for transformation

AN

a) Vertical tube gels. As described in Crinter and Barth (1976).

as already described.

Gel electrophoresis

See end of thesis.

b) Vertical slab gels. 0.7 or 0.8% agarose {Sigma Chemical Co.)
&0

was made up in borate buffer. The gel dimensions were 15 x 10 x 0.5 cm.
Because of the large well-size, these gels were particularly suitable
for the single colony lysis technique for which they were used exclu-
sively.

The method was adapted from Eckhardt (1978) by P. L. Bergquist

(personal communication). 25 ul of a lysozyme mixture was added to
each well. This mixture contained lysozyme (7500 u1/ml), RNase (0.3
u/ml pretreated at 80°C for 10 minutes in 40O mM sodium acetate buffeg{
pHL), 0.05% w/v bromophenol blue and 20% w/v ficoll (molecular wt. /
400,000) all made up in tris-borate electrophoresis buffer. Using a
toothpick, & large single colony from a fresh nutrient plate was smeared

against the glass at the side of a well and washed down into the well

with the lysozyme mix.  This avoided the formation of lumps.  After
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5 minutes, 35 pl of 10% w/v- ficoll containing 0.2% w/v SDS in elec-
trophoresis buffer was added and the two layers mixed (very gently to _
avoid sheafing) with 2 or 3 strokes of a toothpick. Complete mixing
was not essential. ~ Finally 50 pl of 5% w/v ficoll containing 0.2%
SDS ih borate buffer was added carefully down the side of the well-to
form an upper layer. The wells were capped with the same agarose as
used to make the gel. Electrophoresis was for 3-6 hoqrs at 130V,

The gel was stained in borate buffer containing 5 pg/ml of ethidium
bromide for 10 minutes, thoroughl& washed in rﬁnning distilled water,
wiped with a tissue and viewed on a Transilluminator Screen (UV.Products
Inc.). . Photographs were taken on Poloroid type 107C film through a
red filter. The gels were calibrated by the inclusion of at least
three plasmids of known molecular weight to act as standards.

¢) Horizontal slab gels. The gel dimensions were 1% x 14 x 0.5 cm

(McDonedd 2t al., 1977). "~ All horizontal gels were run with restriction
enzyme digested plasmid DNA, prepared as described above, made up to a
fingl volume of 50 ul with TNE. To this was added glycerol, bromo-
phenol blue and 1% agarose to concentrations of 5, 0.1 and 0.25%
respectively. The samples were mixed, placed in the wells and capped
with agarose. Fthidium bromide (1 ug/ml) was included in the gel.
Electrophoresis was at 150 V for 23-6 hours, depending on the size of |
fragments being resolved. Gels were photographed as above. Cali-
bration was with the fragments obtained by EcoRl and BglII single and
double digests of A DNA (Thomas and Dévis, 1975; Kamp et al., 1977). f
Analytical gels were of 0.7 or 0.8% agarose (Sigma Chemical Co.) in
borate buffer. Preparative gels were of 1% Sea Plaque agarose (Marine
Colloids Inc.) in acetate buffer and DNA restricticn fregments were

extracted from thenx as described below.

Extraction of DNA from'gels (Langridge, Langridge and Bergguist,
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manuscript in preparation). .

A two phase solution was prepared as described in Hurst and Sheng
(197¢). 1-butanol (150 ml) and glass distilled water (150 ml) were
equilibrated by shaxing in a separating Tunnel. The two phases were
separated and 1 gm cetyltrimethylammonium bromide (B.D.H.) was dissolved
in the butanol fraction which was shaken with 100 mi of the agueous
fraction. 50 ul of Antifoam A (Sigma Chemical Co.) was added. The
solution was left overnight for the phases to separate, when each Qas
bottled separately and stored at 3700.

A horizontal gel was prepared and run as described above,_using 1%
Sea Plaque agarose (Marine Colloids Inc.) in acetate buffer containing
1 pg/ml ethidium bromide. After electrophoresis, the gel was viewed on
a Transilluminator Screen (U.%} Products Inc.) and the desired bands cut
out with a scalpel and transferred to a pelypropylene tube. The extract
was melted at TOéC and cooled to 3700. Equal volumes of aqueous and
butanol phases were added, the tube inverted sbout 50 times and then left
at 3700 for the phases to separate. The butanol layer was removed and
kept, the extraction repeated twice more and the extracts combined.

0.25 volume of 0.2 M NaCl was added to the extract and the tube inverted
gbout 50 times. The lower agueous layer was removed and kept, the
extraction repeated and the extracts combined. An equal volume of |
chloroform was added dropwise and the solution placed in ice for the t
cetyltrimethylammonium bromide to precipitate. The chloroform was
removed, the residual evaporated off in a stream of air and the DNA /
dialysed for 36 hours at 10°%¢C against a continuocus flow of 5 1. of TNE.
During the extraction, ethidium bromide is removed to the butanol layer,
where it remains.

The DNA fragments isolated in this way can now be ligated into

suitable cloning vehicles.



Table 1.1. Bacterial Strains: Escherichia coli K12

Strain Characteristics

J53 T~ proA metF (A)R

J53-1 F~ proA metF Nalg (A)

J53-2 F- proA metF Rif (A)

J62 . F~ lac his trp proC ()

J62-1 F~ lac his trp proC Nalp (A)

J62-2 F~ lac his trp proC Rif (M)

€600 F~ lacYl thr leu thi supE44
C600recA (HH26) F- lacYl thr leu thi supE44 recA
W3110T- F~ thyd dra '
W3110recA(HH2T) F~ dra recA -
W3110T -TnT — . .
(Formerly W3110T —TnC) F= thy dra chromosomally inserted TnT
AB1157 F~ thr leu thi proA his argE str
AB1L50 F~ argH his metB ZlvD str

CRTL6 F~ thr leu thi ilv thi dnad(ts)
MA10T9 Hfr recd ser thi

ATCC1LOL8thy P thy

ED565k F~ lac met r~ mt

W3110trpA33Rif “ErpAd3 RifR

W3110trpB trpB

W3110trpC trpC
-W3110trpD trpD

W3110trpESRL T trpES RifY

4100 thi strd argF

3080 ‘\\ Hfr argG NalR

Bacterial Strains other than E. coli K12
E, coli C - lac met r~ m"
E. coli Cthy F~ lac met thy r~ m~

Reference or source

Clowes and Hayes (1968)

" "

Barth et al. (1976)
Bachmann (1972)
Barth and Datta (1977) .

Barth and Grinter (1977)
Bachmann (1972)
"

Hirota et al. (1968) [ Received from
L. Caro, Geneva |

Received from W. Maas

Barth and Grinter {(19T7h)

Received from N. Murray, University
of Edinburgh A

Barbara . Bachmann
" 1

Nicolas Glansdorff
1"t 1A

Wiman et aZ; (1970)
Grinter and Barth (1976)

A



Table 1.2. Bacterial Plasmids

Plasmid

R300B
R305C
R310
RLSOB
RLALC

" R6T6
R6T8
R682
R68Y
RT750
R1162
PB165
RTK-TnC1
Ap201
R1bkhdrd3
RPL
RPUSL
R702
R1033
pRP1L
(formerly RPL-TnC1)
R68.4L4
RA1-1
RL0Oa

Rl

Molecular mass (Mdal)

N
=

2 O\
v\

{

=gt}
VT ON (o

=
v

O O W
N OO O

W
O W =W OV O U\ U U T
N I RN, IV TR JRIC [ JPNC IR JiC JRC (UK

Phenotype A o

RTpRSmRTra+
Ap_ 8
Te Trat (derepressed)
Ap_Te KmiTrat
Ap_Tec Tra™ Sex~

R RyR +
KmRSmRSuRTcRHg Tr% R
Ap Tc Km Cm Gm Su"Tra
ApRTcRKmRTpRSmRTra+

ApRTcRKmiTra+

Cm_Te_ Sw Trat
AgiK RS RTra+

Ap” Cm smBsu Tra‘t

Reference

Barth and Grinter (197L)

n "

Barth et aql. (1976)
Heffron et al. (1975)
Meynell and Datta (1967)
Datta et al. (1971)
Hedges et al. (1976)
Hedges and Jacob (197k)
Smith et al. (1975)

Barth and Grinter (1977)

Jacob et al. (1976)
Datta and Hedges (1973)
Chabbert et al. (1972)
Meynell and Datta (1966)

~£€-



Table 1.3. Bacteriophages

Phage Molecular mass (Mdal) Reference or source
A 30.8 Hershey (1971)

A1l 31.3 ' Hirsch et al. (1972)
Plke 59 e Hedges et al. (1975)
@Amp 65 "

P1CM ‘ 60 "

MS2 - . Davis et al. (1961)
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CHAPTER 2

THE SPREAD OF PLASMID-BORKE ANTIBIOTIC RESISTANCE
Abstrac% |
Plasmids corfzvrring linked resistznce to streptomycin and
sulphonamide were compared in their susceptibility to cutting by
restriction enzyme and by incompatibility testing. The plasmids came
from several different hosts in widely separated locations and had
already been shown to be of similar molecular weight and to possess a
high degree of DNA sequence homology. The further comparisons con—-
firmedthe close relatedness of this group of plasmids, suggesting that
they represented one plasmid clone that had spread very widely in
response to selective pressure. One plasmid, PB165, was shéwn to

: . . A :
form oligomers in E. coli and this allowed models for control of

plasmid replication tc be tested.



Introduction

Whereas plasmid transfer can be readily demonstrated in the
laborator&, it is apparent that transfer in VIVO occurs relativeli
rarely. Factors such as temperatﬁre, pH, Eh, availability of
nutrients, population density, presence of bacteriophages and chemical
inhibitors and absence of a positive selection in the environment for
the products of transfer, 21l reduce the number of itransfers detected.

A number of studies have established that transfer of antibiotic
resistance plasmids can occur in the alimentaéf tract of man and
~animals (Jarolmen and Kemp, 1969; Reed et al., 1969; Smith, 1971;
Walton, 1966); in most of these studies the normal flora of the

alimentary tract was modified by antibiotic treatment or by using germ—

\

\ ‘
free experimental animals. Transfer in a host with normal gut flora

was a rare event. One subject (Smith, 1962) swallowed overnight

broth cultures of E. coli harbouring R-factors at regular intervals
over a two year period. TIransfer was monitored to the serologically
defined, nalidixic acid resistant E. col? which was the predominant
species residgnt in his gut; Transfer was detected, but at a very low
level. There was no evidence for an epidemic spread of the plasmids
to the resident E. coli, nor was there persistence in the gut of R+
residents.

The rarity of plasmid transfer seems largely due to the normal
gut flora, particularly Bacteroides spp., whose presence and metabolic
activitiss create conditions hostile to colonisation by and transfer
from an invading RY strain. Consequently, pre-treatment with anti-
bilotiecs which may remove the resident flora will give a newly intro-
duced plasmid-containing strain a better chance of becoming established
and of transferring its R-factor (Anderson, 1975). Meynell (1963)

showed that in mice a single dose of streptomycin modified the pH, Eh
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and concentration of volatile fatty acids in the gut. Simultation
of these changes in vitro gave roughly a 100-fold increase in plasmid,
transfer (Falkow, 1975). Therefore, antibiotics not only select for
strains carrying E-factors, but aléo give rise to conditions which
favour their transfer by conjugation.
The extent if not the frequency of R-plasmid transfer in vivo
can be judged from epidemiological studies. If resistance to parti-
cular antibiotics in widely separate geographical locations is due to
the same or very closely related plasmids, this suggests efficient
. spread of an ancestral plasmid. Sulphonamide (Su) and streptomycin (Sm)
were the first effective antibacterial drugs to be used therapeutically,
and plasmids coding for linkeg resistance to SmSu are very common
(Anderson’ and Lewis, 1965; B;yan et al., 1972; ‘ Hedges et al., 1973;
Lawn et al., 1967; Skovgaard and Nielsen, 1972; Smith and Linggood,
1970). Smith et al., 197h, examined 26 such plasmids and found that
19 were of one ccmpatibility group. Barth and Grinter (197%4) compared
from
twelve SmSu plasmids from a variety of host strains ,& widely separated
locations (Table 2.1). Ten of the twelve were indistinguishable in
terms of their molecular weight and DNA homologies. The remaining two
were somewhat larger, but still shoﬁed appreciable homoclogy. Smith
et al. (1974) suggested that similar selective conditions - i.e. the
use of antibiotics therapeutically - in different parts of the world
had led to the parallel evolution of similar plasmids,but the very
close relationship between most of the SmSu plasmids described by Barth
‘and Grinter, 1974, makes a common origin for them seem more probable.
This chapter is concerned with the further characterisation of
the same SmSu plasmids (Table 2.1). It was hoped to detect small
differences in their DNA sequences by comparing their sensitivity to

the restriction enzyme EcoRI, and by testing their incompatibility



Table 2.1. QOrigins and properties of 12 SmSu resistance plasmids (Data from Barth and Grinter, 19T7h)

SmSu resistance
plasmid

R200B

"R305C
R310
RL50B

'RUGLC
R676
R6T8
R682
R68L
RT50
R1162

PB165

Origin

Bacterial species

S. typhimurium

n

P. morganii
"
S. senftenberg
S. dublin
P. mirabilis
"
Providencia sp.
Pseudomonas aeruginosa

E. colz

Geographical
"location

U.K.
U.K.
U.K.

S. Africa

Denmark

U.S.A.
Canada

U.X.

Molecular

nass

p)

5.
T.4,1h.7,21.42

(Mdal)

9

p)

8k,
8k,

91.
82.

79.
L5,

92.

8s.
93.
35.

\O
+

100

% age homology with
R300B referencel:

11.9

L.k
6.0
8.7
L.8

+ 7.5
+ 8.0

13.7

*+ 5.9

5.3

No. of -copies
per chromosome

10.9
9.3
9.2
8.6 w

11r.2

11.5
11.6

4.,1,1.3,0.83
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Table 2.1 Continued.

Origins and properties of 12 SmSu resistance plasmids (Data from
) 2 pro}

Barth and Grinter, 197hk)

Wy

R300B homoduplex formation varied from 81-92%. All heteroduplex
results are expressed relative to this control, set to 100%.
Homology was assayed using a single-stand specific nuclease which
digests any unpaired DNA sequences (Barth and Grinter, 1975).

PB165 was found to consist of at least 3 inseparable plasmid
species. Their molecular weights are consistent with their
being oligomerically related to a T.4 Md monomer.

These are the respective copy numbers of the three plasmid
species based on their relative preponderance as measured by
sucrose gradient analysis.

~

\



properties. The results confirmed the close relationship of these
plasmids. All belonged to one incompatibility group. Ten had a
single EcoRl cut site. PB165 (Table 2.1), on EcoRl cleavage,

yielded linear molecules of molecular weight 7.6 x 106 only, confirming
that the closed circular molecular species were monomers, dimers and
oligomers. R6T78 (Table 2.1), whose M.wt was 9.2 X 106, higher than

the others, had three FeoR1 cut sites, consistent with its being a
sister-molecule of the others, but with an insert bearing two cut sites.
These findings reinforced the view that the plasmids had a common
ancestor rather than having evolved separately. fhe work was published

(Grinter and Barth, 1976) and a copy is bound in with this thesis.

AN
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CHAPTER 3

ANALYSIS OF THE TRANSFER GENES ON A SELF-TRANSMISSIBLE PLASMID

Abstract

Mutagenesis Ly transposon 7 insertion was used to generate
transfer deficient derivatives of RPL, The mutants were charac-
terised according tb:

1. Their transfer frequency

2. Their ability to prevent the entry of a related

superinfecting plasmid

3. Their ability to complement each other.

This last property was tested using Pl transduction to create temporary

~

heterozygotes between pairs of tra mutants and looking for restoration
of transferability. \\\

In addition, some tra mutants which were known to produce pili
were tested for thelr ability to mobilise a small, non-conjugative
plasmid.

The RP4 transfer system was compared and contrasted with that

of F.
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Introducticn

rst demonstrated by Lederberg and

=

Bacterial conjugation was fi
Tatum (19ﬁ6). The requirement for cell to éell contact (Davis, 1950)
distinguished this wmode of gene transfer from other forms of bacterial
genetic exchange like transduction and transformation. Chromosomal
transfer mediated by the fertility factor F in Escherichia coli has
been invaluable in genetic mapping (for a review, éee Hayes, 1968 and
this thesis, Chapter 5). Much work has also gone into understanding
the genetics of F itself (for a review, see Manning and Achtman, 1979)
and to date it is the only plasmid to have had its transfer system -
extensively characterised.

Tﬁe F factor is a double stranded circular DNA molecule of
molecular weight 63 Megadaltdﬁs (Jacbb et al., 1977a) which is sufficient
to encode about 100 proteins.  About one third of the molecule codes
for functions relating to transfer and most of the genes invclved form
a single operon (Helmuth and Achtman, 1975). F-mediated conjugation is
therefore likely to be a complex process.1 A map of the F plasmid is
shown in figure 3.1.

Genetic and physical analysis of conjugation involving transfer
of the F factor has allowed a number of stages to be distinguished.

This study has been aided by the isolation of mutations in F which .
affect the different steps and has led to the identification of more
than twenty genes concerned with F transfer. The various stages and

the genes involved are considered below in some detail.

1 It seems generally true that bacterial meting involves many genes
since even the smallest known conjugative plasmids (IncW) are
larger than 20 Megadaltons (Jacov et al., 1977a).



Figure‘S.l:- Genetic map of the T factor.
Ll

The distances shown around the molecule are percentages of the F
genome. Abbreviations are: phi for phage inhibition; oriV for origin of
vegetative replication; rep for F replication; inc for incompatibility;
oriT for origin of transfer; finP fof the F specific component of the
FinOP repression system; tir0O for the site of action of transfer

" inhibitors. Also shown are regions concerned wiéh Hfr and F’ formation.
Data are from: Hu et al.,1975w; Sharp et al., 1972; Skurray et al.,

AN
1976; Thompson and Achtman, 1978; Willetts, 1972.
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Stages in F-mediated conjugation

1. F pilus binding and formetion of wall to wall contacts.

Virtually all F* cells produce special structures on their surface
known as F pili. They can be recognised immunologically (@rskov and
@rskov, 1960; Ishibashi, 1967) or by electron microscopy (Crawford and
Gesteland, 1964). In order to distinguish these pili in the electron
microscope from other similar structures on the cell surface (common
piii and flsgella) they can be labelled with male-specific phages which
attach to receptor sites on the pili, or with pilus-specific antibod&.l
The role of F pili in conjugation is still not clearly understood.
They are important in establishing the initial contacts between cells
because their removal by high\speed blending (Novotry et al., 1969) or
dissolving with SDS {Achtman e% al., 1978a) abolished conjugation by
preventing the formetion of mating aggregates until new pili could be
synthesised. Bacteriophéges which adsorb to the tips of F pili also
block the formation of mating aggregates (Ou, 1973). Ou and Andérson,
1970, showed that wall to wall coﬁtact was not necessary for DNA trans-
fer, suggesting that pili were a conduit for transferred DNA. This is
probably not the normal route for DNA transfer, however, since mating
aggregates are not disrupted by SDS, nor is DNA transfer prevented.

It 1s pessible that F pili form the initial cell to cell connec—

i
l

tion and are then retracted, bringing the mating cells into clese,

wall to wall contact (Curtiss, 1969), but the evidence is not conclu-

/
sive. Efforts to determine an F pilus receptor site using prepara- /
/

tions of purified pill have been unsuccessful because of the high
degree of non-specific binding observed (Helmuth and Achtman, 1978).

2. Stabilisation of mating contacts. Two genes, traG and

trali (Figure 3.1), appear to be involved in the formation of stable

mating associations. #raG mutants can complement those in traW,
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(Willetts and Achtman, 1972) but Ft cells carrying either defect

appear unable efficiently to form stable aggregations with recipients
whether analysed by Coulter counter or electron micrcscopy (Achtman

and Skurray, 1977). |

In addition, the recipient plays an important role in this

process. Apart from being F- (see "Surface exclusion" below), it

must have certaln components in the cell surface which can be recognised
by the donor. Many mutants defective in recipient sbility are known,
and a comparative study has been undertasken (Achtman et al., 1978b).-
-All.were found to have alterations in the cell envelope. They.were
either mutants in outer membrane protein A (ompA), or showed altered
lipopolysacchoride structure (L.P.S.). While these defective recipients
gave normal levels of mating zégregation in liqﬁid under conditions
giving lov_ shearing forces, transfer of DNA was reduced as much as
5000-fold. This effect was not seen when matings were carried out on
membrane filters, suggesting the defect is in the ability to form stable
mating contacts. The ompA product is specific for F transfer, since
R100-1, an F-like plasmid with DNA sequence homology with F in the tra
region (Cohen, 197T), transfers to an ompAd mutant at normal frequency
(Achtman and Skurray, 1977). The function of L.P.S. in vivo 1is
probably an interaction with the omp4d product, protecting it from
proteclytic cleavage (Enderman et al., 1978; Schweizer et al., 1978).

3. Triggering of DNA replication. Kingsman and Willetts (1978)

examined dnaBts mutants carrying tra mutants of F-lac. At the restric-
tive temperaturé, chromosome replication ceases, allowing the detection
of F replication associated with transfer. F-lac mutants at two loci,
tral end traM (Figure 3.1), were unable to initiate F replication when
mixed with F~ fecipients under these conditiqns even though they formed

stable mating:aggregates (Manning and Achtmen, 1979). These cbser-—
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vations suggest that tral and traM are responsible for the triggering
of F DHA replication assoclated with transfer. traG and tral mutants
which cannot form stable mating aggregates (see 2 above) are neverthe-
less still capable of triggering F replication, suggesting it occurs
at an early stage in the mating cycle.

Manning and Achtman, 1979, suggested that tral and traM counter-
act transfer inhibitors which act at a site tZr0 (Figure 3.1) very
close to the origin of transfer (oriT).

4, Transfer. DNothing is known about the enzymes involved or’
the cell components necessary for transfer. The only F coded proteins
implicated in transfer are the traD product (Achtman and Skufray, 1977)
and possibly the 6c¢ (Figure 3.1) protein which is plasmid specific
(Thompson and Achtman, 1978)5\‘ Transfer is of a single strand, 5' end
first (Rupp and Thler, 1968), starting from ori?7 (Willetts, 1972).
Whether transfer is of mﬁltiple copies of F by a roiling circle mechan-
ism, or whether it is terminated after transfer of a single genomé 1is
not known (Achtman and Skurray, 1977). However, at least one single
stranded copy is transferred in a few minutes at 37%C.

5. Disaggregation. Completion of at least one round of F DNA

transfer triggers destabilisation of the ﬁating aggregates.  This
process was essentially complete at BTOC within 30 minutes after DNA |
transfer was complete (Achtman et al., 1978a). It was possible to
identify disaggregation as a specific event because Hfr x F~ cells do
not show this property and therefore it is hot the result of spontaneoés
decay. The basis of the property is nct understood, but may be linkéd

with the initiation of pilus synthesis following completion of transfer.

6. F pilus synthesis. Purified F pili consist of a single

detectable subunit of molecular weight 11,000 daltons (Helmuth and

Achtman, 1978). However, at least 13 genes are involved in pilus



e

production, namely trad, 4, -L, F, K, B, V, W, C, U, F, H and part of the

-

traG gene (Figure 3.1). This suggests there are many genes involved
in processing, assemtly and control during pilus synthesis. tralJ is
also necessary for the expression of surface exclusion (see below).
Since the other surface exclusion genes are not required for transfer,
it was suggested that the tra/ product was involved in the positive
control of the tra operon (Finnegan and Willetts, 1973). VWilletts,
1977, showed tral was necessary for transeription of fra operon cistrons,
confirming its regulatory role. |

There was also good evidence that trad was the structural gene
for F p%lin- Male specific bacteriophages showed altered specificity
for some trad mutants (willeﬁts, 1971). More convineingly, suppression
of amber mutants in trad resu}ted in the production of an altered F
pilin (Minkley et al., 1976).

More recent evidence has pointed to different roles for trald and
J. The trad product (and Fpilin) were not detected in the cell -
envelope (Achtman et al., 1977) whereas the traJ protein occasionally
was (unpublished results quoted in Manning and Achtman, 1979). The
traJ product was not required for transeription of the tra genes in
mini cells or im vitro (Kennedy et al., 1977). The trad protein
synthesised in vitro was not precipitated by anti F pilus antiserum |
(Kennedy et al., 1977) whereas the trad product was preferentially
precipitated (Helmuth, 1979). Moreover, when the tryptic fingerprints

/

obtained from the traJ and A proteins were éompared with that of F /

/

/

pilin only the traJ product showed similarity (Helmuth, 1979).

411 this new evidence pointed to traJ being the structural gene
for F pilin producticn. The molecular weight of its product is
23,000 daltons whether synthesised im vitro or isolated from the cell

envelope so it must be-processed before or during pilus assembly to
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give the characteristic 11,000 dalton subunit. It may still have =a
regulatory role in transcription, or instead, another protein may
recognise the unprocessed trdJ product in the cell envelope and switch
on the tra operon. Such a faumction mzy have been detected in sfr
strains (Beutin, 1978) which are chromosomal mutants causing pleio-
trophic effects in F expression.

The role of tra4 is now not certain, but it may be important in

processing precursors of pilus protein.

Control of fra genes

In addition to genes directly involved in transfer, there are

those affecting expression of the ¢ra genes. omp4d, L.P.S. and sfr
\

mutants and the tir0 site have already beer mentioned. Other genes

in this category are now considered.

Surface exclusion. This property is shown by F¥ cells which act

as very poor recipients in conjugation with another F* donor.  Apart
from the need for the traJ product for expression of surface exclusion
(see 6. above), two other genes traS and tral (Figure 3.1) are involved.
These genes are not required for transfer, but cells carrying traS or
tral mutants of F are better recipients than those with wild-type F
(Achtman ét al., 1977).

The traS product appears to be plasmid specific whereas tral
protein is produced by other F-like sex factors (but in lesser amounts).
Cloning of the traS and tral region of F (Figure 3.1) showed the level
of surface exclusion corfelated with the concentration of the efaT
protein in the outer membrane. Isolaticn of traS or tral mutants of
the cloned DNA showed the tﬁo cistrons were partially and independently
responsible for surface exclusion and that they normally function

co~operatively (Achtman et al., 197T).
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Conjugation between Ft donors and tral™ recipients closely
resembles that between traG or tral F* donors and F~ recipients (see
2. above). This suggests that tral functions by preventing stable
mating aggregation, possibly by masking an as yet unknown conjugation
receptor in the outer membrane (Manning and Achtman, 1979).

traS protein is localised in the inner membrane (Achtman et al.,
.1977) and where present in the recipient it does not prevent stable
mating aggregation. TIdeas about its mode of action stem from the work
of Ou (1975) who crossed Ft x F* éells and detécted no F replication;
in contrast with F* x F~ crosses. He then looked at crosses with FT
donors and minicells as recipients. Minicells from F* and F~ strains
both triggered F DNA synthesis, but transfer was detectable only to
the minicells produced by an‘}' strain. Since the tral protein is
stable while that of traS is subject to rapid turnover (Achtman et al.,

1977) it seems likely that the traS product is inactive in minicells.

The function of traS is therefore to prevent triggering of F replication

in the donor. This triggering is also needed for DNA transfer since
a traSt recipient prevents transfer within stable mating aggregates

(Achtman et al., 1977). Once triggered, replication and transfer can
apparently proceed independently.

Repression of transfer — the fimP cistron. The F factor is

unusual in being derepressed for the expression of the transfer genesﬁ
Many other F-like sex factors are repressed, showing lower transfer
frequencies and the ability to repress F transfer when present in the//
same cell (Meynell and Datta, 1966). In cultures carrying such
plasmids, only a small minority of the cells bear sex pili. Repression
in this system involves the fin0 product of the F-like plasmid which

interacts with the finP product of F at a site, f7¢0, mapping very

near traJ (Figure 3.1); turning off traJ transcription (Finnegan and



Willetts, 1973). The traJ protein is needed for transcription of

the remainder of the tra operon {except traM, Willetts, 1977 and
section 6 above) and F behaves like a traJ mutant in the presence of

a repressing F-like plasmid.‘ However, finP mutants of F are not
affected by the presence of other F-like sex factors, expressing
surface exclusion and giving normal levels of transfer. The F factor
is naturally mutant at fin0 and so is normally derepressed for transfer

even though it produces the plasmid-specific finP product.

Transfer systems of other plasmids

There is available very little information of the type presented
above on the conjugation systems determined by other transmissible
plasmids. Some sex factors share extensive DNA homology with F
(Sharp et al., 1973), while others are unrelated (Falkow et al., 197h).
Conjugation mediated by I group plasmids (Hedges and Datta, 1973) bears
resemblances to that of F and F-like sex factors, including repression
of the transfer function (Meynell and Datta, 1967) and production of a
sex pilus which is specifically recognised by bacteriophages (Meynell
and Lawn, 1968). Incompatibility groups P, N and W also encode
characteristic pili and confer phage sensitivity (Bradley and Rutherford,
19755 Bradley and Cohen, 1977).

Another feature shared by many conjugative plasmids is specific
surface exclusion, but this is not seen between W plasmids, the smallest
known conJugative plasmids. ;

Plasmids of several incompatibility groups with transfer/fUnctions
unrelated to F or I, determine the production of pili in all or a
majority of the cells in a culture. This applies to plasmids of IncA,
IneC, IneD, IncN, IncP, IncT and IncW (Bradley, 1979), in contrast to

IncFII and Incla, the pili of which are undetectable in normal culture
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by electron microscopy.

Detailed knowledge of cther plasmid transfer sysitems is virtually
non-existent. The work preéented in this chapter is an extension of
that presented by Barth et al., 1978, {a copy of which is bound at the
end of this thesis) and represents the beginnings of a genetic analysis

of the transfer system of the IncP plasmid RPL.
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Results

I;olation of trag mutants. | RP4 was mutagenised by the insertion
of transposon 7 (Tn7) using the technique described by Barth and
Grinter, 1977. TnT7 is a transposable DNA sequence of sbout 9 Md.

' carrying genes for resistance to trimethoprim and streptomycin (Barth

et al., 1976). Derivatives of strain W3110T~ or J62 having a copy of
Tn7 in the chromosome were infected with RPh. Such strains [:known as
W3110T -TnT7{(RP4) or J62—TnT(RPh):|'were mated in liquid with J53-2 and
plated on lysed blood medium containing trimethoprim (10 ug/ml) together
~with rifampicin (50 ug/ml) to prevent growth of the deonor.

T¥imethoprim resistance was transferred at a frequency of about

>

1 x 10 7 per donor per hour (see Chapter 4). Transconjugant clones

were tested for antibiotic resistance pattern aﬁa their ability to
transfer t?imethoprim or tetracycline resistance to C600 by plate
mating (Chaepter 1). All trimethoprim resistant colonies had the
unselected streptomycin resistance of Tn7. A very few clones (< 1%)
inherited no RP4 markers and presumably were formed either by mobili-
sation of the chromosomal region in the donor carrying Tn7 (without

RPL itself transferring) or by transposition to RP4 into a site pre-
venting its replication, this defecfive plasmid then being transferred
and TnT re-transposed to the recipient chromosome. The rest of the
clones carried some or all RP4 markers. All were ampicillin resis-
tant, but about 2% had lost either tetracycline or kanamycin resistance.
Of the remainder, about 2-3% had wholly or partly lost the ability to
transfer their drug resistances to strain C600. Two clones were
isolated which transferred RP4 mérkers at a normal frequency (1 x J_O-3
per donor per hour) but which transferred trimethoprim resistance at a

much lower frequency. It was concluded that these had inherited a

normal RP4 and. a copy of TnT7 in the chromosome.
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Analysis of plasmid DNA from about 50 trimethoprim resistant
transconjugants showed them to contain a single plasmid spccies of
molecular welght consistent Qith their being an RP4Y molecule (36 Md)
containing a single copy of an inserted Tn7 (9 Md). Further, mapping
the sites of insertion showed that those plasmids which were kanamycin
or tetracycline sensitive had insertions which clustered at particular
sites indicating that they were formed by inactivation of the drug
resistance gene by insertion of TnT (Barth and Grinter, 1977).
Insertions giving rise to tra mutants were found in two widely
separated regions on either side of the kanamycin resistance gene
(Rarth et al., 1978). This contrasts with F where the ¢tra cistrons

are contiguous (Figure 3.1); it may have been the result of a trans-

N

AN

position or recombination event which occurred when a precursor of RPh
acquired kanamycin resistance.

In all, 19 tra mitants of RPL were isolated, and this chapter
deals with their further characterisation.

1. Transfer frequencies of tra mutants: Trimethoprim resistant

transconjugants from the cross W3110T -Tn7{or JE2-Tn7) x J53-2 were
initially screeﬁed for their ability to transfer by plate matings
with C600. Clones which showed reduced or no transfer by this
method were retested in liquid matings as described in Chapter i.
The mating mixture was concentrated 5y centrifugation after one hour
and samples contaiﬁing at least lO9 donor cells were plated onto a
suitable selective medium. The results are shoﬁn in Table 3.1.

A reduced rate of ﬁlasmid transfer shown by some clones gight
have been caused by & high level of reversion from & Tra~ to a/Tra+
phenotype. Transconjuganté from such clones were purified and their
transfer frequency measured again. In every case they showed the

same reduced level of transfer as before and consequently their



Table 3.1.

Plasmid

pRPL6
DRP92
pRPT6
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Table 3.1 Continued. Properties of tra mutants of RP4 (Data from Barth, Grinter and Bradley, 1978)

Phage sensitivity? Piliation3: cells with
Plasmid . Tn7 insertion sitel PRR1 Pf3 PR4 unlabelled PRRl-adsorbed Transfer frequency Complementation®
pili (%) pili (%) (per donor per hour) group

DRE91 17.2 R R R 0 0 1077 1
PRPSO 16.7 R R R - - <1077 1
PRP82 . C16.7 - R R R 0 - 2 <107 1

) / . -3 ) | + . \_ln
Control: pRP3 20.0 S S S 1h 53 10 tra control N

The sensitivities to three different phages are shown in the table. PRR1 attaches to the sides of P-pili, Pf3 =and PRM to the tips
(Bradley and Cohen, 1977). The pili behave as 1f they are retractile, but can be locked in an extended position by adsorption cf
PRR1, hence the increase frequently observed in levels of piliation detectable by electron microscopy after PRR1 adsorption. Resis—
tance to a phage only means that cells are not lysed by that phage and does not imply the lack of an attachment site, e.g. clones
carrying pRP66 and pRPTT are resistant to PRR1, but readily adsorb the phage. pRP nos. 69, 66, 81, 75 and 77 confer sensitivity to

at least one of the pilus tip-specific phages, while remaining resistant to PRRI. This is consistent with their coding for pili which

are normally retracted. The results also show that the tip-specific phages have different adsorption specifities.

1 This is the distance in Megadaltons from the single EcoR1l restriction site on RP4 (Jacob and Grinter, 1975) measured in a
clockwise direction. The method of mapping the insertion:.sites is described in detail in Barth and Grinter, 1977.

2 These are determined by spot tests.

3 This is the percentage of piliated cells seen by electron microscopy both before and after treatment with the phage PRR1.

— indicates not examined.

L For explanation, see text and Table 3.2,



_57_

behaviour was not due *to reversion.
The transfer of the trag mutants ranged from undetectable (less
=9 y -l .
than 10 7 per donor per hour) to 10 . Any plasmid with a transfer
. -y . N
frequency greater than 10 was considered tra™.

2. Surface exclusion expressed by tra mutants: TnT-generated

tra mutants of RP4 in strain J53-2 isolated as described above were
tested for their ability to exclude the entry of two other IncP
plasmids, R1033 and R702.
Broth matings were carried out for one hour as described in
" Chapter 1. The mating mix was plated onto minimal medium containing
the nutritional requirements of J53 plus either chloramphenicol

(selecting for R1033 transfer) or sulphonamide (sélecting for RT02

\, .
N

transfer); Surface exclusion negative (Sex™) recipient controls were
R~ J53 and- (RP461)J53.1  Sex™ controls were (RP4)J53 and (pRP3)J53.2
Initial experiments\with R1033 suggested that all the tra
mutants were Sext (i.e. indistinguishable from RP4 and pRP3). However,
R1033 was only slightly susceptible to exclusion by RPL, there being
only a tenfold difference between the number of colonies with the sext
and Sex™ recipient controls. The experiments were repeated using
R702 as donor. This was excluded by RP4 as much as fivefold more than
R1033. (P. T. Barth, unpublished data, has since shown that RT51,
anotner IncP plasmid, is excluded as much as 100 times more efficiently
by RP4 than R1033). The results with RT02 confirmed the earlier

conclusion that none of the tra plasmids were Sex™.

1 RP4S1 is a spontaneous deletion mutant of RPY which has
simultaneously lost surface exclusion and kanamycin resistance
{Hedges et al., 1976).

2 pRP3 is a Tn7 derivative of RP4 vhich, apart from carrying the
additional antibiotic resistances, confers a phenctype indis-
tinguishable from that of the parent plasmid (Barth and Grinter,
1977) -



[Hme recipient strain had a marked effect on the expression of surface
~exclusion. . Comparisons showed that (RPL) E. coli C was 1C0 times more
efficient as a recipient of R1033 (in strain W3110T~) than (RPL)J53.
This result was not due to instability of RP4 in E. coli C.:]

3. Complementation between the ¢raq mutants. If a tra mutant,

unable to produce a particular, diffusible protein necessary for
transfer, is present in the same cell as another tra mutant which makes
this protein, then transmissibility will be to some extent restored.
This is the basis of a complementétion test. It allows fra plasmids
to be put into groups which are defective in the same function (and
consequently, non—complementary).
There are three obstacles to constructing strains heterozygous
for RP4 tra motants: N
i) Many mutants have no detectable “ransfer.
ii) Plasmids with residual transfer capacity will be .
excluded by the resident ¢raq plasmid.
1ii) Incompatibility between the mutants will make the
heterozygote unstable.
These problems were overcome at least in part by a modification of the
P1 transductional'complementation system described by Willetts and
Achtman (1972). Bacteriophage Pl was used to transduce the plasmids
(simultaneously overcoming their lack of transmissibility and surface '

exclusion by the plasmid in the recipient) and the heterozygotes thus

/
/

formed were kept in conditions where cell division and hence segregat%én

vere unlikely, /
Pl lysates were prepared from strains carrying the tra mutants

of RP4.  The lysates were checked for sterility and titrated for

plaque-forming units (Chapter 1). Cultures of the recipients con-

taining tra plasmids wére grown with aeration in broth with 10 mM '



CaCl2 to a titre of 5 x 108 cells per ml and concentrated tenfold by
centrifugation and resuspension in the same medium. 0.1 ml was mixed
with 0.1 ml of Pl lysate (diiuted in P1 buffer to give a multiplicity
of infection of 1) and adsorption allowed for 15 minutes at 370C.

0.1 ml of sodium citrate in broth (3% w/v) was added to chelate the
Ca** ions and terminate adsorption, followed by 0.1 ml of strain C600,
grown in broth with aeration to 5 x 108 cells per ml and concentrated
tenfold by centrifugation and resuspension in broth containing sodium
citrate (1% w/v).

The mixture was left for 2 hours at 3700 fof expression of the
transduced plasmids to take place. During this time, complementary
pairs of plasmids in the transductional recipient could bring about
transfer by conjugation to Céab. The mixture was then plated on
minimal medium containing sodium citrate (1% w/v), the nutritional
requirements of C600 and kanamycin (25 ug/ml to select transconjugants).

Several control experiments were necessary:

1. To check that sodium citrate did not inhibit conjugation, two
"complementation" experiments were carried out, substituting phage
buffer for Pl and having a trat RP4L-TnT plasmid in the "transductional
recipient”.  Sodium citrate was omitted from one of the crosses. No
difference was found 1n the number of transconjugants obtained in the
two crosses (although sodium citrate in the plates did seem to reduce
the colony size of the transconjugants).
2. To test the efficiency of sodium citrate as an inhibitor of Pl
adsorption, transductions of J53 were carried out in the prese&#e.of
1% w/v citrate using a Pl lysate grown on (RPL4)J53. Transducﬁion
was completely undetectable'(i.e. reduced by a factor greater than

I

10'). However, if a complementation experiment was carried out using

a Pl lysate grown on a strain containing the same ¢ra plasmid as that
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in the transuctional recipient, some cclonies were seen on the plates
selective for the C600 conjugative recipient. These colonies could
not be due to complementation and so it was assumed that they resulted
from the transducticnal recipient zcting 25 a secondary source of
transducing particles. This was apparently confirmed because the
number of colonies observed was unchanged when a Pl donor grown on an
R~ strain was used, and no colonies were observed when Pl was omitted
(i.e. there was no residual level of conjugative transfer coded by the
tra plasmid under test). In conéequence, the number of colonies
produced by Pl grown on an R™ donor was measured with each tra plasmid
in the transductional recipient, and subtracted from the number of
colonies produced in a complgmentation.

Subsequently it was shown that the colonies produced when the

ransductional donor was R™ were spurious. Attempts to purify them
on MacConkey medium containing kanamyein (10 pg/ml) gave no growth
whatsoever, whereas most colonies produced from complementary crosses
could be purified on this medium. Possibly the presence of high
concentrations of P1 or the presence of citrate somehow protecﬁs some
cells against the action of kanamycin.

Whatever the mechanism of formationlof these spurious coloniles,
they were allowed for by the subsraction of the number of colonies
produced when an R™ strain was the transductional donor. Generally
the numbers of such colonies were less than 10% of those from a com-—
plementing cross. VWhen pRP80 was the plasﬁid in the transductional //
recipient, nowever, the percentage of these colonies was consistently’
higher (up to as much as 50% of the total from a complementing cross).
The reason for this is not understood.

3. When the transductional donor contained a plasmid with a residual

level of transmissibility, the number of transconjugants due to this
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transfer had to be estimated and subtracted from the total to give the
number of conjugative transfers resulting from complementation.  This
was measured by using R~ J53 as a transductlonal recipient and counting
the number of transfers to C600 by conjugation. This was then sub-
tracted from the colony numbers arising from a complementation test.
[ It was not poscible to use the transfer-defective plasmids as trans-
ducticnal recipients since the residual level of conjugative transfer
was too high to allow detection of an increase due to complementation:].
4. All experiments were carried out in Rec't strains and so some tranéférs
could be due to recombination (which could be intragenic) rather than
complementation. About 100 colonies from complementing crosses
(involving pRP78or 79 and pRPg? or RPMGl; Table 3.2) were purified and
tested fer their subsequent trénsferability. Only one was found which
was Trat (and Tps) and so recombination was only rarely responsible for
.transfer even when the mu£ations were widely separated as here. . Con-
sequently, the contribution of intragenic recombination must be very
low indeed.

The results of the complementation experiments are shéwn in
Table 3.2. This shows that the tra mutants fall into five groups.
Members of a group do not complement each'other, but complement members
of other groups. pRP82, 80 and 91 form group 1; pRP26 is the only
r-nember of group 2; pRPT8 and 79 make up group 3; DRPTT, 75, 81, 66, \

T4, 68, 69 and 67 form group 4; pPRPF8Y, 90, 76, 92 and L6 constitute

i
]

group 5. Not all possible crosses were attempted. Some were not /
possible because of the residual transmissibility of the plasmids
involved (see sbove) and in other cases, only representatives of one
group Were tested against representatives of another. Also the mapping
positions of the mutants were teken into account. For example, pRPT8

(map position LkL.T, Table 3.1) complements pRPTT(43.7). It is therefore’



Table 3.2.

pRP plasmid
in P1 donor

U6
g2
76
90
89
67
69
68
Th
66
81
>
T
9

Transductional complementation date

67
c 200
¢ 200
c uo
¢ 1000
é 600
0

0]

69

L4

PRP plasmid in Pl recipient (conjugative donor)

68 T 66 8L 15 T 79 78
' ¢ 900
c 500
‘ c 80
- ¢ 1900
¢ 1200
0 o 0 0 0 0 88
0 0
0 0 0
0 0 0 234
0 | 0 79 702
o 0
0 0
0 o 0 0 0 0 98
0 e

80

82 RPLSL
85
57
681 L8

._89_



Table 3.2 Continued. Transductional complementation data

¢

PRP plasmid in Pl recipient (conjugative donor)
pRP plasmid

in Pl donor 67 69 68 Th 66 81 75 T7 T9 T8 80 82 Rpuél
78 105 152 0 0 Ly 22
26 ¢ 900 , e 900 e 900 ¢ 900 50
91 . | ' , ¢ 500 0
P . .
80 - 0 1 5:{
82 _ 175 0 1 i
RPLS1L 5 ' 10 0
Crosses were performed as described in the text. The plasmids are listed in mapping order (Table 3.1). The
nurbers in the table are colonies per 10° Pl p.f.u. after subtraction of the appropriate control figures.
Numbers prefixed c. were calculated from large cclony numbers which could only be approximated. The low numbers

for RP4SL complementary crosses where it was in the Pl donor are probably a reflection of its low transduction
- frequency (2 x 1077 as compared with 5 x 10™® for the other plasmids).
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to be expected that pRPTS will complement all more distal mutafions on
the same side as pRPTT, and results with other crosses bear this out.

The possible relationship between complementation groups and tra
genes is discussed below.

4. Testing the ability of piliated tra mutants to mobilise a

non-conjugative plasmid. F has an origin of transfer (see introduction)

and recent work has shown that a similar structure exists on plasmids
which do not encode their own transfer system. Possession of such a
site allows these plasmids to be mobilised by other, conjugative
plasmids, and mutants can be’isolated (mob~) which have lost this
ability.(Warren and Sherratt, 1977). Some of the tra mutants of RPL
produced pill almost as frequsntly as the tra* control (see Barth et al.,
1978) and yet showed no detecgable transfer. If Tn7 inseftion had
disrupted only the origin of transfer in these plasmids, they should
retain the sbility to mobilise a non-conjugative plasmid.

The plasmids chosen to test this all came from complementation
group 3, which has the largest number of members and is also the most
hetercgeneous with regard to phage sensitivity and degree of piliation.
DRP67 confers sensitivity to all three pilus specific phages tested
(Table 2,1) and pili are detectable by electron microscopy at a frequency
greater than one third of that produced by a tra* control (even in the{
absence of adsorbed pilus—specific phage which boosts the number of
detectable pili, see Barth et al., 1978). DRP66 confers sensitivity /
only to both phages which attach to the pilus tip (Table 3.1), as if /’(

strains carrying this plasmid produced retracted pili. Electron
microscopy revealed no pili on untreated cells, Labelling with PRR1,
which

however, (a pilus-specific phage/attaches to the side of P pili,
Bradlsy and Cohen, 297T) gives a detected level of piliation greater

than one half of that seen in a similarly treated tra* control. pRPT7



is sensitive only to one of the tip attaching phages (Table 3.1) and
labelling with PRRL before electircn microscopy gives detectable pili—_
ation at less than 25% of the control. pRPTY is fully resistant to
pilus-specific phazes and no pili can be detected by electron micro-
scopy even after PRR1 treatment,

All four plasmids failed to transfer at a detectable frequency
(see section 1). Cultures cof each in J53-2 were transformed (Chapter
1) using purified DNA of R300B, a 5.7 Md. non-conjugative plasmid
codiﬁg for streptomycin and sulphonamide resistance (Barth and Grinter,
1974).  Also transformed were (pKP3)J53-2! and R™ J53-2 to act as
positive and negsiive controls.

After purification, a ?epresentative of each class was crossed
with J62 in broth and plated on minimal medium éontaining the nutri-
tional requirements of J62 and either streptomycin (15 ug/ml) or
kanamycin (25 ug/ml) to select for transfer of either R30CB or the
mobilising plasmid.

There ﬁas no detectable transfer except from (R300B)(pRP3)J53-2
which produced roughly equal numbers of SmR and KmR colonies (repre-
senting & transfer frequency of 5-10 x lO—h per donor per hour).
Consequently, none of the tra plasmids tested behaved as if they had
lost only the origin of transfer. Further tests are planned to see
if the trg plasmids can be mobilised by the introduction of a dis-
tinguishable IncP plasmid by transduction. This should allow detec—
tion of those mutants which have lost the origin of transfer even

though they may have simultaneously lost other functions. This work

has not yet been undertaken.

1 A tra’ Tn7 derivative of RPY.
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Discussion

The results presented hereiare from a preliminary investigaﬁion
and many factors make their interpretation difficult. As has been
reported {Barth and Grinter, 1977), thz insertion of TnT into RPL
often caused deletions. It has been shown by heteroduplex analysis
(G. Engler, M. Van Montagu and J. Schell, personal communication) that
these deletions are of material from the recipient plasmid and occur at
the site of Tn7 insertion. Also, Tn7 insertion may have polar effects
on distal genes within the operon in which it is inserted, like those

_observed with Tnl (Heffron et al., 1975) and TnlO (Kleckner et aql.,
1975). Further, the phage sensitivity conferred by a particular tra
mutant of‘RPh does not neces;arily correlate with the presence or
absence of phage attachment sgkes. Resistance to a particular, pilus-
specific phage means only that the straln is not lysed by that phage.
For example, pRP66 and 77 (Table 3.1) are resistant to phage PRR1, but
electron microscopy of cultures carrying these plasmids showed that
PRR1 could attach to their pili, and the number of PRR1 labelled pili
seen in cultures containing pRP66 was similar to that in the trat
control. Finally, transmissibility is not necessarily correlated
with detectable piliation.  pRP67 cénfers sensitivity to all three
pilus-specific phages and gives nearly normal numbers of pili seen by
electron microscopy, but its transfer 1s undetectable. In contrast,
PRPI1 does not confer visible phage sensitivity or detectable pili,
but transfers at a frequency 1% of that of the trat control.

A1 the plasmids tested which determined production of detectable
pili showed an enhanced level of filiation after treatment with PRR1.
This suggests that pili are normally only rarely extruded and that
PRR1 adsorption locks the pili in an extended position (Bradley and

Cohen, 1977). . Where plasmid-carrying strains are sensitive only to



Pf3 and PRY (which are thought to attach to the tips of P-1 pili,

Bradley and Cohen, 1977), this is consistent with their pili béing

more or less permanently retfacted. pRP66 may be an example of

this. Cells carrying it haye no visitle pili without PRR1 labelling
(Table 3.1). [_pRP69, 81 and 75 may belong to this category, although
their pili were not examined microscopically. Cells bearing these
plasmids are PRRlR, Pf3R and PR&S (Table 3.1). This shows the two
tip-specific phages haye different attachment or infection specificities.
PRPTT gives a similar phage resistance pattern, but pili are visible’

on cells carrying it even without PRR1 labelling:r.

The tra plasmids can be divided into 8 groups on the basis of
conferred phage sensitivity and map position. Group 1 consists of
pRPLE, 92, 76, 90, 89 and 67.\‘.These could be a series of polarity
mutants, all affecting the same gene. However, the expected polarity
gradient is not seen. (The question of polar mutations is discussed
more fully in Chapter 4.) Also, the complementation data (Table 3.2)
show that pRP6T belongs to a different group from the others. How—
ever, none of the plasmids 1n this phenotypic group are markedly-
affected in their ability to produce pili, suggesting they may be
defective in forming stable mating aggregates, in triggering of
plasmid DNA replication or in DNA transfér (assuming that conjugatibn
involves the same stages as seen with F).

Phenotypic group 2 (pRP69) confers sensitivity only to the tip-
specific phage PRL, and has oniy 1% of cells detectably piliated even
after PRR1 treatment. This suggests the pili are either not b?ing
efficiently assembled or are almost always retracted and that the tra
mutation has resulted in inability to form cell-to-cell contacts.

Group 3 (pRP68 and Th) cultures are fully phage resistant and,

where tested, no pili are visible even after labelling with PRR1.
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Like group 2, the mutation has probably abolished mating aggregation.

Croup b (pRPEE) cultures, as suggested above, may possess
retracted piii. |

Group 5 (pRPBlAFTS and T7) cultures are sensitive only to PRh.
Where tested, however, (pRP77) the pili are not retracted, but are
present in lower numbers than in the control. The plasmids in this
group may code for defective pili or be altered in some regulatory
function which has caused repression of the tra genes. [:Several P
' pl;smids have been shown to have their transfer repressed by the
presence of an IncIa plasmid in the same cell (Datta et al., 1971).
This may not be analogous to the finOP system of F, since P pilus
production is essentially unaffected by the presence of the Incla
plasmid (N. Datta, personal ;émmunication).]

Group ¢ (pRP79 and 78) cultures are resistant to all three phages
and may be unable to produce pili.

Group 7 (pRP26) cultures are sensitiwve to all threc phagesl. The
reduced level of transfer, as with most members of group 1, may be due
to defective aégregation, triggering or transfer of DNA.

Group 8 (pRPS1, 80 and 82) cultures are resistant to the pilus-
specific phages. Only pRP82 codes for detectable pili (1 piliated
cell out of 100 after PRR1 treatment). A mutation in a control gene i
could explain this result, although it is puzzling that pRP9O1 transferé
so well. Possibly two separate mutations are covered by this group,
one (pRPBO and 82) in a control gene and one (pRP91) which alters /
pilus morphology sufficiently to prevent phage adsorption and detection
.by electron microscopy, but still leaves a residual ability to
establish cell-to-cell contact and to transfer DNA. This is compatible

with the complementation data (which puts pRP91 in the same comple-

mentation group as pRP8C and 82) only if the control gene regulates



the expression of the whole tra region containing this group.  The
mutations in pRPBO and 82 must either lead to the production of a
tight-binding repressor of tfa functions, or must result from the loss
of a binding site for a posibive control protein. The data for pRP1
(Table 3.1) show that the tra genes of RP4 are not normally repressed,
unlike F, Moreover, any positive control protein coded by complementa—
tion group 1 can only regulate the genes within that group, otherwise
the loss of its binding site would mean the mutant would be unable to
complement other tra mutations. This would also contrast with F
where nearly all the tra genes are under common control (see Introduc-
tion).

Ih the absencé of further data, the interpretation of the phage
sensitivities, degree of piliation, and trensfer‘frequencies remains
highly speculative.,

The result that none of the trq mutants had lost the ability to
exclude a superinfecting IncP plasmid is explained by a consideration
of RPLE1. This is a spontaneous deletion mutant of RPh‘(Hedges et al.,
1976) which has simultaneously lost kanamycin resistance and surface
exclusion. Complementation data show (Table 3.2) that this plasmid
retains all the tra functions except those encoded in the region
between 16.7 and 17.2 Md on the RP4 map (Table 3.1 and Barth and
Grinter, 1978). Therefore the 9 Md. deletion suffered by RP481 must
cover approximately the 15-24 Md region of RPL. 3tanisich and
Bennett (1976) showed that the Tra and Sex determinants of RP1 (a
plasmid indistinguishablé from RPh) were closely linked (about/i Md.
apart). Therefore the surface exclusion genes must lie somewgere in
between 15 and 16.7 Md. on fhe RPY4 map. [:Subsequent work by
P. T. Barth (unpublished data) has led to the isolaticn of TnT deriva-

tives of RPL which are Sex™ and which map in this region. They are



"70"'

also wholly or partially Tra':

The finding that there is a hierarchy in the expression of
surface exclusion (RPY excludes RT751 more than RT702, and R7T02 more than
R1033) suggests that, like F, surface exclusion is controlled by more
than one gene and some functions are plasmid specific.

Turning to the complementation data, although precise interpreta-—
tion is again difficult, the existence of 5 complementation groups
indicates that at least five functions have been separately eliminated
by Tn7 insertion and so at least 5 genes are involved in RPY transfer.

The complementation data fit the tra mutants into groups con-
sistent with the mapping data (see Table 3.1). Groups 1, 2, 3 and
L each map within a length of DNA consistent with their being a single
gene.  Group U4, hoﬁever, conzéins 5 phenotypic.classes (see above),
some having normal pili, some retracted pili, and some having no
detectable pili. It is just possible that all the mutants in group U4
result from insertions in a single gene which is responsible for
assembly of a functional pilus, but without a more detailed knowledge
of how Tn7 insertion disrupts tﬁe surrounding genetic material and
affects its subsequent expression, this is only guesswork.

Finally, it is worth considering host ranges. RP4 and most
other IncP plasmids have a uniquely wide host range,., whereas that of
F and F-like plasmids is more restricted (Jacob et al., 1977a). A
widé host range may mean that a plasmid lacks specialised replication
and segregation contrels which would meke it particularly suited to
one particular group of hosts (and simultanecusly unsuited to others}.
A restricted host range, on the other hand, may mean that a plasmid
is highly adapted to transfer betweén and replication in one group of
hosts. + is therefore possible that RPL4 has a much simpler transfer

system than F." Certain hosts, however, by their unusual internal
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environment, may impose a powerful selective pressure upon any wide
host range plasmids infecting them, forcing the plasmids tc become
more specialised.

However, the cpposite may be trus. RP4 and most other P
plasmids may have the ability to transfer between and replicate in
many hosts as a result of carrying many genes for transfer and
replication, only some of which are essential in cne particular genus.
(This might explain why there are regions in RPL #ra genes where no
insertions were detected. These regions may not affect transfer
between E. colZ, but might be important in other genera.)

An indication of the complexity of a plasmid's transfer system is
given by the size of its tra ;egion. In F, the tra genes occupy about
a third of the molecule (c 20\Md. or roughly 30 genes, see Figure 3.1),
whereas in RPL the two tra regions are probably contained within the
space of 10 Md. (c 15 genés) assuming there are no other tra regions
elsevhere (Barth et al., 1978 and unpublished cbservations). This
suggests that the RP4 tra system is probably simpler than F. Consis—
tent with this is the lack of pilus suppression coded by RPL4, a feature
shared with IncW plasmids which are the smallest (and hence probably
the simplest) conjugative plasmids.

In conclusion, the work presented in this chapter is only a
beginning. tra mutants of RPL affecting pilus synthesis, possible
control genes and other functions have been isolated, mapped and
characterised, and at least five genes have been shown to be involved

;

in transfer. : /
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TOR TRANSPOSONS

Abstract

N

Certain DNA scgments (dransposorns and insertion sequences) have

been identified through their ability to transpose between replicons,

the DNAs of which show little homology. One such sequence, transposon

7T {TnT7), found originally as part of the IncIa plasmid R:83, contains

genes coding for resistance to trimethoprim end streptomycin. The

experiments described in this chapter characterise several aspects of

TnT transposition:

1.

Specificity of insertion into the E. coli chromosome.

A highly preferre@ or unique site was detected and a

rough estimate magé of the size of TnT..

The frequency of transposition from the E. colz

chromosome to\RPh was measured.

Several techniques were used in an attempt to insert

Tn7 into a small, non-conjugative plasmid.

Tn7 derivatives of RPL4 which no longer conferred resistance
to either kanamycin or tetracycline were tested for their
gbility to revert to a drug—resistant phenotype.

In vitro manipulations generated several derivatives of
p £

Tn7 which had undergone rearrangement and/or deletion.

&

ese were tested for their ability to transpose.

Transpositicn was found to be reduced in certain strains,

suggesting tha® host functions are involved in the process.

The mechanism of transposition and its role in nature are

considered.



Introduction

1. Discovery and incidence of transpcsaple DNA seguences

Transposable DNA sequences were first recognised in maize
(McClintock, 1952) where control eiements affect the functioning of
various loci and behave as discrete genetic determinants. (For =
review, see Fincham and Sastry, 19Th.) Many similar examples have
been detected in other eukaryotic systems (Bukhari et al., 1977,
Section V) although their precise nature remains indeterminate
because of their complexity and other inherent technical difficulties.

The first clear evidence for transposable DNA sequences in
Bacteria came frcm the analysis of an unusual class of Gal™ mutants
first described by Lederberg\(l960). In these strains, the levels
of expression of three differént enzymes involvéd in galactose utilis-
ation had been simultaneously reduced to less than 1% of that in the
wild type. Deletion mapping (Shapiro and Adhya, 1969) of mutations
‘causing a galactokinase negative phenotype showed that only some of the
‘mutations had occurred in the galk gene. - Other mutations mapped in
the galT and galE genes, or in the control region of the gal operon.
The Gal K~ phenotype resulted from polarity effects of these mutations.
This polarity was much more severe fhan that caused by amber mutations
in galE or galT (Jordan and Saedler, 1967; Adhya and Shapiro, 1969),
suggesting that a different mechanism was involved.

The mutants were found to revert spontaneously to Galt at a
frequency of lO~6 to 10_8, and the reversion frequency was not enhanced
by mutagens. This sﬁowed that the mutations were not deletions or
point mutations and that other possible mechanisms had to be considered.

Measurement of the density of.AgaZ transducing phages (Jordan
et al., 1968; Shapiro, 1969) showed the strongly polar gal mutants to

have extra DNA in the gal operon, while Gal* revertants had normal DNA
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contents. (Thismeant that the mutants were not the result of a genetic
inversion). To determine the origin of the extra DNA, Michaells et al.
(1969) repeatedly hybridised RNA transcribed im vitre from mutant Agal
phages to the bNA of Agal phages not carrying the mutation.  There was
always a fracticn of RNA which specifically hybridised to the DNA of
the mutant phage, sﬁowing the extra DNA in the mutant did not originate
from witﬁithe gal operon (i.e. it was the result of an insertion of
material from outside the gal region, rather than an internal duplica-
tion).

Heteroduplex analysis allowed the visualisation of the inserted

sequences and showed that some were homologous with each other (Fiandt

et al., 1972; Hirsch et al., 1972a and b; Malamy et al., 1972). The

\\ )

five best characterised insertion sequences have been designated ISli-
IS5, but many cther sequences with similar properties have been identi-
fied and await classification (see Szybalski, 1977).

Insertion sequences have been found on a variety of replicons.
Saedler and Heiss (1973) detected approximately 8 copies of IS1 and 5
of IS2 in the E. coli K12 chromosome. ISl (but not IS2) is also found
in the chromosome of Salmonella typhimurium LT2 (Starlinger and
Saedler, 1976). Many plasmids car?y insertion sequences: on F they
are involved in Hfr and F' formation- (Hu et al., 1975b), and they are
found on other plasmids often at the junctions between RTF and r -
determinant regions (Hu et al., 1975a; Cohen, 1977; Ohtsubo and
Ohtsubo, 1977). Chow (1977) has studied the organisation of the

"E. coli chromosome and éetected structures like insertion sequences’
arranged in a regular manner. As much as 18% of the chromosome may
be divided into regions of two charécteristic lengths bounded by these
IS-1like segments. [:The significance of the wideéﬁbréad occurrence

of insertion sequences and their possible role in the evolution of



plasmids and chromsomes 1s discussed below.:

Insertion segusnces are generally shorter than 2 kilobases
{enough DNA to code for 2-3 pfoteins) and so far no IS-coded products
have been detected. Theilr dbility to transpose is detected by their
mutagenic effect in the cistrons into which they insert. A new class
of transposable sequences which carry recognisable. genes was first
described by Hedges and Jacob (1974).  They discovered a DNA segment
of approximately 3 Md. coding for ampicillin resistance, which was able
to transpose from its parent replicon, the plasmid RP4, to the E. colz
chromosome and to other plasmids. This was termed a "transposon'
(transposon A or TnA, now called Tnl) and the authors noted the simil-
arities with insertion sequeqiés. Many other transposons have since

been identified and these code for a variety of functions (Table 4.1).

2, Properties of transposable DNA segquences

a) Structure. Exaﬁination by electron microscopy of single-
stranded DNA molecules has revealed that transposons are bounded by
short (< 2 kilobases) complementary DNA sequences which may be in
either orientation with respect to each other (Ptashne and Cohen,
1975). These repeated sequences are of varying length (140-1500 base~
pairs, see Kleckner, 1977). In two cases they have been shown to be
homologous with IS1: in Tn9 as a direct repetition (Machattie and‘
Jackowski , 1977) and in Tnl68l as inverted repeats (So et al., 1979).
['The inverted repeats st the ends of TnlO were thought to be IS3, but
this is no longer believed to be true (Kleckner and Ross, 1978).:

DNA sequencing of IS1 ana IS2 has also revealed the existence q%
internal inverted repeats (Ohtsubo and Ohtsubo, 1678; Ghosal and
Saedler, 1978) and such structures must be important in determining

transposability.



Table

Transposon Phenotypic marker Molecular welght (Md.) . Origin Reference

Tnl Ap 3 RPL Hedges and Jacob (197h)

Tn2 Ap 3 RSF1030 Heffron et al. (1975)

Tn3 Ap 3 R1 Kopecko and Cchen (1875)

Tohs, ApSmSu 13.6 ' Rl Kopecko and Cohen {1975)

Tn5 Kn ~ 3.5 . JR6T Berg et al. (1975)

Tné Km ~ 2.6 - JRT2 Berg et al. (1975) |
Tn7 TpSm 9 ’ RL83 Barth et al. (1975) Eﬁ'
Tn9 Cm ~ 2 pSM1L Gottesman and Rosner (1975)
ra 3 - - o fostr o0 . (773

Tn501 gt R : 5.2 pVS1 Stanisich et al. (1977)

Tn951 Lac® (lac Z, 2 and y) ~11 pGCl Cornelis et al. (1978)

Tn1681 S.T. + Te!l ~ 3 ESFOOL1 So et al. (1979)

Tol Toluene-degradation 38 Tol. plasmid Jacoby et al. (1978}

1 1681 is a laboratory construct. Non-transposable tetracycline-resistance genes were inserted 7m vitrc into

4.1. Transposons and their properties

the genes for heat-stable toxin (S.T) which had a structure typical of a transposon when viewed under the electron
microscope. Transposition of the composite transposon could now be monitored using Te .



b) Transpesition is distinet from general {homologous) recombina~

tion. Transposition is a non-reciprocal event which requires neither a
functional recd gene nor exténsive DNA homology between donor and
recipient repliconz {Starlinger and Saedler, 1976; Kleckner, 1977).

¢) Mutagenesis. Transposition,bby interrupting a pre-existing
gene sequence or control region, produces a mutation.

d) Effects on genes distal to the site of insertion. Insertion

sequences were originally identified because they could co-ordinately
reduce the expression of several genes in the operon into which they”
were inserted (see above). ISl gives rise to such polarity effects in
either orientation (Fiandt et al., 1972), while IS2 does so in one
orientation only (orientatiog I). ,[ﬁISE in orientation II acts as a
powerful promoter, leading t;\honstitutive levels of expression of
distal genes in the operon in which it is inserted (Saedler et al.,
lQTh).:I Starlinger et\al., 1973, showed that messenger RNA synthesis
was blocked distal to polar insertion mutations, suggesting that trans-
criptional termination signals were present on the inserted DNA.

A model for transcriptional termination (Adhya et agl., 1976)
proposes that after ribosomes dissociate from nascent messenger RNA
beyond a polypeptide terminator codon (UAA, UAG and UGA), transcription
continues to the next site on the DNA which is recognised by the ’
transcription terminator protein, rho. If riboscmes reinitiate
protein synthesis beyond the nonsense codon and before the rho site,
rho is overridden and transcription continues. Folarity results when
a nonsense codon triggeré ribosome dissociation in a region defoid of
translation restart signals. In this case, cistrons beyond the next
rho site are not transcribéd.

The effects on polarity of rho and %—RNA supressor mutations

suggest that IS2 (in orientation I) has nonsense codons and a rho site,



whereas IS1 {in both orientations) carries nonsense codons and no
translation reinitiation codens (Besemer, 1977; Das et al., 1977).
Polarity effects have been observed with other insertion
sequences (Szybalski, 1977) and somé transposons | Rubens et al., 1976;
Heffron et al., 1977a (Tnl, Tn2 and Tn3); Berg, 1977 (Tn5); Kleckner
et al., 1975; Foster, 1977 (Tnl0) |. Although the polar effects of
transposons have not been as fully investigated as those due to
insertion sequences, transcriptional termination méy be involved in

at least one case (TnlO, Kleckner et al., 1978).

e) Promotion of genetic aberrations. Many of the well-

characterised transposable sequences promote the formation of deletions
affecting adjacent chromosomal material. Among the insertion sequences,
the best documented case 1is %hat of ISl. Deletion formation by ISl
(which does not require recd) is strongly temperature dependent and

can be reduced by a factor of as much as th at 42°C as ccmpared with
3200. Several classes of deletions are formed. One end point of

most deletions is at the terminus of IS1, and the other point occurs

at different sites on the adjacent chromosome, but these sites are not
randomly distributed. Deletion is thus of a continuous segment of

DNA extending outwards from one end>of IS1 into the surroﬁnding'
chromosome, leaving the ISl element itself intact at the end of the
deleted section (Reif and Saedler, 1975 and 1977). Deletions promoted
by IS2 and IS3 appear to be similar in form, although very few examples
have been examined thus far (Hu et al., 1975a; Ohtsubo and Ohtsubo,
1977; Davidson et al., 1974). Deletion formation by IS2 is not
tempersture dependent and so mayvhave a different mechanism from that
of IS1 (Saedler, 1977).

Most transposons have also been shown to promote unusual

recombinational events in the absence of a functional recA gene.



Tnl, Tn3 and Tn9Y have been shown by genetic and physical experiments

to produce deletions extending from one end of the transposon into the
adjaceﬁt éhromosome, leaving the transposcn intact. The frequenéy of
deletion formation seems to depend on the recipient replicon (Heffron
et al., 1977a). In at least some cases, these deletions occur after
insertion of the transposon and are therefore due to a separate event.
Tn9 can also generate tandem duplications of itself (Nisen et ql.,
1977; Weinstock and Botstein, 1978; Rosner and CGecttesman, 1977;
Machattie and Jackowski, 1977). With Tn7, on the other hand, deletipn
- frequently occurs on insertion of the trarnsposon, causing loss of up to
3 Md. of DNA from the recipient replicon (Barth and Grinter, 1977;

Barth et al., 1978; Results, this chapter). Transposition of Tn5 and
TnlO does not normally lead QB deletion of material from the recipient
molecule (Botstein and Kleckner, 1977) but a variety of TnlO-mediated
post-insertional deletions, rearrangements, inversions and duplications
have been detected. Sometimes these events involve only adjacent
chromosomal material and sometimes they take place entirely within the
transposon itself. On other occasions, DNA both inside and outside
T™nl0 is involved (Noel and Ames, 1978; Ross et al., 1979).

The mechanism of these recombination events and their relation-
ships to one another are not understood, although it is clear that they
occur by a pathway independent of that responsible for general homologous
recombination. It is also clear that most of the special recombination
events promoted by transposons occur at particular sites on the trans-
.posons themselves, usually their ends (Heffron et al., 197To; Ross-
et al., 1978; Nisen et al., 1977; Kleckner et al., 1978).

Mutations mapping close to recAd have been isolated which affect
deletion formation by IS1 (Nevers et al., 1977). IS81 could still

excise normally (see below) in these strains, showing that excision
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and deletion-generaition are separate processes. Further_characterisa—
» tion of these mutanis and the isolation of others affecting deletion
formation by other transposable sequences should lead to a better
understanding of dslation generation.

T) Specificity of insertion. VWhere studied, most transposable

DNA sequences exhibit at least some specificity of insertion. The
exceptions to this are Tn5 which seems to have no preferred sites of
insertion at least within the lacZ gene (Rerg, 1977), and the temperate
bacteriophage Mu which seems to iﬁsert randomly into plasmids and thé'l
E. coli chromosome {Denarié et al., 1977; Bukhari et al., 1977).

Insertion sequences exhibit hot spots for insertion (Pfeifer
et al., 1977; Kuhn et al., ;?797. Five examples of ISl insertion
sites have been sequenced (Caios et al., 1978; Grindley, 1978) and it
is clear that the insertions are not into any specific sequence, nor is
there any homology betweeh the target site and the ends of IS1. A
relationship between the target sites is not, however, disproved
(Grindley, 1978)3% alternatively the sites of insertion may be at some
distance from a recognition sequence.

Tnl, Tn2 and Tun3 have been shown to insert non-randomly into
RSF1010 (Rubens et al., 1976; Heffron et.al., 1977a) as has Tnl into
ColEl (Dougan and Sherratt, 1977; Inselburg, 1977). ™3 also has ho%
spots for insertion into R6-5, one of which is IS1 {Kretschmer, IQTT)j
Tn7 is unusual in that it has a unique or highly preferred site of

insertion in the E. col? chromosome, and apbarently it has no inserti?é
sites on some plasmids (Barth et al., 1976, and Results, this chapter).
In spite of this, it inserts into RP4 at a large number of sites (at
least 40) with only a low level of specificity (Barth and Grinter,

1977; Barth et al., 1678).

The insertion of 'Tnl0 into the lac and hAis operons has been



extensively studied, and hot spots detected (Botstein and Kleckner,
1977 Foster, 1277; Noel and Ames, 1978). Insertions are evenly
distributed betwsen the clusters and there is nc bias towards either
orientation of insecrticn within a clusisr (Kleckner et al., 1979).

The lack of a preferred orientation is shared by Tnl, Tn2 and Tn3
(Heffron et al., 1977a) in sharp contrast to Tn7 which seems to insert
into RP4 exclusively in one orientation (Barth and Grinter, 1977).
['This specificity may relate to the direction of transcription.

F. Cannon (personal communication) has mapped Tn7 insertions in the ﬁif
genes from Xlebseilla and finds the orientation is always the same with
respect to the direction of transcription.:

Apart from the actual DNA sequence of the recipient replicon,
other factors may influence tgé site of insertion. | The target site
must be accessible to enzymes involved in transposition, and essential
functions of the recipien£ replicon must not be inactivated as a con-
sequence of the insertion. Grinsté 4 et al. (1978) have shown that
the presence of one transposon in the recipient molecule influences
the specificity of insertion of another, possibly by introdﬁcing con-—
formational changes. In addition, the presence of one transposon in
the recipient molecule severely inhibits ifs ability to acquire another

I
copy of the same transposon. This kind of "superinfection inhibition?

|

may exist between all related transposons and may serve to limit their

mutagenic action. It is ezclusively a c¢ts—effect and its mechanism is

/
unknown (Robinscn erv at., 1977). ' /
’ /

g) Excision of trenspcsed DNA. If en insertionsl mutation can

revert by excision of the foreign DNA, this indicates that the recipient
DNA sequences werzs nct damaged as a consequence of insertion. Clean
excision of IS1 has been shown to restore activity to the gene sequence

which was interrupted (Reif and Saédler, 1975) and Tn% exhibits similar
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properties (Berg, 1977). Insertional mutations caused by Tnl dc not
revert, however, but polar mutants do (Hernalsteens et al., 1977)1 v This
means either that insertion of Tnl gives rise to deletion of DNA from
the recipient or tha’t excision is hot s precise cutting out of the
transposon sequence. Tnl insertion is known to generafe detectable
deletions on occasions {Heffron et al., 1977a), so this could be the
explanatiocn.

TnT-generated mutations are rarely revertible which is in agree-
ment with the observation of deletions which are often formed on insér-
. tion of the transposon at the site of the insertion (Barth et al.,
1978; G. Engler, M. Van Montagu and J. Schell, personal communication,
Results, this chapter).

Tn9 is unusual in that the DNA sequences ét its ends are directly
repeated. . Possibly as a consequence of this, excision of Tn9 leaves
behind one copy of the rebeated sequence (IS1) and does not restore
activity to the mutated gene (Rosner and Gottesman, 1977; Machattie
and Jackowski, 1977).

Insertion of Tni0O does not seem to damage the recipient DNA since
the great majority of insertional mutants can revert by precise cutting
out of the transposon (Kleckner et éZ., 1977) . Clean excision is a
rare event, however, imprecise excision being mucﬂ more common (about
1000 times) and leading to some of the molecular rearrangements des-—
cribed in section e) above. A new phenomenon, nearly precise excision,
has also been observed for Tnl0 (Kleckner and Ross, 1978) which leads
‘to the removal of all but 50 base pairs of the TnlO insertion. In
almost all cases, excision of TnlO whether clean or imprecise does not
lead to transposition to another site (Kleckner et «l., 1977), even if
there is powerful selection for such an event (Foster, 1977). This

contrasts witk the findings for Tnl (Hernalsteens et al., 1977) and Tn7



{Results, this chapter). Fer Tnl0, therefore, excision is probably not

a stage in transposition. Bennett et al. (1977) compared the rate of
loss of Tl with its transposition frequency to other replicons and
concluded that tranwpositior was at least 1000 times more comnon. This
confirms that, in transposition, either the donor molecule normally
retains the transposon or (according to the model of Berg, 1977) ceases
te be a replicon.

h) Proteins involved in transposition. As mentioned earlier,

there are no known proteins specified by insertion sequences. DNA

sequencing of ISs [:Ohtsubo and Ohtsubo, 1978 (IS1); Saedler and

Ghosal, 1978 (IS2) | shows them to contain meny inverted repetitions of

‘varying sizes, including repeats within repeats. They are also AT rich,

5

\\
which may mean that certain regions melt relatively easily. Saedler

and Ghosal, 1978, prcposed a model for some IS2-associated phenomena

based on selective melting and internal reduplication of defined regions

on IS2 during replication of the carrier replicon. This involved no
functions coded by IS2. Some of the characteristics of TnlO can also

be explained in terms of the physical properties conferred by its DNA
sequence (Kleckner and Ross, 1978; Ross et al., 197 ) which may be
recognised by enzymes coded by the host.

Direct evidence for the involvement of host Ffunctions in trans-—

position and related events comes from the isolation of a chromosomal *
muitation affecting the behaviour of ISl (Nevers et al., 1977) and the
identification of strains in which transposition is reduced (Results, /
this chapter).A Also, & transposon has been created by bracketing

gal genes in E. col? with directly repeated copies of ISl (H. Saedler,
personal commumnicaticn reported in Calos et al., 1978). This represents

a possible route for the evclution of transposons and, since IS1 codes

for no known proteins,'suggests host functions must be involved in
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transposition. However, how closely this construct resembles naturally
occurring transposons has yet to be reported.

Work on Tn3 has shown that i1t was not formed merely by genes for
f-lactamase production becoming flanked by structures analogous to inser-—
tion sequences (Heffron et al., 1977; Gill et al., 1978). Analysis of
in vitro generated deletions of Tn3 showed that, in addition to the
inverted repeats, there were regions within the transposon which were
important for transposition. Complementation studies showed there is a
trans-acting function which is esséntial for trénsposition. Another:
trang-acting function controls transposition negatively, thereby limiting
its mutagenic effect. [:A 19,000 dalton prot=in has been identified in
minicells carrying Tn3 which corresponds to the product of this regula-
tory gene (Dougan et al., manuscript in preparation) |. There is also
a cis—acting function (or site) which is probably responsible for pro-—
cessing an intermediate® in transposition to give normal products. Tn3
is thus a highly evolved structure. Deletions in the central region of
Tn7 also affect its ability to transpose (Results, this chapter).

i) Transposition at the molecular level. By sequencing the DNA

at the junctions between IS1 and the surrounding chromoscme it has been
shown that IS1 insertion generates a direétly repeated'nine base pair
sequence at each end of ISl1. This sequence is different for each f
insertion studied and was originally present in a single copy on the

recipient molecule. 18 of the 23 bases at the ends of IS1 are identical

L . ' /
(but in inverted order) and there is no homology between these sequences
/
/

*In the presumptive Tn3 transposition intermediates, the recipient
replicon carries two copies of the transposon in the same orientation
separated by a single copy of the complete genome of the donor replicon.
Gill et al., 1978, note the similarity between this structure and that
seen in bacteriophage Mu-promoted integration of non-Mu DNA (Toussaint
et al., 1977). Similar structures have zlso been reported among the
recipients of Tnl681 {So et al., 1979) and Tn9 (J. Miller, personal
communication reported in So et al., 1979).



and the target site (Calos et al., 1978; Grindley, 1978).

Similarly, 9 base-palr repeats have been observed flanking
insertions of Tn5, Tn9, Tn9o3, Tnl0 and IS4 (Kleckner and Ross, 1978;
Sherratt, 1978; Oka et al., 1978), and 5 base-pair repeats surrounding
Tnl, Tn3, Y6, IS2 and bacteriophage Mu-1 insertions (Kléckner and Ross,
1978; Sherratt, 1978; Rosenberg et al., 1978). The existence of
these two classes may reflect the role of two different proteins each
of which makes a different type of staggered nick in the recipient DNA
strands. A model involving a single nick has also been proposed

- (Sherratt, 1978).

3. Role of transposable DNA Zn vivo

Transposable DNA sequences are potent agents for genetic change.
N .

N,

By insertion or by causing deletions or rearrangements they can establish
new linkages, mutate genes and whole operons and, at least in the case of
IS2, can act as peripatetic promotors (Saedler et aql., 1974).  Their
prevalence in nature (Starlinger and Saedler, 1976; Kleckner, 1977) has
led many suthors to speculate on their rolé in the evolution of plasmids
and chromosomes (Cohen, 1976; Nevers and Saedler, 1977; Saedler, 1977;
Timmis et al., 1979).

The work of Chow, 1977, detected many structures like insertion
sequences present as inverted repetitions in the E. col? chromosome.
These were not distributed randomly, most of the DNA segments bracketed
by inverted repeats being approximately either 22 or 27.5 kilobases in
Alength. As much as 18% of the E. coli chromosome may be organised in
‘this way. This may be a requirement for the folding of the chromoéome
into a compact structure or it may reflect the modular  nature of the
chromosome which has evolved by the.acquisition of transposable sequences
from other organisms. The Lac transposon, 951, (Cornelis et al., 1978)

may have been such a module.
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Where families of plasmids have been compared, or where plasmid
spread has been studied in vivo, transposasble DNA sequences are seen
actively to have contributed to genetic versatility {Cohen, 197T7;

Datta et al., 1979).. Another example is where transposition allows the
reversible amplification of genes conferring antibiotic resistance on
plasmids in Proteus mirabilis and Streptococcus faecalis (Rownd et al.,
1975; Clewell and Yagi, 1977).

The importance of transposition is best demonstrated by considering
the spread of antibiotic resistance. There is-conclusive evidence for
the world-wide distribution of TnA (Tnl, Tn2 and Tn3). Studies on
enzymology and DNA hcmology have shown that TnA is present on a variety
of different plasmids from widely separated sources (Matthews and Hedges,
1976; Heffron et al., l9TTa)}‘ TnT also seems to be in the process of
spreading. It was originally observed as part of an IncI plasmid from
E. col?z (Barth et al., 1976), and has since been found on other Incl
plasmids in E. col? (Barth and Datta, 1977) and Salmoneilia (Richards
et al., 1978), and on an IncM plasmid in Klebsiella aerogenes, E. coli
and Citrobacter koseri (Datta et al., 1978). These are a few examples
of how transposable genes can spread by becoming part of a transmissible
plasmid. EIFor a treatise, see Richards, 1978:|. IncP plasmids with
their uniquely wide host range may be of‘particular importance in thisi
process.

Transposable sequences can also spread by becoming part of phages
[ Jordan et al., 1968; Shapiro, 1969 (ISs in A); Berg et al., 1975 /

/
(Tn5 and Tn6 in A); Gottesman and Rosner, 1975 (Tn9 in Pl); Botstein
and Kleckner, 1977 (TnlO in P22 and A):I and even the single stranded
phage fd can act as a vector for Tnl, Tn3 and Tn5 (Herrman et al., 1978).

Bacterial transposons cen even enter plant cells via the oncogenic Ti

plasmid found in Agrobacterium tumzfaciens (Hernalsteens et al., 1978).



Transposition 1s now being recognised as perhaps of more
significance to the. evoiution of bacteria than the classical model
where random mutations provide a basis for the action of natural
selection. Plasmicds and phages can csrry transposons across wide
phylogenetic divisions, and the activity of new genes introduced in
this way can subs=squently be modulated by other transposable sequences
and events associatéd with transposons,as well as by host functions.

We are now close to an unde;standing of the mechanism of trans—

postion in bacteria.  Further work may well show it to be of equal or

greater importance in the evolution of higher organisms.
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Results

N\

1. Discovery of transposon 7 (Tn7, formerly TnC, as part c¢f the Inclo

plasmid, RLE3

Plasmids determining I+pili form a compatibility complex (Hedges
and Datta, 1973. See Jacob et al., 1977a, for a list of IncI plasmids).
Within the subgroup Ia, there is a hierarchy of compatibilities and one
plasmid, R483, has anomalous properties (Hedges and Datta, 1973; Datta
and Barth, 1975).

Multiply resistant strains ot E. colz from calves that had been
given large doses of trimethoprim and sulphonamide transferred trimetho-

prim (Tp) and streptomycin/spectinomycin (Sm) resistance to E. coli K12

separately from the other resistances (Hedges et al., 1972). The
N
plasmid in one such (TpSm)R isolate was designated R4U83. It was sub-

sequently shown to code for the production of I pili (Datta and Hedges,
1973a) and colicin Ia (Détta and Barth, 1975).

Intrecduction of the Ia plasmids R1L4 or JR66a into a culture of
E. coli K12 carrying R483 gave rise to clones which stably inherited the
resistances of both plasmids in the absenée of any antibiotic selection.
The colicin production of R483 was eliminated, however, and normal trans—
missibility of (TpSm)R lost. Transfer was either greatly reduced or the
TpSm resistances became linked to those of Rlkh or JR66a (Datta and Barth
1975: Barth et al., 1976). This behaviour was analogous to that shown
by the ampicillin resistance genes from RP4 which can transpose to the
bacterial chromosome and other plasmids (Richmond and Sykes, 1972;
Hedges and Jacob, 197&).v ) _ /

From the "doubles" stably carrying the resistances of R483 and
R1kL or JR66a, strains were-obtained which were resistant only to TpSm.

In these strains, the resistances were entirely non-transmissible and no

plasmid DNA could be detected (Barth et al., 1976). This strongly
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suggested that the resistance genes of Rit83 had become inserted in the
bacterial chromosome, as had been proposed earlier (Datta and Hedges,
19732) .

2. Mapping of the 1o8m resistances from RLYB3 in the E. coli chromosome

J62-TnCl and J62-TnC2 (Barth et al., 1976) are two independent
isolates of.strain J62 carrying the TpSm resistances from RL83 in a
non-transmissible form, probably inserted in the chromosome. Prelimin-
ary mapping was done by introducing Flac (Low, 1972) into the strains
and then crossing them with the multiply-marked recipient, AB1157.

Broth matings were carried out for 90 minutes before plating the mixture
onto medium containing trimethoprim plus the nutritional requirements of
AB1157. Colonies were purified on the same medium and tested for the
co-inheritancz of chromosomal\harkers. The results are shown in

Table 4.2, If the frequency of co-inheritance is taken as a measure

of the closeness of two ﬁérkers, then for both J62-TnCl and Jj62-TnC2,
the TpSm resistance genes behave as if they wefe inserted in the chromo-
some between argE and mtl [ i.e. between 88 and 80 minutes on the

E. coli K12 map (Bachman et al., 1976) |. The St marker ﬁas’always
co~mobilised with TpR.

The site of insertion was more precisely determined by Pl trans-—

duction. Lysates were prepared from J62-TnCl and J62-TnC2, titrated4
i
and used to transduce strain CRTL6 which has two mutations in the 80-

88 minute region of the chromosome (dnad (t.s.) at 81.8 minutes and 77v
"/V
Both donor strains behaved indistinguishably. Trimethoprim resistance

at 83.2 minutes). The results are shown in Table 4.3, lines 1-8.

was co-transducible with both 77v and dnad st high frequency suggesting
that transposition had taken place to a site between these two markers,
probably neaver to dnad. This was confirmed by comparing the co-

transduction frequencies of dnad and 71v before and after the insertion



Table 4.2, Mobilisation of TpR from J6£-TnCl and J62-TnC2 to AB1157

by F'lac: frequency of co-inheritance of chromosomal markers

Unselected marker Cotransfer with TpR from:
Gene fap position (min) J62-TnC1 | J62-TnC2
lew" 2 24(3h)1 20(28)
arge” 88 39(55) 37(52)
mel” 80 23(32) 32(45)
galk® 17 0(0) 0(0)
Smt | ? \ 71(100) - 71(100)

71 TpR colonies from each cross were purified and tested for the
presence of other markers. ’

1 Figures in brackets are percentages.



Table 4.3.

Pl cotransduction frequencies of markers from J62, J62-TnCl and J62-TnC2 into CRTL6 (ZIv dnad(t.s))

Pl donor Selected marker! Unselected marker ?otransduction frequency? Mapping distance (min)3
J62-TnC1 Pph T1v" 30/112(26.8) 0.71

J62-TnC2 _TpR I1v 26/115(22.6) 0.78

J62-TnC1 Ilv Tl 46/112(41.1) 0.51

J62-TnC2 Ilv TpR 50/110(45.5) 0.46

J62-TnCl oph Dnad™ , 78/114(68.4) 0.24
362-TnC2 Tp" DneA” 75/115(65.2) 0.27

J62-TnC1 Dnaf” pph 76/111(68.5) 0.2k

J62-TnC2 Dnad TpR L4 /71(62.0) 0.29

J62 Iiv Dnad’ 78/408(19.1) 0.85

J62-TnCl Ilv Dnad® 22/407(5.4) 1.2k

J62-TnC2 Iiv’ Dnad’ 32/609(5.3) 1.25

J62 Dnah” I1v' 55/409(13.4) 0.98

J62-TnC1 Dnad” I1v' : 6/245(2.4) 1.42

J62-TnC2 Dnad’ T1v' 8/323(2.5) 1.42

1 All selections were on minigal medium. DnaA’ colonies were selected by their ability to grow at 42°C, all other

selections being done at 30°¢.

Purified clones were tested for the unselected marker.

was typically 10-5 per p.f.u. for all markers.

2 Figures in brackets are percentages.

Transduction frequency

3 These were calculated according to Bachman et al., 1976, using an equation derived by Wu, 1966.

-T6-



of the transposon (Teble k.3, lines 9-14). In either direction, there
was a marked drop in co-transduction frequency after insertion of tk
drug resistance genes, showing that the transposon was located between
dnad and Zlv on th:z chromosome.

Using a formula developed by Wu, 1966, which relates Pl co-

transduction frequency to the physical separation of two markers, it is

possible to estimate the size of the inserted LNA. The relationship is:
3
Distance between = Effective size of 1 - /ﬁ;o—transduction
two markers Pl genome Y frequency

Taking the effective size of the Pl genome as 2 minutes (Bachman et al.,
1976) and averaging the co-transduction frequencies for reciprocal
crosses, this gives:

dnah ———— 71y distance of 0.91 minutes (for J62)
dnah - TpSm - Zlv distance of 1.30 minutes (for both J62-TnCl and J6°—Tn92)

The transposon is therefore approximately 0.39 minutes or 9.8 M4.*®
This is in good agreement with the value of 9.0 obt ained by electron
microscopy (M. van Montagu, personal communication).

The two independent events which produced J62-TnCl and J62-TnC2
resulted in the insertion of similaf sized DNA segments at apparentliy
the same chromosomal site. To confirm the existence of a highly pre-
ferred site of integration, three further, independent examples of TnT
insertion into the chromosome (J53-TnC3-5, Table L4.4) were used as Pl
transductional donors. T1v' and TpR were co-transducible from all
three strains at comparable frequencies, proving that the region around

Zlv is. a hot-spot for TnT insertion.

alculated assuming chromosomal transfer to take 10C minutes

This was ¢
(Rachman et al., 1976) and the molecular weight of the chromosome is
2500 x 10° daltons (Cooper and Helmstetter, 1968).



Table L4.k. Pl cotransduction frequencies of markers from chromosomally transposed strains

to AB1L450(Z7v)

Pl donor Selected marker! - Unselected marker Cotransduction frequency2
J53-TnC3 TpR I1v' 32/76(42)
J53-TnC3 Ilv' Tph 15/49(31)
J53-TnCh Tp I1v 22/65(3h)

+ R )
J53-TnCh Ilv Tp 4/13(31)
| e R +
J53-TnC5 Tp Ilv 38/78(h9)

+
353-TaCs Ilv Tph 21/52{10)
1 All selections were on minimal medium. T1v' or TpR colonies were purified

selectively and tested for the co~-inheritance of the unselected marker.

Transduction frequencies were typically 10~° per p.f.u. for both markers.

2 Figures in brackets are percentages.
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3. Meszsurement of the frequency of trausposibion

Strain W31100~-TnC {Barth and Grinter,_1977) which carries. &
chromosomally inserted copy of TnT was infected with RPL. A purified
single colony of (&74) W3110T"-TnC was then used to estimate the
frequency of transposition of Tn7 to RPk by both direct and indirect
measurements. A broth culture of (RPL) WBllOT'—TnC was mix/fj\éd with
J53 for approximately 16 hours before plating serial dilutions on
minimal medium containing the nutritional requirements of J53 plus
either trimethoprim (10 pg/ml) or ampicillin (100 ug/ml).  After

incubation, an average of 238 colonies appeared on the ampicillin

> 2

plates at 2 dilution of 10 7, compared with 95 on trimethoprim at a 10

dilution. Taking these colonies to represent the number of RP4 and
\ ,

RPL-Tn7 transfers respectivel;} the frequency of transposition was

95 x 102/238 X 105,0r b x lO—h per RP4 transfer. This is an indirect

measurement of transposition frequency. A direct measure was achieved
by replica plating ampicillin resistant colonies from the lO-h dilvtion
onto medium containing trimethoprim. Out of an estimeted 23,800 ApR
colonies, 14 were also TpR, equivalent to a transposition frequency of

6 x lO~h per RP4 transfer.

Thus, by both methods, transposition frequency was about 5 x lO_h
per RPh transfer. The RPh in the donor strain had been freshly intro-
duced. Retesting the transposition frequency after several subcultur-
ings of the donor gave no significant change ir messured transposition

frequency, suggesting that an equilibrium between EP: and RPL-TnT

i

plasmids is rapidly established in the population. f
: /

4. Attempts to introduce Tn7 into R300B

R300B is a small (5.7 Md) non-conjugative plasmid conferring
resistance to streptomycin (Sm) and sulphonamide (Su}. It was

originally isolested accompanied by a large (57 Md) mobilising plasmid
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{R300A) which confers no antibiotic resistances (sze Barth and Grinter,
1974). It was of interest to make a Tn7 derivative of a small plasmid
since this would facilitate characterisation of Tu7 by heteroduplex and
restriction enzyme analysis. Three different techniques were used in an
attempt to isolate TnT as part of R300B:

a. Mobilisation - Strain J62-TnC1{R300A)(R300B) was constructed
and crossed with J53, selecting for the transfer both of TpR and the
high level of SmR conferred by R300B. Both resistances readily trans—
ferred to J53 (frequency lO—BnlO;h per donor éer hour), but TpR was:
always associated with R300A, i1.e. it was readily re—transferred without
the SmSu resistance of R300B.

b. Transduction — Pl lysates were prepared from J62-TnC1l(R300A)
(R300B) and J62(R4LB3)(R300RB) \ The transductional recipient was J53 and
selection was for TpR, high-level SmR, or TpR + high level SmR. Both

5

markers were readily transducible (10 7 per p.f.u.) but no co-trans-
duction was seen.

¢. Transformation — Plasmid DNA was prepared from J62-TnCl(R300B)
and used to transform E. colt C, selecting either for SmR or TpR.
Roughly 105 transformants were obtained on Sm, but none on Tp. This
last observation rulsd out the possibility that Tn7 preferentially
inserted into the Smi genes of R300B, which might have explained the {
results in a and b. ‘ \

It was concluded that TnT7 does not readily transpose to R300B.

5. Ability of TnT-generated mutants to revert

Screening of Tn7 derivatives of RP4 isolated as described in
: . s _ s -
section 3 above showed that about 4% were Km~, Tc~ or Tra™. That
these mutations were the result of Tn7 insertion was proved by showing
that TnT insertions giving a particwlar phenctypic change all clusted

in one region on the KP4 genetic map (Barth and Grinter, 1977). All
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Km™, Te~ and Tra~ derivatives of RP4 were tested for theilr ability to

revert as this would indicate that the mutszted genes had not heen
demaged by Ta7 insertion.
10 ml culturss of the mutants irn J53 were grown to latc log phase

(c. 109

cells/ml) in broth and concentrated tenfold by centrifugation.
The Tra~ cultures were mixed with equal volumes of similarly treated
C600 and left for 3 hours at 37°C before plating on minimal medium
selective for KmR C600.  The KmS or TCS cultures were plated on minimal
medium for J53 containing Km (25 ﬁg/ml) or Te (iO yg/ml).

None of the 12 strains with no detectable transfer described by
Barth et qZ., 1978, gave Tra™ revertants. The level of detection was
7_1 -

only 10 0 8, however, even assuming any revertants would have the

normal RP4 transfer frequency\of c. lO—3 per donor per hour. Reversion
at a high rate (10_6, say) to a phenotype conferring 10% of the normal
transfer frequency would not be detected.

The KmS and TCS derivatives tested for reversion were those.
described in Barth et al., 1978. 1In addition, two as yet unmarped TCS
derivatives, p§P85 and 86, were also screened. The results are given
in Table h.5.

Of the fifteen.strains tested, only three gave drug resistant

—lo"
/.

revertants at a detectable frequency (i.e. > 10 Several differ-

ences are apparent between the revertible mutants whein the reversicn
. . S
frequencies and nature of the revertants are comparsd. pRPE3(Km™ )

R =T 4 2 3 s
reverted to confer Xm at a rate (10 ') betiween 107 and 10~ tines
higher than that of the cther two revertible mutants (pRP8L and 88,

S S . . ,
Xm~ and Te  respectively). Alsc, revertants of pRP83(pRP331-pEP336)
. R, R . s
anc pRP88(pRPE81-pRPA82) retained the Tp Sm of TnT in addition to the

markers of RPLh. Of the four revertants of pRP84(pRPBL1-pRPBLY),

howaver, only one (pRP841) conferred this phenotype, the remaindsr



Table 4.5. Reversion of Tn7 derivatives of RP4 conferring either K> or Tco

Plasmia! Phenotype Reversion frequency Resistance pattern of revertants Resistance pattern transferred
: by revertants

-16-

PRP33 Ko < 10710 - -
paPL8 n < 10720 - -

| pRPES . K <1071 ' - -
pRP83 _ " c 1077 (ApTcKmTpSm)R—pRP831-836 (ApTeknTpSm) T
pRPBL . " 4 x 10710 ( ApTcKnTpSm) “-prP8UL | (ApTckm)®

(ApTcKm)R-pRP8L2-8LL (ApTcKm)

PRP25 . TS < 10710 - -
pRP6L " < 10710 - -
pPRPTO " < 10710 - -
pRPT1 " < 10710 - - -
DRPTZ " < 10710 _
DRET3 " < 10710 - ‘ -
pEPBS " < 10710 - i
pAP8E " < 10719 - -
pPAPST " < 10710 - -
HRPBA " 2 x 10 %0 (ApTcKmTpSm) *-pRP8B1 & 882 (ApTcKmTpSm )T
Reversion frequency was measured as described in the text. Drug resistant colonies were purified on selective medium and

.

thelr resistance pattern checked with Multodises (Oxoid). They were subsequently transferred to W311OT~ by plate meting,
selecting for ampicillin transfer, purified selectively, and retested for drug resistance pattern by Multodisc and ditch tests.

1 These are described in Barth and Grinter, 1977 and Barth et al., 1978, except for pRP85 .and 86 (see text).



Plazmid Molecular weight (Md.) -
PRP33 42.1
pRP48 44,1
PRP65 44,1
PRPE3 44.6
PRP84 43.6
PRP25 43.0
PRP64 43.6
PRP70 43.9
pRP71 44.1
PRP72 44,2
PRP73 44.4
PRP85 ?
PRP86 ?
PRP87 42.7
PRP88 44.5

Data from Barth and Grinter, 1977 and Barth et al, 1978.



conferring (ATK)R only.

To check thet reverslon was associated witk a change in the
plasmid rather than a host mﬁtation, &1l the revertant clones were
plate-mated with W3il0T™, selecting for ampicillin resistance transfer.
Exconjugants were purified and retested for their antibiotic resistance
pattern.  All the revertants of pRP83 and pRP88 transferred ali their
resistances together, whereas pRPB41 failed to trensfer the markers of
Tn7. This is consistent with the revertants of pRP83 and pRP88 having
undergone an internal transposition, Tn7 moving to a new site on the:
molecule and thereby relieving its effect on the éntibiotic resistance
gene near or in which it was originally inserted. Revertants of
pRP84, on the other hand, have all lost the transposon from the plasmid,
although in the case of pRP8L1 it has been retained by the chromosome.
This was confirmed directly. The site of Tn7 insertion in pRP831 was
mapped using restriction enzyme digestion and sucrose gradient analysis
of the fragments generated. TnT was found to have shifted from its
site at 23 Md on the RP4 map in pRP83 to a new position at 32 M4 in
pRP331 (Barth and Grin@er, 1978). Also, pRP8L1 was shown to be
indistinguishable from RP4 (Barth and Grinter, unpublished observations).’

The significance of these results is discussed later, together
with the finding that the ability of these strains to revert to a drug
resistant phenotype disappeared after repeated subculturing or storage

in stab.

6. Properties of Tn7 derivatives with deletions generated im vLEro
In a series of expériments to locate essential regions o? RP4,
restriction fragments were excised from Tn7 derivatives of RP4 (Barth
znd Grinter, 1977 and unpubiished data). Several plasmids were thus
reated in which TnT had suffered_deletions or rearrangements, and these

are shown in Figure 4.1.



Figure 4.1: Restriction maps of Tn7 and derivatives which have deletions

TnT is shown at the top with wvertical lines indicating cut sites
for restriction enzymes EcoR1(E), HindIII(H) and BawH1(B). The
co-ordinates of these sites are showﬁ in Md. on the next line. The
various deletions are shown by dolted lines and the names of the plasmids

carrying them are given on the right hand side together with their con-

ferred phenotypes. The (TpSm)R determinants lie to the left of the

PooRl site, in the first 2.7 Md. The map of Tn7 is from Richards, 1978.

PRP221, 222 and 31} all have the same segment missing from Tn7.

In pRP221 (see Farth and Grinter, 1977) the two ends of the trans-
poson are separzied and the orientation of the right hand end
reversed. In pRP222 the ends have been brought back togetber in
their normal orientation. pRP311 is like pRP221 except the ends
are not so widely separated.
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pRP23(ApTcKmTpSm)R
{(+ve control)

DRP201 (ApTcKmTpsm)
pRP2211(ApTchSm)RKm
prP222L (ApTcKmTpsm)®
pRP30L (ApTo) (KmTpSm)®
pRP3111(ApTchSm)RKmS
pRP261 (ApTchSm)RKmS

S

Figure 4.1 : Restriction maps of Tn7

and derivatives which have deletions.




The derivatives of Tn7 were tested for their ability to transpose

. . . . 5.8
(except for pRP301 which is Tp Sm

}.  The methed was tc introduce a
plasmid incompatible with RPL and look for stable retention of TpR; if
found it would indicate that the IpR wes transposed from its RP4 vector.
pRP301 could not be so tested; instead it was tested for ability t§
accept a new copy of TnT.

Each ?lasmid with its TnT7-deletion was transferred to W311lOrecd
(HH27) by plate mating, selecting for el PRP23 was included as a
positive control. (pRP301 was trénsferred to WBllOrecA«Tn?. RPL acted

. .
as a positive control in this case). Transconjugant clones were
purified selectively, their drug resistance paitern checked by Multodisk,
and their U.V. sensitivity compared with W3110T~ and W311O0recA.

(pRP301)W3110recA-TnT w;é crossed with J53-2, selectingAfor
transfer of either TpR or TCR. It behaved indistinguishably from
(RPL)W3110recA~TnT7 in that TpR was transferred to J53-2 at a frequency
of 10_6 per donor per hour, and there was roughly one TpR transconjugant
for every lO3 which were TcR. Thus pRP301 is as good a recipient of
Tn7 as RP4, and hence the presence of the tail end of TnT carried by
PRP301 (from 5.8-9.0 Md, Fig. 4.1) does not inhibit transposition.

R1033(IncP) was transferred into thé W3110reel isolates carrying
the other derivatives of Tn7, selecting for the trausfer of chloram-
phenicol resistance (CmR) and simultaneously for the retention of TpR
from Tn7. Transconjugants were purified on this double selection and
éhen repurified twice more on drug-free medium to allow incompatible //
plasmids to segregate. 20 colonies from each cross were then tested/
for resistance to Cm and Tp. The results are shown in Table L4.6(a).

Apart from the control, pRPZ23, only piP201 and pRP311 gave

colonies resistant to both Cm and Tp (1/20 in both cases). These

doubly resistant cclonies and one -from the pRP23 control were purified



Table 4.6 (a). Resistance patterns observed after release of double selection

Resistance patterns after non-selective purifications

Plasmid double in W311l0 recd ¢pRCmB TpSCmB TpRCmS
(pRP23) (R1033) +ve control 20/20 0/20 0/20
(pRP201) (RLO33) 1/20 1k4/20 5/20
(pRP22l)(RlO33) 0/20 10/20 10/20
(pRP222) (R1033) A 0/20 . 20/20 0/20
{(pRP311) (R1033) 1/20 17/20 2/20
{pRP261) (R1033) 0/20 13/20 T/20 . |

v
Strains containing R1033 and the incompatible TnT7 derivative of RPL were constructed as described in the text.

.Selection for both plasmids was maintained during a purification step and then released for two subsequent
purifications. Twenty colonies from each purification were then tested on antibiotic ditch plates.

~Z0T~

Table 4.6 (b). Resistance patterns after further selective and non-selective growth

Resistance pattern after growth on:

Plasmid double in W311l0 recA chloramphenicol trimethoprim nutrient medium, no selection
: R

(pRP23) (R1033) +ve control L/h TpRCmR h/h TpRCmB ' L/h Tp CﬂR

(pRP201) (R1033) L/4  TpoC h/u Tp C L/L Tp Ra

(pRP311) (R1033) i WpRPER b /4 TpRCER h/4 TprER

The (TpCm)R colony from (pRP201)(R1033) and that from (pRP311)(R1033) - see Table 4.6 (a) - were purified on
Cm, Tp or nutrient medium without selection. A colony from the control was also included. 4 colonies from
each purification were ditch-tested as above.
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again on lysed blood mediuw containing Cm cr Tp, or on drug-free
nutrient agar. Colonies from each purification wera then re-tested
for CmR and TpR. The results are shown in Table 4.6(b). As
expected, the control was stably resisvant to both antibiotics,
indicating that Tn7 had transposed either to R1032 or the bacterial
chromosome.  All colonies derived from the one originally harbouring
R1033 and the TpR from pRP20l, however, have now lost either CmR or
TpR, showing that the resistances were present on separate plasmids
and that transposition had not taken place. In contrast, there was’
no segregation of resistances observed after purification of the colony
carrying R1033 and the TpR from pRP311. Transposition thus appeared
to have taken place. .

Three colonies in which "transposition" from pRP311 had occurred
were tested and found to be resistant to ApTeCmGmSuTpSm i.e. they had
all the resistances conféfred by pRP311l and R1033 except that they
were Kms. Six colonies were also checked f@r U.V. sensitivity. All
were sensitive. These colonies éll transferred their resistances
en bloc, regardless of whether selection was initially for CmR or TpR.
It therefore appears that transposition of TpSmR has taken place at low
frequency from pRP311 to the KmR gene of §1033. Tnis is an unexpected
result because pRP221 and 222 have both lost the same segment of TnY %s
pRP311 and neither transposes. |

Thus, in the absence of molecular analysis, the nature of the

'

’ /
TpRSmRKmS derivative of R1033 remains indeterminate. It couléd be the
/

result of a bizarre, recA independent fusion between pRP311 and R1033¥
None of the other deletion derivatives of Tn7 transposed. pRP261

lacks the right-hand end of the transpocson, but pRF201, 221 and 222 have

lost material only from the central region cf the transposon showing

that, as with Tn3, (Gill et al., 1978) it codes for functions necessary
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for transposition. £lsa, the obgservetion that pRF301 can readily
accept a further copy of TnT shows that ony genes which may prevent
two copies of Tn7 entering the same plasmid (analcgous to nh,

Robinson et ai., %77} are not presert in the region from 5.8 Md to

the right-hand end of the transposon.

7. The importance of hest-coded functions in transposition

It was originally reported that TnA(Tnl) transposition was recA
dependent (Hedges and Jacob, 19Th).  Subsequent work (Heffron et al.,
1977) showed this was not the case. Repeating thc earlier work,
however, confirmed that Tnl transposifion was undetectable in the recd
strain AB2463 (R. W. Hedges, unpublished data), suggesting that a
mutation in this strain prevented transposition. The following
experiment was carried out tg\test the effect of the host strain on
Tn'7 trsnsposition.

P1 lysates were prepared from (RPL)J62 and J62-TnCl and used to
transduce several different host strains (see Table 4.7). Selection
was for TcR(RPh) or TpR(TnY from J62-TnCl). .The lysate from the
plasmid-bearing strain was included to show that a2ll the reciplents
were Pl transducible.

The results show that all the.recipients were readily trensduced
by the lysate from (RPL)J62 at roughly the same frequency (Table L.T).
There were wide variations in the abilities of these strains to act as
recipients for TnT, however. In AB115T7(recA™ AB2LS ), trimethoprim

resistant transductants vere readily detectable, but at & much reduced

.frequency as compared with W3110T . They are probably due to homoXo-

. . . ' . . - R
gous recombination because in the recd derivatives cf AB112T7 no Tp
. 5 - R, .
transductants were detected. In contrast, Tp transductants were
readily detectable in the other reed strain, AB1553.

The results show that transposition is reduced by a factor of



Pl donor

(RPL)J62

J62-TnCl -

(rPh)J62
J62-TnCl -

(RPL)S62

J62-TnC1

{RPL)JEL
J62-TnCL

The transductions were at a multiplicity of infection between 0.1 and 0.2.

Pl transduction of RPY and Tn7 to various recipients

Recipient

W3110T~
W31101T™

4¢1553

" 1553

AB1157
ABL1157T

AD2463
ABR2L63

ARZLET
AB2U8T

Relevant genotype

recA™

recd+

reci

rech

AB2L463recA™
AR2463recAt

reci

reci

AB2UG3 thy
AB2LE3 thy

TcR
TpR

TcR
TpR

Tc
Tp

Linp

ic

TpR

yd

Selected marker

L

Transduction frequency per p.i.u. x 10

30
5LQ

10
10

-

56
27

Selection was on minimal medium containing the

relevant growth requirements plus Tc(10 ug/ml) or Tp(i0 ug/ml except for W3110T™ and AB2LBT which both require thymine - =

trimethoprim antagonist-—~ and therefore 100 ug/ml of Tp was used).

colonies in all cases.,

Controls omitting the phage were carried out and gsve no

-$0T-



~106-

roving that host functions
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Summary of Results

1. TnT7 was shown to have a unique or highly preferred site of
insertion between dnad and 72v on the E. coli K12 chrcmosome. The
size of the inserted DNA was about 9.8 Md.

2. The frequency of TnT transposition from the E. coli chromosome

4

to RPM was 5 % 10
3. T™n7 doess not readily transpose to RR00B.

I, Most mutants caused by Tn7 insertion do not revert at debect~

able frequencies.

5. The central region of TnT codes for functions essential for

N

transposition.

6. It was shown that host funciions are necessary for TnT trans-—

~

position.
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Specificity ¢f Tn7 ingerticn in the chromoscme.  The precise

site of insertion cannot be determined from the data in Teble b.3 for
several reasons:

1. Reciprocal crosses involving TpR and I1v' give co-transuction
frequencies differing by 14%. The reason for this may be that packaging
of chromosomzl DNA by Pl is initiated at specific sites. This question
is discussed by Bachman et al., 1976, and this thesis, Chapter 6.

2. It is not known if selection for trimethoprim resistance
demands the inclusion of the complete transposon in a transducing
particle. If so, this would bilas any estimate of the site of insertion
towards the gene (dnad or 7Zlv) to which the transposon was nearer.

3. If the entire transpoéon is carricd by a transducing particle,
when introduced into a new host i1t may well insert into the recipient's
chromosome more efficienﬁly than any chromosomal genes carried on the
same DNA fragment.

These factors ccmplicate interpretation of the transduction data.
However, the site of Tn7 insertion is definitely between dnad and <lv
and it is within this region that the origin of chromoscmal replication
is now believed to be (Fayet and Louarn,1977; Marsh, 1978).

It is unlikely that Tn7 has a réquirement for a specific sequence
at the site of insertion because it inserts into RPY4 at at least LO
sites (Barth and Grinter, 1977; Barth et al., 1978). Tn7 inserts
into the chromoscme very readily indeed, (Datta and Hedges, 1973a;

Hedges ané Datta, 1973; | Datta and Barth, 1976) and it could ﬁe that,
analogous to A, it has an "attachment site" at which it preferentially
inserts but, in the absence of this site, it can insert at a reduced

freguency at many other csites (Enqpist and Weisberg, 1977).  Another

possibility is that TuT inserts near the origin of replication because
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this region is pressnt in most copies per cell at any given time. it
this is true for Tn7, however, it has nct beea shown to he true for any

other transposon. ' .

~—

{ insertion.

=

Two experiments might qlarilj the specificity of Tn
Firstly, the site of inserticn could be precisely mapped by heteroduplex
analysis of Tn7 derivatives of F's carrying the chromosomal origin.
Secondly, the specifTicity of insertion could be stﬁdied in integratively
suppressed strains, the chromosomes of whicnh are replicating from an
origin on a plasmid inserted at a known site. Tais could te either in

the presence or absence (by deletion) of the normel chromosomal origin.

Specificity of Tn7 insertion into plasmids.  For any transposon

to insert into a plasmid, there must be suitable and accessible sites

on that plasmid, and insertigﬁ must not inactivate any essential plasmid
functions. Tn7 insertion into RP4 is not random and most regions in
which insertions have not been detected probably contain essential genes
(Barth and Grinter, 1977 and unpublished data). The exception to this
is the Tnl region of RPL, No Tn7 insertions have been detected here
whereas for Tn501 there seem to be hot spots for insertion within this
region (Grinstead et al., 1978). Cleariy different transposons have
different specificities.

The failure to obtain Tn7 derivatives of R300B is probably due to
lack of suitable sites on the plasmid. Tn3 transposes readily to
RSF1010, a plasmid indistinguishable from R300B, a2t 2 minimum of 20
sites (Heffron et al., 1977a) and R300B can accept two transposons
determining KmR (Tn5 and Tn711l, Richards, 1678). Therefors, R%COB can

/
act as a transposon recipient. Failure of Tn7 to transpose to R300B
might be thought due to the large size of the transposon (9 Md) in
relation to the plasmid (5.7 Md). However, Heffron et al., 1977,

have obtained Tn3(3.2 Md) derivatives of plasmid pipd (1.8 Md).
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Whatever determines the specificity of insertion will probably

G

only be revealed by DNA sequencing of large numbers of insertion sites,
Where such work hasbbeen undertaken for ISL (Grindley, 1978; Calosv

et al., 1978), no ohvious relationship was discovered between the
different insertion sites, althcugh insertion may be at some distance
from the recognition site. Alternatively, it may be a feature of the
three dimensional structure of the DNA which is recognised, rather than
any particular sequence.,

Reversion of antibiotic sensitive Tn7 derivatives of RPL.  12/15

Kms or TcS RP4L-Tn7 plasmids gave no reversign to a drug resistant pheno-
[Tl 451,
type at detectable frequency (> 10—10)) Failure to revert may indicate
that the inactivated gene has been damaged in some way by the insertion
and this is consistent with éﬁe observation that the vast majority of
Tn7 derivatives of RP4 have a molecular weight less than the expected.
45 Md (RP4 — 36 Md + Tn7 - 9 Ma). Of W7 plasmids examined, only 3 had
a molecular weight >-45 Md. The remainder had suffered deletiéns,
detectable by sucrose gradient analysis, of up to 3 Md (Barth and
Grinter, 1977; Barth et al., 1978). In one case, the deletion has
been shown to be at the site of insertion, and to involve only RPL bNA
(G. Engler, M. van Montagu and J. Schell, personal communication).
Consequently, those TcS and KmS plasmids which do not revert msy have
undergone such a deletion.

The three clones which were capable of reversion could either

=

have suffered no deletion on insertion of TnT into the affected gene, /

/
. . . . . . !
or be polar mubations resulting from an insertion adjacent to but not
in the drug resistance gene. Reversion in the former case reguires
precise excision of the transposon. In the latter case, polarity

would be relieved by any deletion which removed signals on Tn7 Termina-

ting transcription. pRPS3 which reverted at high frequency compared
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to the other two revertible mutants may have been such a polar

mutation.
Reversion could be accompanied by loss cf the traunsposon
(pRP8U2-8LL) or by its moving to another site on RP: (pRPB31). [:It

is not possible to say in the one case (pRP841) whers TnT was retained
by the chromosome whether deletion of the transposzon was accompanied

by transposition to the chromosome or if this had cccurred beforehand.:
Molecular analysis of one plasmia which had lost TnT(pRP8L1l) showed it
to be indistinguishable from RPL.

Precise and imprecise excision have been reported for TnlO, But
neither event leads to transposition elsewhere (Botsteir and Kleckner,
1977). In contrast, polar mutations caused by Tnl can revert, often

N :
accompanied by transposition to a new site on the plasmid (Hernalsteens
et al., 1977). TnT excision, therefore, more closely resembles that of
Tnl and is not necessarily accompained by the loss of the donor replicon.

Reversion was at a much lower frequency than zcquision of Tn7 by
RP4 and thus the excision of TnT which seems to accompany reversion is
probably not a stage in normal transposition.

The loss of revertability by pRP83, 8i zand 88 after subculturing
or storage may be due to deletions being formed in RPh after the inser-—
tion of Tn7. In this respect Tn7 resembles TniC which can generate a
variety of post—insertional deletions (Ross et al., 1979). The dis-
tinction tetween deletions formed on insertion or as a subsequent
event is not a clesr one. TniO insertions causing gene inactivation
are almost always revertible, showing that no material is dele?éd from

the recipient as a consequence of insertion (Foster, 1977).  Post-

3—10")*, .

insertional deletions can be detected et a frequency of 10
however (Ross et al., 1979). The behaviour cf TnT could be explained

£ its inserbtion was '"clean', like TnlO, buh subsequently deleticns

e
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were formed at a much higher [reguency.

part from its unique or highly

>

Mechanism of transposition.

preferred chromcsomal site, Tn7 has no known properties not showa by

(85}

other transposalbe cequences. As suggested above, its specificity of
insertioh into the chromosome may be analogous to A attachment.  Its
specificity of insertion into other plasmids may also be characteristic,
although insufficient dataare available. In its remaining propsriies,
Tn7 differs only qualitatively from other transposons. However, no
transposon shares all the éther pfoperties of TnT, and no transposons -
conferring distinguishable phenotypes have been shown to behave
identically, suggesting that different mechanisms are operating.

.Many of the properties of transposons may depend upon the nature
of the repeated DNA sequence;\at thelr ends. Several distinguishablg
types have been reported (see Kleckner, 1977). Also, differences
between transposon-coded properties (Gill et al., 1978) may affect £he
frequency and specificity etc. of transposition as well as determining
a variety of transposition mechanisms.

The role of the repeated sequences at the ends of transposons
could be determined by bracketing identifiable but non-trausposing
genes with insertion sequenées or the ends of a transposon. In vivo
or in vitro techniques could be employed and the constructs compared |
with naturally occurring transposons. H. Saedler has already begun i
such work (Calos et al., 1978).

-

Proteins encoded by TnR have heen

jio
1.

dentified in minicells and /

. /
their functions studied by complementation betwzen deletion mutants '
mapping at different sites in the central region of the transposcn
(Dougan et al., msnuscript in preparation; €ill et al., 1978). This

work could be extended to.other transposons, and complementation

between different transposons studied.



The complementation studies have already ldentified a trans-acting
reprassor ¢f Tn3 transposition, and Robinson et ¢l. have identified a
cis—actiné function vwhich prevents a plasmid acquiring more than one
copy of the same tronsposon. If such Tunctions are present on all
transposons, they could be put into groups having common susceptibility
to these functions.

Finally, the role of host functions in transposition and related>
events has to be elucidated. Nevers and Saedler, 1977, found a mutation
affecting IS1 deletion formation (but not excision), and a chromosomal
mutation affects transposition by Tnl and Tn7 (this chapter). These
mutations must be mapped, their effects on other transposable sequences
studied, and cther mutants isolated in order to characterise the role of

\\

the host in transposition.



CHAPTER §

PLASMIDS AS VECTORS FOR CHROMOSOMAL GENES
Abstract

In this chapter the prdéperties of recombinent plasmids generated
v vive and im vitro are examined. Hybrid plasmids were generated by
the 4n vitro insertion of a particular restriction fragument of bacteric-
phage A DNA into the HindIII cut site on RP4. In some of these plasmids
the inserted A DNA also carries the irnsertion sequence IS1. Comparison
of the chromosomal mobilisation frequencies of these plasmids in aif-
ferent genetic backgrounds allowed the relative contributions of Iél,
the recd gene and extensive DNA homology with the bacterial chromosome
to be studied. An R' generazed in vivo was also characterised. This
plasmid carries arg genes ffom\the Pseudomnonas chromoéome which are
expressed in E. colt. Using P1 transduction, the site of imserticn of

Pseudomonas DNA on the plasmid was localised and the existence of a

Pseudomonas regulatory gene inferred.

«
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Introduction

The F (fertility) factor was discovered through its ability to
mobilise the E. colt chromoséme (Lederberg and Tatum, 1946).  Sub-
sequent characterisation (Hayes, 1953, zhowed it to be an autcnomous
repliccn which was transmissible at high freguency, transfer cf the
chromosome being a much rarer event associated with carriage of F.

It became clear that F could exist in a variety of interchangeable
states; either autonomous (F¥), integrated into the chromosome (Hfr),
or, after imprecise excision from the Hfr state, as an F' (F-prime)
carrying some chromosomal genes. Each state has its own character;
istic mode of chromosome transfer, and all have been invaluable in
constructing the genetic map\of E. coli (for reviews, see Low, 1972
and Bachman et al., 1976). )

In the F* state, chromosomal markers are transferred gquite
randomly at a uniformly low (].O-6 per donor) frequency, while an Hfr
transfers genes in a fixed order from a particular origin and with a
gradient of transmission frequencies from lOO to lO_6 depending on the .
nearness of the gene to the origin of transfer (Jacob and Wollman, 1961).
The order of gene transfer is constant for any one Hfr, but many Hfr
strains are known having differing origins and orders of transfer.
However, the sequences of gene transfer by all Hfrs proved to be circuler
permutations of a single sequence, establishing the circularity of the
chromosome map. When an F' transfers chromoscme, it does so from a
fixed origin and with a transmission gradient like an Hfr, but the
transfer frequency is infermediate between that of F¥ and an Hﬁ%.

One further distinction between F¥, Hfr and F' mediated transfer
of chromosbme is that the pfoducts of such crosses involving Ft or F'
are generally fertile, while those from an Hfr cross are rot.

Much work has been done on the genetics of F* transfer (Achtman
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et al., 1972) and on the properties

\

~and Wollman (1661) provosed that the Ffertility of @

entirely dus to the

that F's integrated into the chromosone by
become donors (Pittard and Adelberg, 1963;

It was also found that in the formation of

formation of stable Hfr clones and it was

of ¥, F' and Ifr strzin

48]
.

ot

cultures
suggested
reciprocal recombination to

Y
(8493

Scaife Gross, 1963).

¥'s from an Hfr those extra

genes carried on the F' were deleted from the chromosome and furthermore

that such strains (primary F's) are
some than an Ft strain (Pittard and
A model suggested by Campbell

tion of episomes in general results

no better at mebilising the chromo-
Ramakrishnan, 1964).

(1961) postulated that the integra-

froem a single reciprocal recombina~

tion event between the circular episome DNA molecule and the circular

\

bacterial chromosome.

Tt became widely assumed that such a

recombina—

tion event between transmissible plasmids and the chromosome was &

prerequisite for chromosome transfer.

Clowes and Moody (1966) .showed

that the chromosome mobilisation frequencies of F+ and F' were both

reduced to the same level in a recd strain.

1969) confirmed this and showed the recB and recl genes

slightly, if at all, involved.

Clearly, then, recombination via the recd pathway is

the formation of chromosome donors.

Later work (Wilkins,

4

*

o be only

important in

l

However, chromosome transfer by

F and F' is not zbolished in an reed strain, and the residual transfer

is not thought to be

Hayes, 1972). Alsc it was claimed
of an Ft culture can
clones (Broda, 1967;
be that there is, in addition
transient association between

reversible intermediate stage

due to leakiness of
bte accounted for by
Curtiss and Renshaw, 1965 and 1969}.

to the stably Integrated Hfr

in Hfr formation) which is

the recd mutation (Moody and
only 10 to 20% of the fertil%ty

that
the formation of stable Hfr

Thus it may

tate, a more

[¢7]

vlasmid and chromosome (or possibly a

responsivle at
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T and F

least in part for chromosome mebilisation by strains. Work
by Evenchik et gl. (1969) on the stimulation of chromcsome transfer by
low doses of ultraviolet light led them to postulate such an associa—
tion. This was reicerated by Moody and Hayes {1972).

The rec/ pathway is not essential for mobilisation by F, or for
Hfr formation, and therefore an "illigitimate' recombination event not
requiring extensive DNA homology or a functional recid gene may be
iﬁvolved. [:However, when an F' integrates inte the chromosome of &

.

recid mutant to form an Hfr, it does so at the site of plasmid-chromosom
homology (DeVries and Maas, l971):|.

Evidence for such illegitimate recombinatvions came with the
introduction of the heterodup;ex technique (Davis and Davidson, 1968;
Westmorland e+ al., 1969). ;his gllowed wvisualisation of a certailn
class of mutants first described by Lederberg (1960) and led to the
discovery of genetic eleménts known as insertion sequences or ISs.

[ ISs are discussed more fully in Chapter L. For a revievw see
Starlinger and Saedler, 1976:|. ISs are capable of illegitimate, recd
independent recombinations (Reif and Saedier, 1975; Starlinger and
Saedler, 1976) and so far five classes have been designated (IS1-IS5

Szybalski, 1977). Multiple copies of IS1 and IS2 have been detected

in the E. c¢oli chromosome (8 and 5 appreximately, Saedler and Heiss,

19733 . Heteroduplex analysis of F's {(Hu et al., 1975a and b) showed

them to contain copies of IS1 and IS2 and that IS2 was involved in Hfr
/

. o - . /
ases. This fellowed eariler genelic ;
;

24

1

formation, at least in some

{
-

(Broda et al., 1972) and molecular (Sharp et al., 1972) work demon-
strating that there were different sites on F at which it could inte-
grate into the chromosome. Subsequent studies have confirmed the
involvement of insertion sequences on F in Hfr and F' formation, (see

Ohtsube and Ohtsubo, 1G77) althougn the mechanisms ere only beginning
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to be understood.

Because the [ Tactor has a limitad host range (Datta and Hedges,
1972) it could not be used to elucidate the genetic map of other
bacterial genera as it had béen in E. coli. The search for suitable
alternatives among R plasmids was often unsuccessful. With the advent
of restriction enzyme technology, however, the possibility arose of
engineering such plasmids Zn vitro.  Plasmid RP4 (IncP) seemed particu-
larly suitable for this because of its extraordinarily wide host range
(Datta et al., 1971; Datta and Hedges, 1972; Olsen and Shipley, 19%3)
and because, in spite of its size (36 Md}), it has only a single site
for the restriction enzyme Fecorl (Jacob and Grinter, 1975). However,
R' plasmids made from RPL and\éither Proteus mirabilis or Rhizobium
leguminosarum chromosomal DNA, failed tc mebilise the chromosome in
those organisms above the very low frequency of mobilisation brought
about by RP4 itself (Jacob et al., 1976). The authors inferred that
mobilisation needed both insertion sequences and DNA homology, and the
probable lack of ISs associated with the inserted DNA on the hybrid
plasmids accounted for thelr failure to act as sex factors. This was
supported when R68.44 and R68.45 (two derivatives of R68 - a P-group
plasmid very similar to RP4 - which have enhanced chromosome donor
abilities in Pseudomonas aeruginosa) were shown to differ from the
parent plasmid consistently with their having acquired & DNA fragment
similar in size to an insertion sequernce (Jacob et al., 1577).

The inserticn of E. c¢oli chromosomal DNA into RP4 (Barth,‘l979)
produced plasmids which were good mobilisers of the E. coli chfgmosome
and behaved analogously to F's. Since the hybrids contained only
short chromosomal sequenées (2.3 to 8.5 Md.), it seemed improbable
they had 21l aecguired lnsertion sequences. Thus it seems that the

requirements Tor chromosome mobilisation differ between bacterilal



Tabla 5.1,

Plasmid

RPM
RPL

RPL
RPL-pPM1!
RPL-R11%
R68.453
R68.45

R68.45

Chromosome mobilisation in various bacterial genera

Strain

P. aeruginosa

R. leguminosarum
R. meliloti

A. - ecalcoaceticus
E. colt

P. mirabilss

P. mirabilis

R, leguminosarum
D. aeruginosa

R. leguminosarum
R, melilott

E. colt

P. mirabilis

P. mirabilis

ha—

Nature of chromosomal
transfer

Almost undetectable
Undetectable
Random (multiple origins)

Polarised. At least 2
origins

Almost undetectable

Almost undetectable

Almost undetectable
Almost undetectable
Random (multiple origins)

Random {multiple origins)

Random (multiple origins)

Promotes chromosome
transfer

Undetectable

Random (multiple origins)

Size of trans-
ferred chromo-—
somal DNA

Large

Probably large

Not tested

Small

Up to 1/7 of
chromosome

Large

Not tested

Small

Fate of plasmid after.
mobilisation

Not tested
Frequently wholly lost

~

//
“Not tested

Partly or wholly lost

. +
95% of recombinants R

Partly or wholly lost
in 10~85% of recom—
binants

Not tested

Inherited unaltered

References

Stanisich and Holloway (1971)

~ Beringer (197h)

Meade and Signer (1977

)
Towner and Vivian (1976a and b,

1977)

Watson and Scaife (1977);
Boucher et al. (1S77)

(197¢)
Jacob et al. (1976)
Jacob et al. (1976)
Haas and Holloway (1976)

Jacob et al.

Beringer and Holloway (1976);
Beringer et al. {1978)

Meade and Signer (1977);
Kondorosi et af. (1977)

Beringer and Hopwood (1976)

Coetzee (1978a)
Coetzee (1978a)

QTT-



Table 5.1 Continued. Chromosome mobilisation in various bacterial genera

Nature of chromosomal Size of trans-

Fate of plasmid after

AT T~

-~
[

-—

transfer ferred chromo- mobilisation
Plasmid Strain somal DNA References
RlacRldrdl19°  P. mirabilis Polarised < 10! Inherited unaltered Coetzee (1978b)
R1 E. colt Polarised Large Generally inherited Pearce and Meynell {(1968)
‘ unaltered

TB216 E. coli Polarised Large Inkerited unaltered Barth (1979)
1Y)
pTB516 E. coli - Polarised Large Igherited unaltered Barth (1979)

1 ‘An R' generated in vitro consisting of RP4 and inserted Proteus mirabilis chromosomal DNA.

and
5 An R' pgenerated in vitro cousisting of RPU/ inserted Rhilzobium leguminosarum chromosomal DNA.

A derivative of R68 [ IncP, very similar to RP4 (M. Van Montagu, personal communication) | with enhanced chromosome mobilising
ability in Pseudomonas possibly resulting from the acquisition of an insertion sequence (Jacob et «l., 1977) .

(6]

IncP-1 in Pseudomonas (equivalent to IncP in E. coli). Confers kanamycin resistance.

Molecular weight 40 Md.
5 Recombinant between P-lac and Rldrdl9 isolated by a transductional technique (Coetzee, 197h).

6 R's generated im vitro consisting of RP4 and inserted E. coli chrcmosomal DNA.



genera. Table 5.1 attempts to summarise findings on chromoscmal

ion using =& veriety of plasmid

i

{

in several genera. No clear
pattern emerges and it suggests that, like conjugation itsszlf, chromo-
some transfer is a widespread phenomenon but it may be highly adapted
to the genus in which it is taking place.

In the experimental work described below, the prcblem of chromo-—
some mobilisation was approached from two directions. Firstly, using
in vitro genetic ménipulations, a test system was constructed to allow
the separate assessment of the importance in mobilisation of

i) extensive plasmid-chromosome homology
ii) the insertion sequence IS1

iii) the recA gene. N

Secondly, an R' formed in vivo\was characterised.

A, In vitro R's

RP4 was chosen for éhe in vitro studies for several reasons:

1) It has a single cut site for the restriction endonuclease
HindIII which occcurs within the gene coding for kanamycin resistance
(Barth and Grinter, 1977). Hence "insertional inactivation" of the
kanamycin resistance by any foreign DNA inserted at the HindIII site
makes the detection of hybrid plasmids very simple.

2) It does not contain IS1 or IS2 (Starlinger and Saedler, 1976).

3) It has already been used to make R's (Jacob et al., 1976;
Barth, 1979) with conflicting results as to their ability to mobilise
bacterial chromosomes.

4) The native plasmid mobilises the E. colz chromosome q# a
barely detectable frequency (see Table 5.1).

It would have been possible to get copies of insertion sequences into
RPL by in vivo techniques, but without control over the site or orien—

tztion of the insertion. A better method was to use & class of mutants
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of bacteriophage A first isclsted by Brachet et «l. (1970). These

no

were shown to contein TSL(ArlL) or IS2 (Ar32) by Fiandt et al. (1972).

As IS1 is not cut by FindITI (Szybalski, 1977), a HindIII digest of
Arll DNA will contain fragments wifh z:: intact copy of ISl which can be
ligated into a HiﬁdIII—generated linear RP4 molecule. A plasmid
created in this way, apart from carrying an insertion sequence, has
extensive homology with the chromosome of a strain lysogenic for A, but
none with a A-free strain. Thus the importance of homology and ISl to
mobilisation can be tested both separately and together in recd® and’

- recd strains.

B. In vive R'

R68.bhpargFl is a derivative of R68.4L4 (Hads and Holloway, 1976)

\ A
made by crossing Pseudomonas aeruginosa strain PACLTL(R68.4L) with

E. coli strain 4100, selecting for arginine independence. The recom—
binant plasmid obtained in this way was shown to have acquired & piece
of the Pseudomonas chromosome of $2.4 Mdal. The isolation and charac—
terisation of R68.4LpargF is described by Hedges and Jacob, 1977,except
it was then called R68.4UpargG. It has been renamed since it was
shown that E. col? strain 4100 is an argF and not argG mptant
(Nicolas Glandsdorff, personal commﬁnication). It has been shown
subsequently that R68.LLpargF alsc carries the Pseudomonas argG genes
(B. W. Holloway, personal communication; N. Glandsdorff, personal
communication).

The experimental work consisted of using Plke transduction to
"shorten the recombinant plasmid (Pittard and Adelberg, 1963). An
analysis of the various deletions produced allowed the site of insertion

of the Pseudomonas argF DNA into R68.LY approximately to be located.

1 Throughéut this chapter the nomenclature of the arginine genes
is that used for E. coli (Bachman et al., 1976).
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A. Experiments on in vitro genersted RP:-X hybrids

[.In this section the eight fragments produced by HindIIT digestion of
linear A DNA are numbered 1-8 in desceniing order of molecular weight,
as shown in Figure 5.1.:[

1. Formation of hybrids. The technique for restriction endo-

nuclease cleavage of DNA and subsequent ligation to form biologically

functional recombinant plasmid molecules was derived from Cohen et al.

(1973) and is described in Chapter 1. RPh4 is cut once by HindIII

(Barth and Grinter, 1977) and bacteriophage A DNAlat seven sites

(Robinson and Landy, 1977), while there are no cut sites for HZndIII on

ISl (Szybalski, 1977). A genetic and restriction map of A is showﬁ in

Figure 5.1. This also shows the site of iunsertion of IS1 in Arll which

is in HindIII fragment 3 (molecular weight 4.8 Md or 4.3 Md without IS1).
Two methods were adbpted to lncorporate A restriection

. fragments into RP4.  Firstly, A DNA was digested with JindIII and

the fragments separated by electrophoresis when the required pieces

cculd be eluted from the gel (Chapter 1) and ligated with HindIII

cut RPh. The recovery of material from the gel (as estimated by

adsorption at 260 nm) was good (60-80%) and the ligation done under

conditions described by Dugalczyk et al., l9f5, which should have .

meant that a quarter to one third of the covalently closed circular

(ccC) plasmid molecule recovered after ligation were recombinants;

After transformation with such ligated DNA, however, less than 1%

of the ampicillin resistént colonies contained a hybrid plasmi?‘.

[ detected by sensitivity to kanamycin caused by insertional

inactivation of the kanamycin resistance gene {Barth and Grinter,

1977) |.  The reason for the low yield of recombinants is not

known.  Possibly the extraction of restricted DNA from agcrose damages



Figure 5.1: Genetic and restriction map of bacteriophage A.

-72T~

The A genome is the horizontal liné/which is marked with the location of some phage genes.
Above it is the HindIII digestion pattern, and below it, that of EcoRI and BglII. The HindIII
fragments are numbered 1-8 in descending order of molecular weight. Data are from Robinson and
Landy, 1977 (}indIII sites); Thomes and Davis, 1975(EcoRl sites); Kamp et al., 1977 (BglII
sites); Echols and Murialdo, 1978 (gene location); Gottesman and Adhya, 1977 (IS1 position in

“Arld); K.Murray, personal communication (molecular weight of A).
L > P
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Fiqure 5.1 : Genetic and restriction map of bacteriophage A .
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the HindIII generated sticky ends; other work has shown this to be
unlikely (P. Bergouist, personal communication), Another possibility
is that the recombinants are unstable, or largely non-viable, or
somehow selected against by the transformation procedure.  None of
these seem likely because of the success in isolating the recombinants
by another approach (see below). The most probable explanstion is that
the source of ultra-violet radiation used to visualise the X fragments
after gel electrophoresis was too powerful and rendered the DNA bio-—
logically inactive. This possibility was not tested. This technigue
was used to make only the three RPL-X hybrids carfying the HindIIT
fragment 3 of X\ without IS1 (pHH6000-pHH6002, Table 5.2).

The remaining RP4-A hybrids were made by mixing RPL DNA with
Arll DNA, cutting with HZndIII and ligating. Concentrations were
adjusted to give a j:i ratio of 2 (Dugaiczyk et al., 1975) which meant
that about 30% of the RP4 CCC molecules recovered after ligation should
have contalned inserted ADNA. In fact after transformation with this
material about 10% of the ampicillin resistant colonies were kanamycin
sensitive indicating that they carried inserted DNA.

About 40 kanamycin sensitive clones isolated in this way were
subjected to electrophoresis using the single colony lysis technique
{Chapter 1). | Ten were selected which had plasmids of molecular weight
between 36 and 45 Mdal (data not presented) and plasmid DNA was pre-
pared from them by caesium chloride—ethidium bromide density gradient
centrifugation. Purified plasmid DNA was cut with HZndIII and run on
a horizontal gel against HindIII cut Arlk DNA as & standard. ?ne
rlasmid was found containing the ISl-carrying fragment {pHHE003, Table
5.2). Several plasmids-coﬂtained other A fragments, including pHH6015
which ~ontains fragment 2 carrying the A attachment site (Figure 5.1),

and some contained two inserted pieces. One of this lattsr category



Table 5.2. Plasmids constructed ium vitro
Plasmid V Method of _ HindIT1 fragmeni:(s) Orientstion’
construction? carried?

pﬂﬁéooo a ' 3(without Iél) A
pHH6001 ’ a 3(without IS1) B
pHHE002 a 3(without IS1) B
pHHE003 . b 3(+ IS1) A
PHHO0OY c 3(+ I81) A
PHHE005 c 3(+ 181) : ‘ A
pHI6006 ¢ 3(+ IS1) : B
PHHG00T c 3(+ IS1) A
PHH6008 c AN 3(+ I81) A
pHHE009 c 3(+ 1I81)" B
pHHG010 c 3(+ 181) A
pHHA011 c 3(+ IS1) B
PHHE015 b 2 -
pHHE020 b , 3(+ Isl) + 6 -

1 The methods used to construct the various plasmids were as follows:

a Ligation of H{ndIII cut RP4 with A HindIII fragment 3 (see
footnote 2) extracted from an agarose gel as described in
Chapter 1.

h

t=

igation of HimdIII cut RPY4 with HindIII cut X DNA.
¢ HindlII digestion and re-ligation of pHHA020.

2 The eight A fragments given by FindIII digestion are numbered 1-8
in descending order of molecular weight (see Figure 5.1y.

3 The meaning of orientation A and B is explained in the text and
Figure 5.2. - means orientation not determined.
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(pHH6020) had fragment 3 (including IS1) and fragment 6.

DNA from pHEG020 was HindIII digested, iligated and used for

transformation. 9% (10/116) of the ampicillin resistant transformants
were kanamycin sensi%ive. Eight of the ten were found to contain

only the inserted ISi-carrying A fragment (pHF6004-pHHE011, Table 5.2).

2. Orientation of the inserted A DNA. The ISl-carrying HindIII

fragment of Arili has an FcoRl cut site near one end (Figure 5.1). ISl
is not itself cut by FeoRl (Szybalski, 1977) and the single EcoRl site
on RP4 is situated 12.9 Md. away from the HindiII site (Barth and
Grinter, 1977);, Therefore, cutting the RPL4-X hybrids with EcoRl will
yvield two fragments whose relative sizes depend on the orientation of
the X H#indIII fragment 3 inserts (Figure 5.2). This also serves to
check that there is only a si;éle copy of the A fragment per plasmid,
as any extra copies would yield additional gel bands after EcoRl

digestion. The results are summarised in Table 5.2.

3. Chromosome mobilisation with the RPL~A hybrids. Seven plasmids

carrying A HindIIl fragment 3 were selected. These included the three
(pHH6000-6002) which have inserted ADNA only (no IS1) and four others
(pHHG6003, 600k, 6009 and 6011) which in addition carry IS1.  pHH6000,
6003 and 6004 have the inserted material in orientation A, and the rest

have it in orientation B (Figure 5.2). Also used was pHH6015 which "

|
i

carries the )\ attachment region on A HindIII fragment 2.  HindIII and
EcoRl digests of these plasmids after gel electrophoresis are shown in
Plates 5.1 and 5.2.

The plasmids were transferred by plate matings into W3110T~,
W3110T7()), W31iOreecd or W311Crec4A(X) using tetracycline selection.
Transconjugants were purified on selective medium and tested for anti-
biotic resistance pattern, nutritional requirements, A immunity/

sensitivity and uliraviolet sensitivity/resistance.
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Figure 5.2: Orientation of the )\ HindIII fragment 3 inserted into RPL

The/outer cirecle in both diagrams represents the plasmid DNA
molecule with the ihserted XA DNA shown as thickly-drawn regions between
the two HindIII cut sites. Mclecular weights of the various sections
are shown in Megadaltons (Ma) inside the inner circle.  EcoRl cleaves
the h{é Md A insert into 1.5 and 3.3 Md pieces, with ISl carried on the
1.5 Md piece. RPL itself is cut once by EcoRl, 12.9 M@ from the

indIII site. FEcoRLl digestion of the plasmids yielés the following
fragments:

orientation A - 26.4 and 1k.L Md.

orientation B - 2L4.6 and 16.2 Md.
" Ir 187 (0.5 Ma) is not on the inserced A DNA, the fragments after EcoRl
digestion are:

orientation A - 26.k4 and\13.9 Md.

orientation B - 2h.1 and 16.2 Md.
Hence the two orientations are distinguishable by agarose gel electro-
phoreéis of the fragments of plasmid DNA generated by EcoRl digestion.
Data are from Rebinsenand Lendy, 1977 (#indIIl sites on A DWA); Barth
and Crinter, 19,07 {rmolecular weight of RP4 and position of HindIII and
EcoRl sites) and Fiandt =2t at., 1972 (molecular weight of IS1 and site

of insertion in Arllhj. -
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Figure 5.2 : orientation of the A Hindl1] fragment 3 inserted into RP4 ,

EcoRl

Hind1 11

Hindl11 EcoRl

Hindl 11

L.
Hind1 1
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Plate 5.1. Electrophoresis of AimdIll cub paaswmid DNA

n

[

The DNAs were prepared, digested and run ss described

Materials and Methods (Chapter 1). The gel was 0.8% asgarose and

electrophoresis was at 150V for 4 hours. Contents of the tracks
are as follows: 1, pHHEOl5; 2. A; 3. pHHAO0O; L. pHEHACO1;

S

5. pHH6002; 6. Arll; 7. pHH6003; 8. pHHGCOL; G. pHHEO09;
10. pEH6011; 11. RPL.

RPL gives a singile fragment after HindIII cutting, while all
the other plasmid DNAs are resolved into two fragments, the larger of
which has the same mobility as RPL.  pHHEQOU-pHEE00?2 (tracks 3-5)

contain the AindIII fragment 3 while pHH6003, 6004, 6009 and 6011

5,

hY
(tracks 7-10) zontain Arll HZndIII fragment 3 which is larger because

it carries IS1.  pHH6015 (track 1) has the A HindIII fragment 2.
(A DNA in track 2 has not\been completely digested, resulting in the
faint band seen running between the first and second strong hands.
Conplete digestion gives a series of bands whose intensity decreases

with inereasing mobility, as in track 6).
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Plste 5.2. Electreoheresis of FeoRi cut plasmlid DNA

The DNAs were prepared, digested and run as described in
Materials and Methods (Chapter 1). The gel was 0.7% agarose and
electrophoresis was at 150V for 6 hours. Contents of the tracks

are as follows: 1. pHH601S; 2. A; 3. pHHOCOG; 4. pHH6001;

(V8]

5. pHEG002; 6. Arlk; 7. pHH6003; &. pHHOOOL; 9. pHHE009;
10. pHHAO11l; 11. RPL,

RPL gives a single fragment after EcoRl cutting, while all the
other plasmid DNAs are resolved into two fragments. The separation

between the fragments depends on the orientacion of the inserted

(93}

A DNA (Figure 5.2). pHHEOOO, pHHG0C3 and pHHE0OL (tracks 3, 7 and 8)

give more widrly separated bégds (indicating orientation A) while
pHEGOOL, 6002, 6009 and 6011 (tracks Lk, 5, 9 and 10) give bands

running closer together (indicating orientation B). ISl is present on
Arll EcoRl fragment 2, hence it runs more slowly than the corresponding
% fragment. pHHAOLS (track 1) contains A HindIII fragment 2 (see
Plate 5.1) which carries an EcoRl site which 1s located centrally

upon it (Figure 5.1). Consequently, EcoRl digestion of the plasmid

DNA gives two fragments but says nothing about the orientation ot the

insert.
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Cand trp )
equidistant (about 10') from and on either side of the gal-bic region
where ) normally inserts in the Escherichia coli chromosome {Bachman,
1972 &nd Bachman et al., 1976). The multiply marked AB1157 and its
rech derivative AB2L63 were also used as recipients in some cases.
Crosses were performed in broth (as described in Chapter 1) for 3
hours. Viable counts were made on the donors, and the frequency of
both plasmid and chromosome transfer was estimated after mating.
Chromosome transfer is expressed as a fraction of plasmid transfer,
thereby eliminating variation due to differences in plasmid transier

frequency. Controls were plated to estimate the raversion frequency

5,

\‘
of the recipicnt and this was allowed for in the calculetions. The

results are shown in Tables 5.3 and 5.4. Where J62-2 was the recipient,

. + . e +
the detection of pr¢ recombinants was less sensitive than that of trp

T

because of the higher reversion frequency (2.5 x 10

9)_

as against
5 x 10
Apart from those with pHH6015 which are discussed later, the

results in Table 5.3 show:

1. There was no detectable mobilisation by RPL4 alone.

z. There was no detectable mobllisation from recd donors. !
|

3. There was no detectable mobilisation from recd™ A~ donors by

plasmids without IS1.
b, All plasmids carrying inserted A DNA hobilised the chromosome /
from recd’ ) lysogens, the direction of mobilisation depending on
the orientation of the insert. [ Plasmids with the insert in

orientation & (Figure 5.2) transferred prot as a proximal

marker, while those in orientaticn B transferred frpt proximally :].
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5. Plasmids carrying I81 mobilised the chromosome from recdt A7

strains at a frequency (for #rp™ itransfer) roughly 1% of that

jse]

seen from recA* A lysogens (Qompare PHHOO0SG and 6CL1 in W3110T—

with the same plasmids in W3110T7(A)).

6. The high level of mobilisation promoted by plasmia—chromosome
homolcgy was not enhanced by the zdditionzl presence of IS1 on
the plasmid.

Thus, mobilisation from recA*t donors corrzlates with the presence
of plasmid-borne IS1 and/or more extensive plasmid-chromcsome homology.
" Interaction between longer homologous sequences on the plasmid and
chromosome promotes chromosome transfer at least 100 times more
efficiently than IS1 alone, agé there is no synergistic effect frou
having homology and IS1 togethér on the plasmid. The orientation of
inserted A. DNA determines the direction of transfer.

If the system 1is an;logous fo F'-mediated chromosome transfer,
then the failure to show any mobilisation from recA doncrs may be only
a reflection of the lower transfer frequencdy of RP4 (1 x 10~3 conmpared

with 1-10 x 107+

for F) and the consequent increase in the lowest levels
of mobilisation detectable. Mobilisation by F is thought to be due to
interaction between insertion sequences on the plasmid and the bacterial
chromosome (Ohtsubo and Ohtsubo, 1977) and is substantially reduced in a
recd background (Moody and Hayes, 1972). A proportionate reduction in
the system under study here would put the number of recombinants below
the level of detection. Taking the analogy further, this also means
that the low levels of ¢rp transfer by plasmids with A + ISl inserts'in
orientation A are IS1 mediated father than their being transferred as
terminal markers, because there is é th drop in transfer frequency
between proximal and terminal merker transfer mediated by F'. A

similar drop in this system would mean that the frequency of terminal



Teble 5.3. Chromosome transfer by RP4 and RPLU-A hybrids to J62-2

Donor

(RPL)W3110T-
(pHH6000)W3110T~
(pHHA001 )W3110T™
(pHH6002)W3110T~
(pHH6003)WBilOl_
(pHH6004 )W3110T-

{ pHEAQO09 )W3110T™
(pHEAO11)W3110T™
(RPL)W3110T-(A)
(pHHE000)W3110T—(A)
{ pHHG001.)W3110T~{ )
( pHH6002)W3110T~(A)
( pHH6003)W3110T- (1)

( pHH600L)W3110T—(A)

Plasmid-borne HZndIII fragment
of A and [:orientation_]

3[ A

3[ B8]

3[ 8] pd
3(+. 151)[ A7)
.ﬁ+I&J[A]
3(+ 1s1) [B]
3(+ 181) [ B

3L A]

3[ B8]

3[ 8]
3(+ 151) [ A ]

3(+ 151) [ A}

Chromosome transfer (per plasmid transfer x 105)

+
pro transfer

undetectablel
undetectable
undetectable
undetectakle
undetectable
-undetectable
undetectable
undetectable
undetectable
430
undetectable
undetectable
260

580

+
tryp transfer

undetectalle?

undetectable
undetectable
undetectable

12

11

4

8
undefectable
undetegtable

360

620

2

6

—-GET-



Table 5.3 Continued. Chromosome transfer by RPL and RPL-A hybrids to J62-2

. . . - 5
Donor Plasmid-borne HindIII fragment Chromosome transfer (per plasmid transfer x 107)

of A and [orientation _l

+ +
pro “transfer trp transfer

(pHHE009 )W3110T-(A)

2 Less than 0.2.

3(+ 181)[ B ] undetectable 1,100
_(pﬁH6011)w3110T~(x) 3(+ 151) [ B | undetectable £90
(pHHA015)W31.10T—(A) 2 | 920 8
(RPL Y Wreck - s undetectable undetectable
{ pHH6000 ) Wrec/ 3 A ] ‘. undetectable undetecteble
(pHHE003)Wrecd 3(+ 181) [ A ] undetectable undetectable
(RPY )WrecA( ) - undetectable undetectaole
{ DHHE000 ) Wrrech () 3[1&] undetectable undetectable
(pHH6003)Wrecd () 3(+ 1s1) [ A ] undetectable undetectable
(pEH6015 )WrecA (X)) 2 230 undetectable
1 Less than 10,
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merker transfer would be well telow the raversion freguency of the
recipient,

That marker transfer is orientated was supported by looking at
the co-transfer of unselected markers -2 the pro+ and trpt recombinants
described in Table 5.3. 20/30 colonies that had received prot from
(pHHA003)W3110T-(A) were now also laet, while 30/30 trpt colonies from
(pHH6009)W3110T~(A) were lac~. Consideration of the relative positions
of these markers on the E. coli genetic map (Bachman et al., 1976)
suggests that marker transfer is in an anticlockwise direction from
pHHGC03 and probably clockwise from pHH6009.

Turning to pHH6015 (carrying the A attachment region), chromosome

mobilisation is almost unaffected by the recAd locus. Proline indepen-
N

N

dence is transferred proximally from both recAt and recd donors with
only a fourfold drop in frequency in the recAd strain. The level of
ransfer seen from the reeA+ donor is due to the effects both of
extensive plasmid-chromosome homology and interactions between the A
attachment sites on the plasmid and chromosome. In the recd donor,
only the latter mechanism is active. The frequency of prot transfer
is comparable to that determined by pHH6000, 6003 and 600k.  Conse-
gquently the same arguments as used above regarding terminal marker
transfer can be applied. The low frequency of trp+ transfer by
pHHAOLS in W3110T-(A) is presumsbly due to the X attachment site on
the plasmid interacting with the chromosome somewhere other than the
gal~bio region which carries the site for normal A attachment.
Abnormal insertions by A at all loci account for between 0.1 a?ﬁ 1%
of all A insertions (Enquist and Weisberg, 1977). A site for such
an insertion suitably placed near the tryptophan region would account
for trpt transfer by pHHE015. Fa@lure of this plasmid to transfer

trp* from W311OrecA()) is not understcod unless the abnormal inter-



actions between A and the chromosome in scome way depend on rech.
E.A Turther property of pHHE0L1S is that it appears to cenfer A immunity
on those cellis carrying it. All attempts by both plste and broth
matings to transfer it to W3110T~ or W3ilOrecA gave iransconjugants,

4 s , . imm o .
normal in all other resypects, which were A . 0f ths genes 1nvolved
in A lysogeny and superinfection inhibition, only Cll is on the A

1
fragment carried by pHH6015 (Figure 5.1). If the Clll function is
expressed by strains carrying this plasmid, this may be enough to tip
the balance towards lysogeny rathér than lysis when such strains are’
infected by A phage (Echols and Murialdo, 1978). If this were true,
elimination of the plasﬁid should restore A sensitivity.  Accordingly,
RPL was introduced into pHH6015 containing strains, selecting for
kanamycin resistance. This\éhould eliminate pHHE015 by irncompatibility,
but 8/8 transconjugants tested retained X immunity. It is possible
that pHH6015 can integraﬂe into the chromosome like A, (Watson and
Scaife, 1978, reported the chromosomal integration of another RPH
carrying the A attachment site.) Replication of the integrated plasmid
wouléd lead to excessive and uncontrolled replication of the surrounding
éhromosome and the insertion would be unstable. Excision of the
plasmid could ;eave the A Clll region behind in the chromosome,

1

esulting in A immunity not being eliminated with the plasmid. This |
could be tested by Pl transduction of the A attachment {(gal-bio) regiJn
of the immune strain, loocking for 1) co-transduction of unselected A
immunity and ii) a decrease in cc—transducfion frequency between /
markers on either side of the chromosomal A attachment site resulting
from the presence of inserted DNA. This has not been tested.
Whatever the mechanisms involved, the experiments to show chromo-
some mobilisation by pHE6CGL5 were done from strains which were genuine

3

A lysogens. |



4. Mechanism of chromosome mobilisation. The fate of the plasmid
in the recipient after mobilisation, the polarity or randomness of
marker transfer and the size-and sfate of the transferred DNA all give
indications as to ths mechanism involved.

If transfer is by the R' integrating into the chromosome in a
manner analogous to F's forming Hfrs, then chromosome recipients are
unlikely to receive a complete plasmid genome. This seems to be the
case in some of the examples in Table 5.1 where the plasmid is partially
or wholly missing from the recipient. [ In F' mediated chromosomal
transfer, the recipient is normally fertile (i.e. F*), but this is

generally attributed to the high transfer frequency of F causing the

chromesomal recipient to be infected with an autcnomous F by a separate

N,

conjugation event. RBP4 with its much lower transfer frequency should
not show this property. ] There is the possibility of autonomous and
integrated plasmids co-existing in the same cell as suggested by Watson
and Scaife (1978). Their results, however, coulé show that the
integrated plasmid reversibly réformszul R' by excision at a high
frequency.

If chromosome transfer is by interaction between homologous
sequences on the plasmid and chromoscme, then transfer should proceed
from a fixed origin with a gradient of marker transfer frequency, fhe
chances of a given marker being transferred varying inveréely with its
distance from the origin.  Chromosomal transfer from multiple origins
would not give such a gradient.

Finally, if chromosome transfer is by "pickup" by the pl%émid of
material from the chromosome as described by Olsen and Gonzalez, 1974,
then cnly short sequences of chromosome would 5e transferred and the

transfer would take place to recA’ and reecd recipients with equal

frequency.
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From the matinse of (pHHA0O3) and {pHHECOY) in W3110T(X),
Table 5.3, 30 prot and 30 trpt J62-2 colonies were tested for anti-
biotic resistance. All 60 wers resistent to ampicillin and tetracy-
ciine, and sensitive to kanamycin. L/4 of the ¢xp* colonies were
found to transfer tetracycline resistance to C600 at a frequency of
c.l x lO-3 per donor per hour (typical of RP4) and all the transcon-

Jugants tested had the unselected ampicillin resistance. This con-

firms the existence of an autonomous plasmid in the conjugation

recipients. R751(IncP) was transferred into the same four trp*
- colonies, selecting for trimethoprim resistance, Four colonies from
each cross were purified and tested for antibiotic resistance. All

16 had lost ampicillin and tetracycline resistance while retaining

\
tryptophan independence. Thus there was no evidence for an integrated
plasmid which could co—exist with another autonomous P plasmid. Also,

retention of tryptophan ihdependence means the relevant geneé were not
on the plasmid but presumably part of the chromosome.

Table 5.4 shows the results of attempts to mobilise the chromo-
some into the multiply marked strain AB1157 and its recA derivative
AB2hG3. As before, RP4 gave no detectable chromosome transfer.
pHH6003, however, transferred the prod, thr and argE markers to ABL1ST
with a gradient of transmission frequencies indicating that there was
a fixed origin of transfer situated between pro and trp and that the
transfer of markers proceeded in an anticlockwise direction around the
chromosone, transferring thr next and then arg. This supports con-—
clusions drawn in section 2 about the orientation of chromosome traﬂsfer
from strains carrying pHH6003 and further suggests that large segments
of chromosome are transferred.

There wes no transfer of chromosomal markers from (pHH6003)

W3110T-(X) to AB2k63 even though the plasmid itself weas transferred



Table 5.4. Mobilisations into AB1157 and AB2L63 (AB115TrecAd)

Transfer frequenicies/plasmid transfer x lO5
Donor Recipient prot (6')! thrt (1') argt (88")
(RPL)W3110T(A) AB1157 < 0.5 < 0.5 < 0.5
(pHHE003)W3110T™ AB1157 7 7 < 0.5
(pHH6003)W3110T—(A) AB1157 100 3L 6
s
(pHH6G03)W3110T~ () AB246G3 < 0.5 < 0.5 < C.5
1 Figures in brackets after the neme of the transferred marker are the

locetion in minutes on the E. coli genetic map. Data from Bachman (1972)
and Bachman et al. (1976).

~inT-
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quite readily.  Therefore, "pickup" of chromosomal markers by the
plasmid is not the mechanism of chromoscre transfer.

Summary of mobilisation results

Hybrids betwsen plasmid RPL and seil HZndIII Fragment 3 {carrying
IS1) can mobilise the chromosome of recd* strains 1ysogénic for A.
They behave like F's in that they give polarised itransfer of large seg-
ments of chromosome from a fixed origin. The crigin is at or near the
chromosomal A attachment site. The direction of marker transfer is
determined by the orientation of the inserted A DNA in the plasmid. In
CAT strain; with no extensive plasmid-chromcsome homology there is a

residual low level of chromosome transfer presumably mediated by IS1.

Chromosomal recipients also inherit an autonomous plasmid, there being
N _

N,

no evidence for an Hfr-like state. The associatiorn between plasmid and
chromosome, which mediates chromosome transfer involves DNA hcmology
(because the origin is at\or very near the site of homology) and some
rec4 function, slthough recombination between plasmid and chromosome has
not been proved. The associatlon is perhdps a transient one like that
described by Evenchik et al. (1969) and Mocdy and Hayes (1972).

Mobilisation is undetectable from recA doncrs but probably because
of the low transfer frequency of RP4 compared to that of F.  pHH6015,
however, a plasmid carrying the A attachment regicn, could mobilise the
chromosome of a recd strain at a frequency comparable to the other
hybrid plasmids in recAt X lysogens.

Discussion‘

There are many similarities between RP4-A mediated chromosome
transfer and that of F's. Plasmid-chromosome homology and insertion
sequences are involved both separately and together, with homology
making the major ccntribution. The recd mubtation causes a marked drop

in mobllisatioh in both systems and both systems gilve polarised transfer
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of chromesome, the direction depending on the orientation of the inser—
ted homologous DNA.
Mobilisation by Hfr proceeds from a fixed pcint on the integrated

F, suggesting there is a unique origin of transfer. Such an origin may

exist even on non-self-transmissible plasmids (Warren and Sherratt, 1977)

(o

nd is thought to represent a specific site on the plasmid wherc a single
stranded nick is generated immediately prior to transfer of a single
strand of DNA to the recipient. Synthesis of complementary strands

then takes place in both donor and recipient (Vaének et al., 1971).

At least some F' mediated chromosomal mobilisation is by Hfr
formation (Curtis and Renshaw, 1969), but no evidence was obtained in
this study for RPL-A moleculg§ forming Hfrs. It is known, however,
that RPY can insert in the chgomosome in some circumstances (Martin
et al., 1975; Vatson and Scaife, 1978). When an Hfr transfers the
chromosome, the recipienﬁ‘receives a complete integrated F factor only
if the entire chromosome is transferred. Consequently, recombinants
are rarely fertile. In contrast, F' mediated recombinants are
generaily capable of acting as donors themselves, but this is thought
to be because they receive an autonqmous ' as a separate event.
Clearly when RP4-A transfers chromosome, the much lower transfer fre-

. -3 . -
quency of the autconomous plasmid (10 ° instead of 10 1-100 for F)

would meke a secondary infection of 2 recombinent most unlikely.!l

! RP4 is present in several copies per cell and so a bacterium trans-
ferring chromosome by a newly-irntegrated plasmié could also transfer an
autonomous plazmid. Consideration of pilus production by RPL suggests
this is improbable. At the very least, 147 of RPL-bearing cells are
piliated (Bartk et al., 1978) and presumably capable of forming conjuga-
tion bridges with other cells, and yet transfer of the plasmid is seen
from only one donor per thousand per hour. This cannot be because the
conjugative junction is fragile, as this would make very unlikely the
transfer of the large lengths of chromcsome seen by Barth, 1979, and in
this thesis. . More probably, the generation of an origin of transfer on
P4 is a rare event and the probability of it happening more than once
a particular celluler union is leow.
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Table 5.1 shows instances of chromosome transfér by BPlL or closely
related plasmids where the recipient rarely inherits the plasmid, or
receives only a part of it. Such trancfers are very likely due to
Hfr formation in the donor and are cleszrly different from crosses
involving RPL-)X plasmids where all the chromosomal recipients acquired
a complete autonomous plasmid.

As an alternative to the gbove, the positicon of the transfer
origin on RPL may explain the observations. Considering the orien-
tation of bacteriophage A in the chromcsome cf a iysogen (Gottesman
and Adhya, 1977) and the orientation of A DNA in the RPL-A plasmids;
the structure of an Hfr formed by reciprocal reccombination between the
homologous sequences can Ye drawn (Figure 5.3). If the transfer

N .
origin is located as shown, then almost thc whole of RPLY is transferred
proximally in conjugation. The missing piece is part of a larger
segment deleted from RPhﬁi, a spontaneous mutant of RP4 (Barth and
Grinter, 1978), and so is known to be non-essentizl. In this systen
all chromosome recipients also acquire the material for a functional
RPY molecule. (In other genera with RPL or its close relatives,
Table 5.1, integration occurs at other sites on the plasmid and hence
only part of the plasmid is transferred proximally.) The weakness of
this argument is that it is hard to see why the transferred linear:RPh
should so readily recircularise since, after transfer, it nc longer has
homologous seaquences at either end.  The model predicts the plasmids
found after recircularisation in chromosomal recipients would no longer
have an intact transfer érigin and should therefore be non—craggmissible.
Where tested (Results, Section L) this was found not to be the case.

The model of Evenchik et agl., 1969, to explain chromosomal transfer
by F' without Efr formation, describes an exchange between homologous

single strands on the plasmid ard chromosome, but it predicts the con-
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Figure 5.3: Structure of hypothctical RPh~A Hfrs

Recombination between homclogous sequences on plasmid and chromo—
some'gives rise to chromosomally inserted plasmid molecules. E is the
EcoRl cut site on RPL, Ap, Tc and Km mark the sites of the ampicillin,
tetraycline and kanamycin resistance genes, the latter having been split
by the inserted A DNA. The arrow-head shows the possible site and
direction of the transfer origin. Data from Gottesman and Adhya,

. 1977 (orientation of A in the chromosome); Barth and Grinter, 1977

(map of RP4) and Echols and Muriasldo, 1978 (map of A).

N\

N



-1k46-

Tc
tra-1
tra-2
‘ -
gal T bio
E
gal + s 1 > } bio
AwW....0P 1Km 2Km...R -
Tc
tra-1
tra-2
f bi
g AW....OP...R 0
N i
E
gal 4 e I o ) + bio
AW....0P  1Km Ap Tc iKm ...R

Fiqure 5.3 : Structure of hypothetical RP4-A Hirs .




~1h7—.
jugation recipient will irherit only purt cof the plasmid, and so is not
~applicable to these resulis.

In addition to plasmid specified'functions, the host strein nust
influence the nature and extent of chrounosome transfer. RPU's
genersted by Jacob et al. (1976} in Rhizobium and Proteus spp. did not
mobilise the chromosomes and the suthors suggested this was because of
the sbsence of insertion sequences on the clocned Rhizobium or Proteus
DNA.  Work presented here shows that in EF. col? plasmid-borne DNA
homolcgy with the chromosome ig sufficient by itself to promote mobili;
sation. In Rhizobium at least, failure of the RP4's to act as chromo-
some donors may be a reflection of the poor recombination ability of
this species (Beringer, 1978). This might be cvercome by creating
plasmids cepable of interaction with the chromosome in a way independent
of the recombination system. Boucher et al. (1977) and Denarié et al.
(1977) have used RP4-Mu piasmids for this purpose with some success.

Transfer of only small fragments of chromosome by plasmids
(Table 5.1) may mean the conjugative bridge is very fragile in that
species, or alternatively that the chromosome fragment is transferred
by becoming part of the plasmid (Olsen and Genzalez, 19Th).  This
would be particularly important in intergéneric crosses where the DNAs
of donor and recipient show little ability to hybridise as, for exampﬁe,
in Pseudomonas (644 ¢+C) and E. col? (50% G+C).  Where such crosses 1
have been tried (Hedges et al., 1977 and Hedges and Jacob, i977), the
plasmids generated are large R's, and one sﬁch plasmid is studied in /

section B.

Chromcsome transfer between bacteria is undoubtedly important to
the study of genetics as well as in bacterial evolution. Although it

may be a rare event in nature, the potential of wide host-range plasmids
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to bring asbout genetic exchangs between diverse hacterial genera must

nave been exploited during the evolubticnary Lime scale.

hnl

Although most =ffort has been put into the study of F owing to
its early discovery, it may fot be typical. It is certainly unusual
in being naturally derepressed for transfer, and alsv its limited host
range may indicate a high degree of specialisation.

Now that chromosome transfer is being used to open up the genetics
of other bacterial genera, it begins to look as if there are features
unique to every system studied.

Model for chromosome mobilisation

This model makes two main assumptions:
P

1. A1l mobilisation involves interaction between homologous ragions
\
on the plasmid and chromosome, Thece regions may be chromosomal
genes, insertion sequences, or both.
2. Insertion of a plasmid into the chromosome to form an Hfr is in

two stages which may be mediated by different enzymes:

1) Recognition and pairing of homologous regions on plasmid and

chromosomne. This stage is reversible, but occasicnally leads

to ii) Crossing over between these regions resulting in the

insertion of the plasmid into the chromosomne.

Stage i) results in the plasmid and chromosome being held
together as part of a DNA-protein complex with their homologous sequences
in register. If &t this stage transfer is initiated by the plasmid,
then the complex is broken and only the plasmid transfers unless there

i

is a pre-existing single stranded nick in the chromosome adjacpnt to

the plasmid-chromosome complex. In this case, transfer of the chromo-
some can originate from this point. This system is illustrated in
Figure 5.4, It can explain not only nhow chromosome transfer can be

accompanied'byrtransfer of a complete plasmid, but also how U.V.
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Fiqure 5.4 : IModel for chromosome mobilization.
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irradiation can stimulate mobilisation by increasing the mumber of
single stranded breaks in the chromosome.  Also, the model predicts
that Hfr formatiorn is not essential for chrcmosome transfer., Mutants
defective in Hfr formation h#ve been isclated and shown to be still
capable of mobilising the chromosome (Curtiss and Renshaw, 1969).

In some organisms, stages i) and ii) may bhe carried out by the
same enzyme, or the first stage may not exist at zll, and pairing of
homologous regions occurs only by chance. In these cases chromocsomal
integration of the plasmid is essential for mobilisaticn to take’plaée.

The reason why some plasmids have no capacity for mobilisatioﬁ in
certain bacterial species is because of a total lack of homology (eg.
RPY in Rhizobium, Beringer and Hopwood, 1976). In cases where there

\

is homology between the plasmid and chromesome but still ne mobilisation
(as described by Jacob et al., 1976) this may be due tokthe absence of
a stage i) mechanism or a\reflection of the poor recombinational ability
of the host (eg. Rhizobium, Beringer et al., 1978). Where plasmids do
mobilise in these hosts, it is because they carry structures analogous
to insertion sequences which can interact with the chromosome in a
manner independent of the recombination system.

The efficiency of the recombination system also influences the
frequency with which chromosomal DNA transfer (by whatever mechaniéﬁ)
is detected. In E. eoli the recombination system may rarely be of
importance in vivo, and mey in fact be an adjunct of or an aberration
in a much mcre important DNA repair process. In other genera, while
the system is perfectly éompetent in repair, the recombination@i aspect
may be very much reduced. This would affecf the frequency with which
recombinants can be obtained and also the low freguency of crossing

over would mean that large segments of transferred DNA would be incor-

porated into the recipient chromosome. Conversely, a highly efficient



recombination system would lezd i incorporation of multiple small
lengths of DNA,

Factors affecting the size of the DNA aciually transferred are
the stability of ths conjugaiion bridg: sud whether or not the donor
positively terminates transfer. The latter funciion may be the
result of the donor treating the mobilisation event as if it were an
intermediate in excision repair and actually cutting the single strand
being transferred.

As suggested earlier, mobilisation of the chromosome mey be
relatively unimportant in vivo. Bacteria have evolved towards a
minimum genome size so that they can achieve as low a generation time
as possible and thus very rapidly colonise new environments. At the

\\\

same time, they maintain a large genetic ponl by means of plasmid-
.borne characters carried by & small percentage of the pbpulation.

When selection demands thém, these characters can be very rapidly
spread by plasmid transfer. In response to new selective pressufes
(eg. novel antibiotics), genetic material méy have to be "drafted" in
from other bacterial genera whose DNA is quite unrelated {(in terms of
G+C ratio) and so would be most uniikely to be incorporated into the
chromosome of its new host. In these circumstances, the formation of

a suitseble plasmid prime in the donor is the only means whereby the

information may be transferred.



B. Studies on RGS.Lhpara?! en R' vlasmid generated in vivo

R68.bhpargF was derived from R68.4L by selecting for transfer of
arginine independence from Pseudomonas to E. coli as described in the
introduction to this chapter, It carries genes which complement
mutations at both the argF and argG loci in E. co0li and has a molecular
weight of 130 Md (Hedges and Jacob, 1977). Because of its large size
it should not be possible to transduce the whole plasmid by bacterio-—
phage P1.

A Pl lysate was prepared from (R58.4bpargF) 4100, titrated (titre

9

5 x 10”7 p.f.u./ml), checked for freedom from bacterial contamination,

and used to transduce R~ L4100 (see Chapter 1). Plasmid markers were

> per p.f.u., and 30/30 drug-

transduced at a freguency of 1-5 x lO_
resistant transductants, whe£her selected on ampicillin, tetracycline
or kanamycin, all had the unselected drug resistances. None were Arg+,
however. Arginine independence was transduced with a frequency of
1=z 10—8 per p.f.u. 30 Arg" transductants were purified and tested
for antibiotic resisfance, transmissibility, and susceptibility to
bacteriophage PRL (Stanisich, 197k) which adsorbs to the tips of the P-1
pili produced by self—transmissiple IncP plasmids (Bradley and Cohen,
1977). The results are shown in Table 5.5.

Disregarding the PRY sensitivities, the Arg' transductants fall
into four phenotypic classes:

R . s e s . o
)" Trat i.e. indistinguishable from clones

i) 2/30 were (ApTcKm
carrving the parent plasmid.

IR I . R,S

ii) 8/30 were {ApTc) K Trat

iii) 18/30 were (ApTc)RKS Tra~

iv) 2/30 were (ApTcKm)S and did not transfer arginine indevendence.

1 The nomenclature used throughout is that fer arginine biosynthesis
in E. coli (Bachman et al., 1976). :



Teble 5.5. Arg! Pl transductants of R68.4hpargF

PRY PRY
Clone no. Resistances! Sensitivity? Transmissibility3 Clone no. Resistances1 Sensitivity? Transmissivlity3
1 ApTe S/R - 15 ApTc S/R -
2 ApTe S/R - 17 ApTe S +
3 ApTecKm S + 18 ApTc R -
i ApTe S/R - 19 ApTcKm S +
5 ApTe R - ‘ 20 ApTe R -
6 ApTc . 8/R - 21 ApTe S +
T ApTc 8 -+ . 22 ApTc R -
& ApTc R - 23 ApTc S o
9 ApTec R - 2y 7 ApTec S/R -
10 ApTec R - 25 ApTe S/R +
12 5 R - 26 ApTe S/R +
12 ApTc 8/R - o7 ApTe S/R 5
13 5 R - 28 ApTe S/R -
1k ApTe R - 29 ApTc S/R
15 ApTe S : + 30 ApTc S/R -

1 Ap indicates resistance to ampicillin; Tec to tetracycline and Km to kanamycin. 5 means fully sensitive.

2 FPhage Lests were done by spotting high titre stocks of PRh (5 x 109 p.f.u./ml) onto suspensions of plasmid containing
strains in soft agar and incubating overnight. (RPL)1100 and R-L100O were +ve and -ve controls. S indicates
sensitivity, R resistance and S/R intermediate sensitivity.

3 Transmissibility was tested by plate mating into J53-2, selecting for tetracycline transfer. Complete absence of

transfer is scored as ~, anything else +. Clones 11 and 13 which were antibioctic sensitive failed to transfer
arginine independence to a rifampicin resistant derivetive of 4100.
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1. Location of the site of insertion of Pseudomonas DNA in R68.4L,

Assuming: a) Pl packages a single pilece of linear plasmid DNA into
transducing particles and this piece formed a continuous section of the

R68.bhpargF parent niasmid (consistent with the work of Lee et al., 19Th).
b) The Pseudomonas DNA carried on R68.Lbpargt is a single continuous
fragment inserted at a single site on the plasmid.

If these assumptions are valid, the only way the transduction data
can be explained is if the argF genes and essential R68.4L functions
(i.e. plasmid replication) are on.a length of bNA small enough to be-
packed into a Pl phage head. In other words, the argF genes are near

to one end of the inserted 92.L4 Md of Pseudomc-ias DNA.

26/28 of the Arg' transductants in which there was co-transduction

\,
N,

of R68.4L markers lacked kanaﬁycin resistance, suggesting the site of
insertion of the Pseudomonas DNA is near the kanamycin gene and that
the arginine and kanamycin resistance genes are separated by the
essential R68.LL genes.

R68.L44 has been shown by heteroduplex analysis to be virtually
identical to RPk (M. van Montagu, personal communication), a genetic
map of which has been published (Barth and Grinter, 1977; Barth et al.,
1978). Assuming this identity, only two.arrangements of R68.44 and
the inserted DWA are possible and they ars shown in Figure 5.5. The;
site of insertion has to be between the two tra regions (as shown by &

the double headed arrow) to account for those transductants with a

/

’

Kms Trat phenotype. - /
If arrangement 1 is correct, all transductants which are Arg+

(ApTc)R Tra~ will have suffered a deleticn of all or part of the

transfer region tra 1. Similarily, if arrangement 2 is correct, such

transductants will be deféctive in ftra 2. Using the transductional

‘complementation system' described in Chapters 1 and 3, this could be



Figure 5.5: Two possible arrangements for R68.4hpargF.

R68.4k is shown as a nearly complete circle with antibiotic resistance and tra genes
marked. The inserted Pseudomonas DNA is shown roughly to scale with the possible locations
of argF and regulatory functions. The double-headed arrows show the region within which

the insertion must lie (see text). ;
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Fiqure 5.5 : Two possible arrangements for R68.44pargF .
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tested. Transient plasmid heterozygotes were formed between cloneg 5,

~~~~~

22 and 29 (Tavle 5.5) and derivatives of KP4 which were ¢ra” because of
an inserted transposon 7 in either tra 1 (pRP82) or tra 2 (pRPTY).

Only pRP82 was able ©o complement the triree Tra™ transductants showing
they must have an intact ¢ra 1 region and hence thai arrangement 2

(Figure 5.5) is the correct one, with the site of insertion between the

kanamycin resistance gene and tra 1.

2. Compatibility properties of the Argt markers in transductant

clones 11 and 13. These transductants have no R63.44 msckers and do

not transfer arginine independence. The Arg' phenotype was stably
inherited through many generations of non-selective growth and the
introductiocn of R702(IncP), selecting for tetracycline resistance,
failed tc elirinate arginine i;dependence in 20/20 clones tested.

Thus the Arg* character is not on a P plasmid. Introduction of P1CM,
however, eliminated Argt in 47/48 cases for clone 11, and 48/u48 for
clone 13 and so the plasmids in £hese clones are defective Pl probhages
carrying Pseudomonas arginine genes. Whatever the process of incor-
poraticn, the prophage has thereby lost the ability to produce mature
phage particles.

3. Properties of transductant clones 3 and 19. These transduc-

tants are phenotypically indistinguisheble from strains carrying the

parent plasmid. All of these characteristics were stably inherited dur—

ing non-selective growth and all were eliminated by the introduction of

!

. . /

R751(Inc?P), selecting for trimethoprim resistance (20/20 clones tested).
l

Pl lysates were made of these clones and used tc transduce strain 4100 R,
selecting for tetracycline or kanamycin resistance or for Arg+. Unlike
the parent plasmid, these derivatives now transduced antibiotic resis-—
tance and arginine independence with approximately equal fragquen-—

cies {c. 1 x ]_O—5 per p.f.u.), indicating that the parent plasmid had



been "transductionally shortened" to a size where the whole plasmid was
resdily transducible.  Because these two plasmids contain most or all
of R68.4L, it follows that they contain the least Pseudomonas DNA of
all the transductauis (except probably the PlArg plasmids).

L. Testing the transductants for the presence of argG. Strain

BOSONalRanG lac Hfr was mated with J53(pro met) selecting on lactose
plus proline, nalidixic acid and argin<pe, An arg pro MSQR clone
isolated in this way was used as a‘récipient for &ll the Trat trans-
ductant clones listed in Table 5.5. The selection was for tetracycline
resistance. Although the parent plasmid R68.4hpargF was able to cbmple-
ment the argG mutation, none of the transductants did so, showing the
argG and argF functions were Eft closely linkedon the Pseudomonas DNA

carried by R68.4hpargfF.

5. Levels of ornithine carbamoyl transferase produced by the

transductants. Ornithine carbamoyl transferase {OCTase) is the enzyme

catalysing the conversion of ornithine to citrulline which is the sixth
of eight steps (A to H) in the biosynthesis of arginine by E. colZ
(Legrain et al., 1972). The levels of OCTase activity produced by

four of the transductants were shown to differ markedly (N. Glandsdorff,
persornal communication). Transductants 1 and 15 (ApRTcR Tra—and
ApRTcR Trat respectively) produced enzyme levels more or less like‘those
determined by the parent plasmid. Transductants 3 (ApRTcRKmR Trat) and
11(PlArg) however, gave activities 10 and 25 times those produced by the
parent. Two possible explanations are 1) the transductants prodpcing
high COCTase activity are‘present in more plasmid copies per ce%i - a
gene dosage effect — or il) there is a Psecudomonas gene regulating
OCTase production which is missing in transductants 3 and 11, leading

to a derepression. The former idea was shown to be incorrecﬁ ﬁy the

measurement of the copy number of clones 1 and 3 (next section). IT



¥

there is a regulatory gene on the Pseudomonas DEA in ROB.4hpargF scme-
where distal to the argF gene itself (Fig. 5.5), then its inclusion in
a transductant would mean a decreased chance of the whole of R68.Lk
also being present. The faet that trzrsductants 1 and 15 (normal
OCTase) have both lost some R68.LL functions while transuctant 3 (high

OCTase) has retained them all is in agreement with this idea.

3

6. Molecular weights of transductants. H labelled CCC DNA was

isolated from transductants 1 and 3 by caesium chloride-ethidium
bromide density gradient ultracentrifugation (Chapter 1). Cultures’
of th labelled RPL containing cells were mixed in equal volumes with

both transductants before lysis and centrifugation so that excessive

shearing or other adverse conditions during the extraction of plasmid

N,

N
DNA would be detected by a reduced recoverv of RP4.  Copy numbers

determined from the ratio of radioactive counts in the plasmid and
chromosome bands obtained after centrifugation showed that transductant
1 was present as 0.6 copies per chromoscme and transductant 3 as 0.7
copies per chromosome. The values obtained for RP4 from the mixed
lysates were 1.7 and 1.9 respectively, falling within the normal range
of 1-3. Thus the enhanced OCTase activity produced by transductant 2
(described in the previous section) is not due to an elevated number of
plasmid copies.

DNA extracted from the two transductants was subjected to sucrose
gradient sedimentation (Chapter 1) and molecular weights of their
plasmids determined using the differentially labelled RP4 already
present as a molecular wéight standard (data not presented). xValues
of 83 and 90 Md. were obtained for transductants 1 and 3. The
unexpectedly large moleculaf weights of the transductants does not
invalidate the arguements pfesented above, as they make no assumptions

about the size of the transduced DNA, only that there is an upper



limit to the length that can be packaged.

Although the P1DNA in phage heads iz only €0 Md. and the packaging
is believed to be by a "headful" mechanism {Yarmolinsky, 1977), more
evidence is present:d in the next chapiter to show that Pl can transduce
plasmids of up to 90 Md. molecular weight.

Summary of results

1. Pl transduction of the plasmid R68.LUparg? gave Argt trans-
ductants whiéh had retained all, some, or none of the RE8.UL markers.
Analysis of the patterns of markers obtalned plus data from complemen-

- tation of RPW tra mutants allowed the site of insertion of Pseudomonas
DNA into R68.L4L to be located.

2. Two transductants lacking any R68.4L markers were shown to
carry an+ genes in defective\Pl prophages. |

3. Two transductants with markers phenotypically indistinguishable
from those determined by fhe parent plasmid were shown to carry plasmids
that had undergone transdﬁctional shortening.

4. Unlike the parent plasmid, none of the éelf—transmissible
plasmids in the transductants had the ability to complement mutants in
arga.

5. Two transductants gave elevated levels of ornithine carbamoyl
transferase activity. The presence of a Pseudomonas regulatory gene
on R68.hlpargF was inferred.

6. Molecular weight measurements on two transductants showed them
to be more than 30% larger than the amount of Pl DNA normally packaged
'in a phage head.

Discussion

R68.L4 mediated intergeneric fransfer of chromosomal DNA provides

a means for studying the expression of bacterial genes in novel genetic

backgrounds. - It also allows the genetic organisation of the donor to



be anslysed. Pl trassduction was used to "pare down" the chromosomal

w

materi;l carried on the plasmid snd has sliowed geparation of the
Pseudomonas arglF and argG genes. In some cases this has led to
derepression of the argF gene, probably by deletion or inactivation of
a Pseudomonas control gene.

The observations that a bacteriophage can transduce large (> 80 Mad)
molecular weight DNA and that the argF genes from Pseudomonas can be
incorporated into a defective prophage, both show that phages in general
may have an important role in genetic transfer between diverse bacterial
. species.  Although R factor transfer has been demonstrated in nature
between certain enteric bacteria (Kagiwada et al., 1960), other genera in
different environments may rely much more on phages as agents in genetic
exchange.. Some of the intricate network of paﬁhways that exist for

phage transfer between soil organisms are presented in a review by

Reanney (1976) and the question is further discussed in the next chapter.
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General Discussion: Phage and plaswid origin

Hith increasing knowiedge, rigid ideas asbovt bacterial speciation
have to change. The variety of mechanisms for genetic interchange
already known means that there are virtually no barriers to the dis-
semination of genetic information.  Plasmids and phageé are very
important agents in this spread since any extrachromosomal replicon,

once established, can acquire by transpesition, recombination, etc. new
characters which are manifested in response to selective pressure.

The problem of their origin remains, however. Clearly they camnot

- have existed before bacteria and may have been formed degenerately from,
say, organelles ci Protozoa.

Alternatively, plasmids and phages may have evolved from bacteria
themselves. Leavitt et af. (1971) showed that}in Hfr mediated crosses
from E. coli to Salmonella, covalently closed circular DNA could be
isclated from some recipiénts. No F functions due to these molecules
could be detected. Consideration of the selections used makes it
likely the plasmids generated carry the E. coli origin of chromoscmal
replication which has recently been mapped between pkoS/bglk-rbs
(Fayet and Louarn, 1977).

The origin of replication andAits surroundiﬁg DNA could therefore
be a latent extrachromosomal replicon. This idea could also explain in
part the host ranges of plasmids. A plasmid will not be stably
inherifed in a host whose chromosome is subjJect to the same replication
controls as itself. In other words, the two would bz incompatible.
Some evidence for this kind of instability was found by Hiraga (1976)
who studied selected F's by theilr ability to replicate in Hfrs.  These
plasmids all carried the region of chromosome around the origin of
replication and were somewhat unstable,

Only further rescarch on the biochemistry of plasmid and chromosome

replication control will show if these i1deas have any foundation in fact.
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CHAPTER 6

PHAGES AS AGENTS Ti PLASMID SPREAD AND EVCLUTION

Abstract

The bactericvhage Pl was used to transduce a plasmid which was
considerably larger than the phage gencme. The transductants
exhibited a spectrum of properties, including some which were pheno-—
typically indistinguishable from the parent plasmid, and one which was
a Pl prophage carrying genes for tetracycline resistance. Considera-
tion of the patterns of markers transduced allowed a tentative genetic‘
map to be drawn. Further genetic analysis was carried out including
a test on the effect of the recd locus in the transductional recipient.
Molecular weight measurements on the transductants showed the plasmids
to range from about 45-90 Md. ) Analysis of the plasmid DNAs by restrie-
tion enzyme cutting and gel electrophoresis was used to characterise the
transductants, locate cer%ain genes and essential regions, relate the
genetic and physical maps, and investigate the packaging of plasmid DNA

by P1. Mechanisms of Pl transduction are discussed.
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Introduction

Bacteriophages are associated with virtually all naturally
ocecurring beacterial populatiéns. They are found in a variety of
different states: they may e present as free phage particles capable
of infecting a recipient cell, causing lysis, lysogeny, transduction or
conversion; they may exist as lysogens inside the cell with most phage
functions repressed, replicating in synchrony with the host either as
part of the chromosome or as a plasmid; they may, like the filamentous
phages, cause the host to release mature phage particles during its
growth without appreciably harming it (Marvin and Hohn, 1969); finélly,
they may be grossly defective or cryptic, revealing their remaining
phage -1ike characters only after chemical induction and producing only
transducing particles (Huang ;hd Marmu>r, 1970).

Among coliforms, nearly 100 coliphages have been documented,
including 30 different préphages (Reanney, 197€). Many diverse types
are known, and although their ecology has been little studied, their
ready isolation from sewage anywhere in the world suggests that all
natural coliform populations harbour them. In the genus Pseudomonas
the frequency of.lysogenic strains has been put as high as 100%, with
polylysogeny occurring (Holloway and Krishnapillai, 1975). Bacterio-
phages have alsc been identified in gram positive organisms such as
StaphyZochcus aureus (Novick and Morse, 1967), and in Bacillus over
150 phages have been reported (Reanney, 1976). These examples show some
of the range and diversity of phages. Calculations based on the number
of viruses found in soilksamples show them to be the most numeﬁgus
genetic objects by several orders of magnitude (Reanney, 1975) and if,
as Szybaiski and Szybalski (197h) believe, the chromosomes of all
orgenisms contain viral "modules" that may occasionally acquire

reviicative autonomy, then it follows they will be universally distri-



buted throughout the biosphere.

While the principal function of phages is to ensure their own
survival, they can also be responsible for alterations in the prcperties.
of their hosts. Fxamples of this are: lysogeny conferring super-
infection immunity, phage mediated modi fication and resériction systems
(Glover et al., 1963), and even enhanced growth rate under certain
conditions (Lin et al., 1977; Edlin et al., 1977); converting phages
affecting characters such as antigenicity (in strains of szlmonellae,
Robbins et al., 1965) or pathogenicity (production of diptheria toxin in
© Corynebacterium diptheriae, Gill et al., 1972); transducing phages,
transferring plasmid or chromosomal genes, whole plasmids and even other
phages. This latter property may be especially important for genetic
transfer in genera of gram po;itive organisms wﬁere conjugative plasmidc
are. (@6 common , . This has been demonstrated in staphylococel
(Novick and Morse, 1976; \Inoue and Mitsuhashi, 1975). It may well be
that the habitat of many gram positive organisms may militate strongly
against genetic transfer by conjugation. 'In the soil, for example,
which is a co0lloidal and particulate medium, the variability of such
factors as nutrient.availability, température and pH, may mean that the
soil bacteria are seldom present in adequate numbers in sufficient
proximity and in a suitable metabolic state to permit an efficient
transfer of information by conjugaticn, In these circumstances,
natural selection may well have acted to promote cell to cell transfer
by smaller, more diffusible and dispersible phage particles.

Another important aspect of genetic transfer by transduction is
that it allows interspecific exchanges of information. For example,
there is such an enormous pctentialvfor phage mediated interchange of
genes in the genus Bdeillus thet it may constitute a single genospecies

(Reanney and Teh, 1976).  Among coliphages, too, there are those with



wide host range, particularly among those uediating generalised trans-
duction. Pl, for example, infects not oaly Escherichia spp., but
also Salmonella, Shigella and Klebsiella. Kaiser and Dworkin, 1975,

Al

have shown it can trznsfer genes from ¥, ccli 4o myxobacterium.

Regarding the role of phages in plasmid transfer, they may be the
only means of bringing it about in some species and in certain environ-—
ments (eg. Bacillus). In other cases, they may expand the potential
host range of plasmids in ;everal ways: phage-mediated modification
systems allow plasmids to infect iysogenic stréins in which they would'
otherwise be restricted (Glover et al., 1963); certain interspecific
and intergeneric plasmid exchanges may be exclusively phage-mediated
due to the lack of suitable conjugation systems; transduction can
reduce the size of plasmids (%ittard and Adelberg, 1963) thereby delet-
ing sites for restriction enzymes and genes which might be harmful to
the new host (such as genes for pilus production, causing sensitivity
to male-specific phages).

Phages can also incorporate transposons (Kondo and Mitsuhashi,
196L4) and chromosomal genes (Rosner, 1975 and this thesis, Chapter 5)
into their genome, the new material replacing redundant DNA and non-
essential phage genes when packaged in the phage head (Yun and Vapnek,
1977), resulting in these new characters being transduced into the f
recipient as part of a plasmid prophage. If the inserted DNA is
smaller than the redundant DNA normally packaged, then the phage is
still capable of lysing its host and releasing infective particles /
which transduce the incorporated material at high frequency.

In addition to involvement in the transfer and evolution of
existing plasmids, phages may also create new plasmids like those
desceribed by Leavitt (1971) and Hirazga (1976) by transduction of the
chromosomal origin of rveplication.of their hosts. The question of

plasmid evolution is discussed further in Chapter 5.



1. Molecular vroperties. DA from infective Pl phagze particles

is linear, double stranded, circularly-permuted and has & molecular
weight of about 66 Md. (Ikedd and Tomizzwa, 1968}, znd with extensive
terminal redundancy (9-12% of the genome, Yun and Vapnek, 1977). In
the prophage state, Pl is maintained as a circular plasmid molecule
without redundancy, at one to two copies per chromosome and a molecular
weight of 58 Md. (Hedges et al., 1975). DNA from the closely related
vhages P1Cm and PT (formerly ¢Amp) is the same size as linear Pl but
with reduced redundancy, and their prophages are correspondingly la}ger
(Hedges et al., 1975; Yun and Vapnek, 1977).

In addition to the normal sized particles, about 25% of a
populstion of Pl phages are sméller, the majority of the class contalning
about 40% of the DNA of the large particles (Ikeds and Tomizawa, 1965¢) .
These particles are defecfive, but can inject their DNA and phage
markers can be rescued from mixed infections (Walker and Anderson, 1970).

2. Genetics of Pl. This has been extensively studied by the

isolation, characterisation and mapping of mutants, initiated by Scott,
1968.  About 120 amber mutants in functions required for plaque for-
mation have been isolated and put into ten>linkage groups (Walker and
Walker, 1976). Mutants affecting lysogeny, immunity, restriction;
modification, a dnaB-like function, lysis and transduction have also
been isolated (see Yarmolinsky, 1977).

Much work has been done on the immunity to superinfection apd
the maintenance of lysogény by the Pl prophage. In A, both f?gctions
are mediated by the same repressor protein, the product of the el
gene (Echols and Murialdo, i978). In P1, however, the functions are
separable (Scott, 1975). Further? although P1 and PT have different

immunities (Cheéney and Scott, 1975) their prophages behave like



incorpatible plasmids {(Hedges et al., 1975) indicating a common
~mechaniom of. replicaticn control. In Pl and P7 identical ¢I products
negatively control pnrophage repiicetion while another gene, ch,
controls irmunity.  The el products which are different in the two
phages act by repressing ant, an antirepressor which acts against eI.
ant 1s not required for lytic growth or lysogeny but may be preserved
because it allows a readlily reversible transition to virulence by a
single step mutation to ant constitutive (Wandersman and Yarmolinsky,
1977).

Studies by Rosner, 1972, showed that Pl lysis, lysogeny,

spontanecus curing and production of transducing particles all took

place in a recd background. The possible existence of a Pl specified

\\

N

generalised recombination system was demonstrated by Hertman and Scott,
1973. Recombilnation between Pl mutants was cobserved at reduced

frequency in recd, recB and recAB genetic backgrounds.

3. Specialised transduction. The ability of Pl to incorporate

foreign DNA into its genome and still lyse its host was first demon-
strated by Kondo and Mitsuhashi (1964). They obtained a fecombinant
phage, P1Cm, which cearried genes for chloramphenicol resistance from
an R factor. Its phage functions were uﬁimpaired and it transduced
chloramphenicol resistance at high freguency.

Takano and Ikeda (1976) developed a selective technique for

isolating such recorbinants, producing a P1¥m phage. Rosner (1975)

. /
transduced a reed strain and isolated a Pl-pro’ phage. On induction,/
/

this gave a mixture of products, some of which were defective phages
which transduced pro* at high frequency, and some were plague-forming
particles {10% of the rormal yield by Pl). It wes presumed that the

Pl—pro+ prophage was oversized and could nct be completely incorporated

into phage heads. {This does not explain its formation, however.)



This is an example of the general chservation of an upper 1imit to the
size of DWA Vhich can be inserted intc the vhage genome without loss
of phage functions from any particles subsequently formed. Takano and
Ikeda (1976) showed this was true for PlXmlm, as did Mise and Arber
(1976) for P1lTec and P1lCmTc, and Iida and Arber, 1977, for PlCmSmSu.
Restriction enzyme cleavage of phage DNA (Schulz and Stodolsky,
1976) and heteroduplex analysis (Yun and Vapnek, 1977) were used to
locate the insertions in several specialised transducing derivatives of
P1. The heteroduplexes showed the incorporatéd meterial appeared in °
the phage heads instead of some of the redundant phage DNA. If the
foreign DNA was bigger than the redundancy (¢ 5 Md.) then phage
particles contained incomplete Pl genomes. This suggested that the
mechanism of DNA packaging wa\é- like thé "headful" hypothesis put

forward by Streisinger et gl. (1967) for phage Th. This is disucssed

~ '

in the next section.

4, Generalised transduction. Pl is arguably the best studied

generalised transducing phage. Lennox (1955) demonstrated that it
could transduce a wide variety of markers and it is now beleived that
in a population of Pl phage, the transducing particles contain randomly
distributed host DNA fragments. Although the transduction frequency
varies for different markers due to differences in efficiency of J
expression or incorporation, for a given marker the transduction
frequency is proportional to its gene dosage at the time of cell lysis.
This has been used in experiments to locate the origin of replication/éf
the E. coli chromosome (Ca%o and Berg, 1971), the nearer a marker to éhe
origin, the greater will be its gene dosage in an exponentially growing
cell population.

P1 transduction has -also been particularly useful in the mapping

of the E. coli chromosome (Bachman et al., 1976) and in the analysis off
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R factor structure {Xcndo et al., 1962

»

ransduction process was first

1)
cr

The molecular nature cf th
inveétigated in a series of papers by Ikeda and Tomizawa (1965a, b and
c). Using differcniial radicactive end density labelling they were
able to separate transduciﬁg particles from normal Pl pﬁage. They
concluded that transducing particles formed 0.3% of the total phage
population, and that they contained bacterial DNA only which was of the
‘same molecular weight as the Pl DNA normally packagéd. About 25% of
the phage were small, containing only 40% as much DNA as the large
- particles. Small transducing particles were alsc detected and shown to
carry a similarly reduced amount of bacterial DNA. Such phage were
incapable of transducing mar&ers as widely separated on the chromosome
as the large Pl transducing p;ége. (P1 minute‘particles have since
been detected, Walker and Anderson, 1970.) These results supported
thé idea that for both Pl\and host cell DNA, contiguous headfuls were
packed rather than the DNA being cut by an enzyme acting as a molecular
ruler.

The headful hypothesis of Streisinger et aZ.‘(l96T) was put
forward to explain the nature of the DNA found in the heads of T4 phage.
According to their model, T4 DNA was synthesised as a long concatamer
and used to fill phage heads which hold rather more than one complete
genome. This would explain the observation of both circular permutation
and terminal redundancy in Th DNA. A prediction of this model is that
deletion of part of the phage gencme would not affect the length of DNA
per phage, but would increase the redundancy. This was true for o
(Streisinger et al., 1967) and the work of Yun and Vapnek (1977) strongly
suggests the same mechanism operateé in P1.

Further evidence was provided by Lee et al., 197%, who used

heteroduplex analysis to compare Fl transductants of a large F' (Flk)



with the parent plasmid. Their experinments showod the transductants
were about the same size as P1l, contained no P1 DNA and the transduced
sequencesvwere homologous with cdntinuous stretches of the parent‘
piasmid (except for one which had an 200 kilobase insertion, possibly
Is51).

\ Packaging of host DNA by P1 is not the result of a phage mutation.
This was demonstrated by Harriman (1972) who showed that both trans— |
ducing and lytic phage particles could be liberated in the same burst.
In addition, 0.5% of Pl bursts produced particles capable of transducing
~ A from the lysogenic donor. Other P1 particles from the same burst
were frequently able to transduce another lysogenic phage from a
widely separated site on the donor chromosome. The frequency of co-
production of such particlesxbas too high to be accounted for by random
packaging of the host DNA (although it was related to the distance
between the lysogenic phages). A model was proposed suggesting that
there were regions in which chromosomal DNA was efficiently packaged
in a proportion {(c 10%) of the hosts.

Wall and Harriman (1974) used hydroxylamine mutagenesis to isolate
mutants of Pl with altered transduction freguencies. Both high and low
frequency transducing mutants were isolated, the frequency being altered
for all markers, but not equally. The burst size was normal and the
mutants non-complementing. Tne authors suggested that a Pl-coded
nuclease specific for P1 DNA had altered affinity for bacterial DNA
in the mutants. Cecnsistent with this was the accelerated breakdown of
‘host DNA reported for one of the high frequency transducing mutents’
(Harriman and Wall, 1973). |

Finally, there is evidence that Pl packaging begins at preferred
sites, as ié the case for phage P22 (Tye et al., 197h). When cleavage

fragments from restriction enzyme digests of DNA from PL particles are



compared by electrophoresis with those vroduced from the P1 prophage,
an additional band is observed in the phage digests.  The new band
contains material from the right hand end of the phage molecule as it
is conventionally drawn. ATso, densitometry messurements showed

bands originating from the region immediately to the right of the extra
band were more intense in phage digests than those. from prophage DNA.
This was interpreted as meaning that packaging was initiated at a
specific site near the right hand end of the Pl molecule and packaging
continued to the rignt of this site. The termination point was deter—
mined by an imprecise "headful" mechanism, explaining why only one

clearly defined new band was seen in the phage digests. In addition,

the intensity of the novel fragment indicated in contained one third
N

N

as many molecules as the other bands. This means that if Pl is
packaged from concatameric molecules, the average number of sequential
packaging events is three\(Béchi and Arber, 1977).

If an enzyme is responsible for the generation of the packaging
origin, it may also initiate packaging of chromosomal DNA from specific
sites (explaining the results of Harriman, 1972). When mutant, this

enzyme could alter the incidence of transducing particles {(Wall and

Harriman, 197h).



Results

RAI-1 is a plasmid of incompatibiiity group A of molecular weight

90 Md. (P. T. Barth, unpublished). It was 1solated a5 a recombinant

R

between RAL (Inch, @a Su ') ard RSTb (Incl, Aph

d

CmRSuRGmRKmR) and carries
genes for resistance to chloramphenicol, tetracycline and sulphenamildes
(Datta and Hedges, 1973). It was reported that the resistances of
RAl-1 were co-transducible by Pl (Datta and Hedges, 1973) and the
molecular weight of cne such transductant was about 90 Md. {(Barth and
Grinter, unpublished).

A P1 lysate was prepared from J62(RA1-1), titrated (titre 4.4 x

9

107 p.f.u./ml after dilution in P1 buffer), and checked for the absence

of bacterial contamination. 0.3 ml of undiluted phage lysate was
plated onto nutrient agar and\incubated at 3700 overnight. No growth
vas observed.

J53-2 was transduceﬁ with the lysate at a multiplicity of
infection (m.o.i.) of 2, and plated on minimal agar containing the
requirements of J53-2 plus rifampiein and either chloramphenicol or
tetracycline. Controls of J53-2 alone were plated on the same media.
After 48 hours incubation, no growth was cobserved on the controls,
whereas colonies appeared on both -chloramphenicol and tetracycline
selections, corresponding to transduction frequencies of 2 x 10_8 and
1x lO—7 per p.f.u. respectively. 2L colonies from each selection were
purified on the same selective media. These were called Cml-2L4 and
Tel-2k. Bach isolate was tested for unselected drug resistance
markers, transmissibilit& and surface exclusion. The results/gre
shown in Tables 6.1(2) and (b).

With the exception'of-Tcl and Tel9 which are discussed later,

the pattern of phenotypss exhibited by the transductants is consistent

with the arrangément of genes on RAl-1 as shown in Figure 6.1. The



Table 6.1 (a). Properties of RAl1-1 transductants

Plasmid Resistance! Surface? Transmissibility3 Plesmid Resistance Surface Transmissibility
' pattern exclusion : pattern exclusion '

Cml CTSu + + Tel TSu +/- -

Cm2 CTSu +/= - Te2 CTSu - -

Cm3 CTSu + - Te3 CTSu + +

Cmly -CTSu ) + -~ Tel TSu - -

Cm5 CT3u +/- - TeS TSu - : -

Cmb CTSu + + © Teb TSu - : -

CmT CTSu +/- - TeT CTSu +/- -

Crd CTSu + - Te8 CTSu - -

Cra@ CTSu + - TeS TSu - -
CmlQ CTSu ' + [ - Tel0 TSu + } +
Cmlli CTSu . + /= . - Tell TSu - -
Tl CTSu + - Tel2 CTSu +/= -
Crml3 CTSu + - Tel3 CTSu , - -
Cmlh . CTSu +/= - Tell CTSu - ' -
Cml5 CTSu + - ' Tel5 TSu - --
Cralé CTSu +/- - Tel6 CTSu - -
Cml7 CSu +/- - TelT - CTSu + -
Cml8 CTSu -+ - Tcl8 CTSu - -
CmlS CTSu , +/- - Tel9 T + defective (10%

v normal)
Cm20 CTSu + /- ' - Te20 CTSu + : +
Cm22. CTSu +/- - Te2l TSy - defective (3%
normal )

Cm22 CTSu + - Tec22 TSu + +
Cm23 CTSu + /- - Te23 CTSu - -

Cm2l CTSu + + . Te2k CTSu - : -



1 1 - |,
Footnotes to Table 6.1 {a)

1 Antibiotic resistances are: C - chlocamphenicol; T - tetracycline;
Su - sulphonamides.

2 The ability to exclude the entry of RliCa {(Datta and Hedges, 1973)
was measured. Overnight broth matings were carried out between
J62(R40a) and the transductants in J53-2. J53-2(RA1-1) and
J53-2(R™) recipients were used as positive and negative controls
respectively. Selection was for kanamycin resistance on
isosensitest medium with rifampicin to counterselect the donor.
Typically there were less than 10 colcnies on the positive controls
and between 5000 and 10,000 on the negative controls. Scoring was
as follows: BSext - no. of colonies < 10 times +ve control; Sex -
no. of colonies > 10% of -ve control; Sex™/~ - no. of colonies
> 10 times +ve control, but < 10% of -ve control.

3 Transmissibility was tested in overnight broth matings with J62-1
as the recipient. Selection was for chloramphenicol (Cml — Cm2k)
or tetracycline (Tel - Tc2h) resistance with nalidixic acid to
counterselect the donor. (RA1-1)J53-2 and (R™)J53-2 were positive

and negative controls, respectively. Typically, there were no
colonies on the negative controls and over 1000 on the positive
controls, With the exception of Tcl9 and Te2l, transfer was elther

indistinguishable from RA1-1 or undetzctable.



Teble 6.1 (b). Properties of RAl-1 transductants

Phenotypic class Number of representatives! Clone numbers
1. CTSu Sex*/™ Tra~ 13/48 cm2,5,7,10,11,14,16,19,20,21,23,TcT,12
2. TSu Sex Tra 6/24 Teh,5,6,9,11,15
3. CTSu Sext Tra— , 10/L8 Cm3,%,8,9,12,13,15,18,22,TclT
4. CTSu Sex~ Tra~ 8/48 ’ Te2,8,13,14,16,18,23,24 |
5. CTsﬁ Sext Tra‘t 5/48 e Cml,6,24 ,Tc3,20 . ,_t\
o
6. TSu Sext Tra*t 2/24 Tel0,22 ’
7. CSu Sex*/™ Tra~ 124 | CmlT
8. TSu Sex” Tradefective 1/24 Te2l
9, TSu Sex*/~ Tra- 1/2k ' Tel
10. T Sext qralefective 1/2% Tel9
1 The phenotypic classes are listed in descending order of frequency of bccurrence. Chloramphenicol

sensitive or tetracycline sensitive derivatives could not be selected on these antibiotics and so
their nunbers are expressed as a fraction of 24, rather than 48.
T
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TetracylineR

Transfer

1
Sulphonamide®

Replication

Surface exclusion

Chlora mphenicolR

Figure 6.1: Map of RA1-1 derived from transduction data.

The spacing of markers around the circular map is based on aesthetic
cnsiderations. No conclusions about intervals_ between genes can be
drawn from the tr.ansd‘uction data (sée text) .

l'Ihe two possible locations of the sulphonamide resistance gene(s)

are shown.



data say nothing sboubt the distances between markers since each
selection demands the inclusion of the selected antibictic resistance,
the essential RA1-1 genes and the material in between.,  Hence,
frequency of co-tranzduction is a function both of the size of the
piece of RAl-1 demanded by the selection as well as the.distance
between selected and unselected markers. Also, data presented later
in this chapter show that the lsngth of the transduced DNA may vary,
introducing cnother unknown into the relationship.

One puzzling feature of the results 1s the failure of chlor-

- amphenicol selection to produce a Sex™ phenotype, while 8/24 of the

tetracycline selected clones are CRSex_.

Transduction of a recd recipient. DNA isolated from phage

N

particles is linear (Ikeda and Tomizawa, 196L4; Biachi and Arber, 197T;

Yun and Vapnek, 1977). When plasmids are transduced, what mechanism
allows them to recircularise in the new host? To test the involve-
nent of the recd gene in this process, cultures of C600 and HH26
(C600recd) were transduced under identical conditions with the phage
lysate from RA1-1 described above. The results are shown in Table 6.2
Transduction of a chromoscmal marker (Zeu+) was undetectable into
the recd recipient.. The tetracycline resistance from RAL-1 was
transdueible to C600recd, however, with a frequency 25% of that for the
isogenic recAt strain. Allowing for the reduced viability of reca
cultures, this deoes not represent a significant difference and shows
the »ecd gene is not required in this process.  Four tetracycline
‘resistant colonies from each recipient were purified and tested for
antibiotic resisﬁance. 3/L from the recAt strain were TcSu resistant,
1/Lk was CmTcSu resistant. L/L of ﬁhe recd transductsnts were TeSu
resistant. The results could be due to a TcSu transposon, but this

is considered unlikely because of the molecular studies described below.



Table 6.2. Transduction of recdt und reed recipients

Transduction frequency (per p.f.u.)
Donor strain  Transductional m.o.i.

recipient Tc resistance leut
-7 _
(RA1-1)J62 C600 0.5 b x 10" 2 x 10 6
T < 5x 10_9

(RA1-1)J62 C500recd 0.5 1 x 10

There was no growth from platings of the recipients alone (no P1l) on the
same selective media.

AN



- ~180-

oo
eg

]

jof)

DNA was prepared from 2U of the transductants ribed in the previous

o

section and cof these, five had a phenctype consistent with their

having received a chrcmosomally inserted TeSu transposon and no plasmid

o

{i.e. they were ol Sex T»a"). 5/5, however, were shown to contain
plasmids related to the RA1~1 in the donor (see below). There 1s
therefore no evidence for a TeSu transposon.

Another possibility is that the RA1-1 plasmid spontaneously
produces segregants which zre chloramphenicel sensitive and small

earch for

n

enough to be efficlently transduced in Supercoiled form. A
~such segregants by replica plating failed to show any in approximatély
10h colonies tested. It therefore is strongly suggested that the
TcRSuR transductants observed in the recd recipient are the result of
the packaging of segments of ;Al—l into phoge particles.  The resulting
linear plasmid fragments reform circular molecules in the new host by a

recA independent mechanism.

Properties of Tecl9. This transductant wvas unusual in two

respects: firstly, it was the only RAl1-1 derivative.lacking sulphonamide
resistance; secondly, molecular studies (Plates 6.3 and 6.8) showed it.
to contain a plasmid quite unrelated to the parent plasmid. One
possibility was that the tetracycline genes from RAl-1 had become part
of a P1 prophage. Accordingly, its compatibiliﬁy properties were‘
tested against RA1~-1b(IncA) and PiCm(IncY), with two other transductants
(TclG and Tell) included as controls. The results are snown in Table
6.3 and indicate that TelQ is incompatible with Pilm and compatib;e with
RA1-1b. TclO anda il bofh behaved like Inch plasmids. /

The ebility of Pl to form plagues on Tcl9, TclO and Tell was also‘
tested (Table 6.3) and the results indicate clearly that Tcl9 expresses

P1 immunity. his result and the previous one suggest very strongly

that the plasmid in Tcl9 is a Pl prophage. However, Tcl9 did show a



Table 6.3. Properties of TeclO, Tell and Tel9

Execlusion Pl immunity (plague counts)
Donor Recipient Compatibility (colony counts) 1077 10"8
(RA1-1b)J62 (Tc10)J53-2 2L /24 CmiTe Incompatible 74 (Sex ')
(RA1-1b)J62 (Tcll)Jd53-2 24 /2L Crmire® Incompatible > 1000 (Sex )
(RA1-1b)J62 (Te19)J53-2 2h/24 cm'Te" Compatible , > 2000 (Sex )
(RAL-1b)J62 J53-2 ¢ 5000 (Sex )
-

(P1Cm)W3110T— (Tc10)J53-2 24 /2L Crtrett Compatible ¢ 5000 (Sexf)
(P1Cm)W3110T~ (Te11)J53-2 2h /24 CriTet Compatible c 5000 (Sex )
(P1Cm)W3110T~ (Tc19)J53-2 | 2L /2L CmR'I'cS Incompatible c 2000 (Sex )
(P1Cm)W3110T™ (RL40a)J62 12/12 CmRKmR Compatible c 5000 (Sex )
(P1Cm)W3110T™ J53-2 : c 5000 (Sex )

(Te10)Jd53-2 > 500 75 (Zan )

{Teil)J53-2 > 500 90 (Imm )

(Te19)J53-2 0 0 (T )

(RA1-1)J53-2 | > 500 50 (Imm )

(P1Cm)W3110T~ o 0 0 (Tmm”)

J53-2 _ o > 500 80 {Tmm )

..'[8']:...



Table 6.3 Continued. Properties of TeclO, Tell and Tel9

Bxclusion Pl immunity (plaque counts)
Donor Recipient Compatibility (colony counts)
(R5Tb~1)J62 (Tecl0)J53-2 23/23 CmBTcS Incompatible 62 (Sex+)

: (R5Tb-1)J62 (Tell)J53-2 2L /oh CmBTcS Incompatible > 1000 (Sex )
(RSTb=1)J62 (Te19)d53-2  22/2h amire’: 2/2k cniTc® Compatidle? ¢ 5000 (Sex”)
(R5Tb~-1)J62 J53-2 _~ € 5000 (Sex )
(R40a)J62 (Tc10)d53-2 . 20/20 KmiTc® Tncompatible ¢ k40O (Sex')

" (RLoa)J62 (Tell)Js3-2 Not tested c 5000 (Sex )
(RMOR)J62 - (Te19)J53-2 11/21 kmtwel:  10/21 KmiTco ¢ 500 (Sex')
(RbOa)JI62 (RAL-1)J53-2 Not tested 118 (Sex")
(RLOg)J62 (P1Cm)Js53-2 5/9 Ko C L/9 Km™ > ¢ 500 (Sex+)
(RhOa)J62 J53-2 ¢ th(Sex—)



marked ability to exclude the entyy of RiCa (T;ble 6.1). To confirm
 this it was retested against RAL-1b, ROTL-1 [:IncC, but excluded strongly
by IncA plasmids (Datta and Hedges, 197Ta) | end P1Cm (Table 6.3). No
evidence of exclusioit was found. On retesting with RbOa, however, its
exclusion by Tel9 was confirmed and it was also shown that P1Cm had the
same ability to exclude RbLOa. This last observation suggests that Tcl9
has nct acquired its ability to exclude RLOa from RA1-1.

The compatibility properties of P1Cm, TclQ and RhOa were also
tested. Whereas P1lCm was not excluded by and did not eliminate Rhoa,‘
eiimination of Tecl9 and P1Cm by RUOa was observed in approximately 50%
of the transfers (Table 6.3). When clones harbouring both the KmR of
R40a and the TcR of Tcl9 were retested after growth for several genera-
tions withcut selection, they\ﬁere found to have retained both resis-
tances (and P1 immunity) in all cases (16/16). The tetracycline
resistance of these stabié'"doubles" was separately transmissible, but
all attempts to transfer the Xanamycin resistance failed.

The results are extremely difficult to interpret. That Tcl9 is
5 P1 type plasmid (IncY) has been clearly demonstrated as hés the
membership of TeclO and Tecll to IncA. The interactions of RUOa with
P1Cm and Tcl9, however, do not fit into any published description of
plasmid behaviour.

A hypothesis to explain the dilslodgement of one plasmid by

another compatible plasmid was suggested by Coetzee et al., 1375. In

)
/
/

this model, genes for a hypothetical nucleése are Gransiently induced/
when the plasmid carrying them enters a new host by conjungation. This
enzyme specifically attacks the resident plasmid, causing its loss or

the deletion of a partiéular section of it. In the results presented
here, the one case where a plasmid maey have undergone a specific dele-

tion (the loss of transmissibility of RMOa from a “"double" with Tcl9)
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it was the incoming plasmid, not the resident, which was attacked.
A possible explanotion is provided Ly the recent observation
(M. E. Nugent, unpublished) that RhOs is in fact two plesmids of
approximately €0 and 85 Md. . The larger of these is of a size
typical of plasmids belonging to incompatibility groups A and C (Barth
and Grinter, unpublished). The results can be explained if this is a
non-transmissible IncC plasmid carrying the antibiotic resistance genes,
and the other plasmid is conjugative, IneY, and has no antibiotic
resistances. The cryptic plasmid is responsible for the transfer of
the resistance plasmid by mobilisation.? Transfer of both plasmids
is reduced when the recipient carries an IncY plasmid by exclusion
of the mobilising plasmid. Where transfer is successful, the recipient
has two incompatible IncY pla;ﬁids which in the absence of selection
for either, segregate randomly, 50% of the recipients losing one plasmid
and 50% losing the other. This would explain the "dislodgement" of Pllm
and Tcl9 by R4Oa. Finally, in those "doubles" harbouring Tcl9 and the
IneC plasmid, the cryptic mobilising plasmid has been eliminated by
incompatibility with Tel9, and so the IneC plasmid will not transfer.
(It cannot be mobilised by Tecl9 which, like PlCﬁ, transfers by trans-—
duction.) This explanation, although bizarre, does fit in with the
observations and should be easy to test by looking at the DNA of tﬁe
various plasmid combinations. This work has not been undertaken.
Regarding the incompatibility cobserved between two IncC plasmids
(R40a and R5Tb-1) and two of IncA(TelO, Tcll), it suggests the dis-
tinctions between the gréups A and C may not be clear cut. M%hy plasmids

are already designated A-C (Hedges, 197T). The status of IncA plasmids

should be reassessed.

1 Spoataneous loss of transmissibility of RLOa has been observed
(N. Grinter, unpublished).



Preperties of Tel. This plasmid was unususl in that its
I P

s . I . .
phenotype (TSuw Sex ' Tra ) cannot be explained by a single deletion
+ /—- -
from the map shown in Figure 6.1. Two plasmids, (ml7 (CSu Sex ' Tra )

and Te2l (TSu Sex™ T}aaefectlve)

s however, do suggest that the gene
order 1s as shcwn on the map. Tcl might be another Pl prophage like
Tcl9 and so its compatibility with PiCm and RA1-1b was tested.  Te2l
was also tested beéause it was the only plasmid apart from Tecl9 with
the TradefeCtive phenotype, all other transductants being either Tra™
or transferring with the same freéuency as RAl-1.

Both plasmids were found to co-exist stably with P1Cm in all cases
tested (12/12) and to be eliminated by RA1-1b {12/12), and so belong to
Inch. Thus, Tel may have originated in a packaging event which
introduced more than one delegion in the RAl-1 parent molecule. An
alternative explanation is that there is a certain amount of overlap
between the Sex and Tra régions of RAl-1 as has been shown with RPL
where insertional mutations in the Sex region also gave a Tra~ phenotype

(Barth, manuscript in preparation).

Molecular characterisation of the transductants: experimental

raticnale. The relationship between RA1-1 and its transductants was
studied by comparing the molecular fragments produced by cleavage of

their DNAs with & restriction endonuclease. Such an enzyme recog-

nises a specific base sequence on the DNA molecule and produces a

staggered, double-stranded cut in this seguence. For the enzyme used

ﬁCATCT

here, BylII, this seguence (5' + 3') is TCTAGA

with the cut sites shozé
by the arrows (Roberts, 1977). Assuming that ccntinuous sequences of
DNA are packed into transducing particles (Lee et gl., 1974), then a
study of fragment patterns of the various transductants will show:

1. Fragments which do not carry essential plasmid functicns can

be lost. All rragments either lost or alitered in a particular trans—
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parental plasmid.

B

duetant were originelly a continuous section of the

2. Fragments which are always retained by the transductants will
carry essential plasmid functions or be from regicns on the parent
plasmid which lie between esdential gernes and the selected drug-
resistance marker.

3. Fragments lost or altered in all the members of a particular
phenotypic class of transductants contain the functions missing from
this class.

4. If packaging of host DNA into phage particles is initiated '
from specific sites on that DNA, then the number of different trané—

ducing particles which can be produced from a plasmid is limited to

the number of such sites on the plasmid molecule. If host DNA is

N
N

packaged at random, however, then a whcle spectrum of transducing
particles can be produced. Comparison of the digest patterns of

the transductants, partiéularly those having the same phenotype, may
provide evidence favouring one of these models. [ An additional
source of variation between the transductants could be introduced by
the process leading to the recircularising of the transduced plasmid
in its new host. This has been shown to be recd independent (see
above). Two possible mechanisms for recircularisation are recombina-
tion between insertion sequences on the plasmid, and ligation of
sticky ends preduced cn the transduced DNA by a restriction-type
endonuclease involved in packaging DNA intc phage heads. The former
- of these is thought to be unlikely, for if such an illegitimate event
were possible it would also be seen in the parent plasmid whicﬁ would
therefore tend to produce spontaneous deletion mutants. These have
not been observed. If the second mechanism were involved, then as
suggested above only a limited number of tyres of transductant would

be produced.- (Also, transduction of plasmid DNA would not be possible
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into a ligase~deficient wutant.) |

Molecular chursctervisation of the transductants: experimental
P

results. Plasmid DFA was prepared from 24 of the transductants
described in Table .1 by caesium éhloride/ethidium bromide density
gradient ultracentrifugation. Thése included five representatives
from each of the four major, well-defined phenotypic groups (numbers
2-5, Table 6.1(b)) as well as some of the minor classes. Each
purified DNA was digested with restriction endonuclease BglII and
subjected to electrophoresis in a horizontal agarose gel as described
.in Chapter 1. A DNA cut with BglII, EcoRl, or BglIIl and EcoRlvwas
used as a standard. The gels were run for about 3 hours, by which

time the smallest A fragment was near the bottom. They were removed,

N\ .
photographed, replaced in the gel holder, sealed with fresh agarose

and run for a further 2-3 hours. This gave better resolution of the
larger DNA fragments. The results are shown in Plates 6.1-6.3.

Molecular weights of the fragments were read from calibration
curves constructed from the mobilities of the A DNA fragments (Figure
6.5) and the results are shown in Figures 6.2-6..L.

Molecular weights of the intact plasmids were estimated from
single colony gels (Chapter 1). RP&, Rl and RA1-1 were used as
molecular weight standards. The gels are shown in Plates 6.4-6.7 and
the calculéted molecular weights in Table 6.4. A calibration curve
isvshown in Figure 6.6.

Tcl9 was also compared with Pl prophsge DNA and with P1Cm.

BglII digests of all three plasmids were subjected to electrophoresis
and the results shown in Plate 6.8. Molecular weights of the fragments
were extrapolated from a calibration.curve constructed from the
mobilities of the F1 BgZII fragments and their published molecular

weights (Bachi-and Arber, 1977). The results are shown in Figure 6.7.
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Molecular weignts were extrapolated from a calibration curve based
on the mehbilities of » DHA fragmeﬂts (Figure 6.5) and the results drawn
on a logarithmic scale. The weights assigned to the fragments of RAl-1
are the mean of three separate determinations. Zach fragment is shown
as a horizontal bar, with thicker bars denobing unresolved fragments.
The number of unresclved fragments in a band is shown as the suffix x 2

*

or x 3 after the molecular weight.  Where bands present in RAl1-1 are

v

missing from the transductants they are shown as dotted lines. New
bands appearing in the transductants are shown with their molecular
welghts written in. Changes in the number of fraguents in a band are
also recorded. Fragments shSWn in brackets are‘probably products of
incomplete digestion, and have not been included in the calculation of
total molecular Weight. ‘Where DNA concentrations were imsufficlent to
allow the presence or absence of a btand to be decided, a question mark
is shown. At the foot of each column is the total molecular weight of
the fragments with the molecular weight of the intact plasmid (deter-

mined from single colony gels, see Plates 6.L-6.7 and Table 6.4) shown

beneath in brackets.

¥ The pumber of fragments in a band is decided from the relative
intensities of the bands. In a series of single fragments of
decreasing molecular weight, there is a gradual decrease in brightness
“due to there being less DNA in each successively lighter band. Any
hand which does not fit into this sequence contains either more or less
fragments than its neighbours.
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Plate 6.1. Es1II digests of RAL-1 and its transductants.

Plasmid DNA after cleavage with restriction endonuclease and
electrophoresis in 0.7% agarose/borate (Chapter 1). The upper photo-
graph shows the migration after 3 hours and the lower after a Turther
2 hours. The tracks are: 1, A EcoRl; 2, A BzlII; 3, RA1-1; L, Cml; 5,
Cmb; 6, Cm2h; 7, Tc3; 8, Te20; 9, Cm3; 10, Cm9; 11, Cml5; 12, Cm22;
13, Tcl7. Plasmids in tracks 4-8 are phenctypically indistinguishable

. . RE.R., + 4 , .
from the parent (i.e. C T Su Sex Tra ), and those in tracks 9-13 are

+ - . .
CRTRSuRSex Tra . The bands in tracks 1 and 2 were more intense ithan

the others and so were given less exposure. The molecular weights of

the fragments are shown in Figure 6.2.
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Figure 6.2 :



Plate 6.2. Bi1lII digests of RAl-1 and its transductants.

Plasmid DNA after cleavage with restriction endonuclease and
electrophoresis in 0.7% agarose/borate (Chapter 1). The upper photo-
graph shows the migration after 3 hours and the lower after a further
2, hours. The tracks are: 1, A EcoRl; 2, A BglII; 3, RA1-1; 4, Tc2; 5,
Pe8; 5, Tel3; T, Tel8; 8, Te2h; 9, Ted; 10, Teb; 11, Te9; 12, Tell;

. . . RR R, - =
13, Tel5. Plasmids in tracks 4-8 are phenotypically CT Su Sex Tra ,

. ‘ S R, R = .

and those in tracks 9-13 are C T Su Sex Tra . The bands in tracks 1
and 2 were more intense than the others and so were given less
exposure 1n the upper photograph. The molecular weights of the

fragments are shown in figure 6.3.
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Figure 6. 3: Bqlll fragments of RAl-1 and its transductants (from Plate 6.2) .
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Flate 6.3. BglIT digests of RAl-1 and its transductants.

Plasmid DNA after cleavage with restriction endonuclease and
electrophoresis in 0.7% agarose/borate {Chapter 1). The upper photo-
graph shows the migration after 3 hours and the lower after a further 2
hours., The tracks are {with phenotype where appropriate): 1, A EcoRl;

2, A BglII; 3, A B2lII + EccRI; L4, RA1-1; 5 and 6, TelO and Tel2?2
_5_ P 1 ey 3 2 >

S ; + + ! +/- -
(EBsBsextrra®); 7, om7(cRrSsext TrraT); 8, me19(cSRsuSsextmradel);
9 and 10,Te3 and le(CRTRSuRbeX Tra ); 11, Tel7;(cC i RSuqSex Tra ); 12,

TCQH(CRTRSuRSex_Tra_); 13, TclS(CSTRSuRSex Tra ). The bands in .tracks

1-3 were more intense than the others and so were given less exposure.
A DNA in these tracks has given extra bands due to incomplete digestion
(except in track 2 which has hardly digested at all). The products of
complete digestion were located by comparisons with other (complete) A
digests and were then used to calibrate the gel. The molecular weights
3

of the fragments are shown in Figure 6H.h.
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Figure 6.5. Calibration curve for A DNA.

The points represent the migration of A DNA fragments after
electrophoresis in 0.8% agarose/borate for 3 and 5 hours. The circles
show fhe rmigration of fragments from EcoRl digéstion, and the.squares
those from BglIT cutting. Fragment sizes are from Thomas and ngis
(1975) and Kamp et al. (3977). Molecular\%eight of A was taken as

32.37 (Murray, unpublished).
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Plate 6.4, Sinpgle colony gel of RAl-1 transductants

Single colonies of strains containing RAl~1 or its transductants
were lysed on top of the 0.3% agarose and subjected to borate gel
electrophoresis as described in Chapter L. The tracks are: 1, RPu;

2, Rl; 3, RAL-1; L4, Ccml; S, Cmb; 6, Cm2h; 7, Te3; 8, Te20;
9, Cm3; 10, Cm9; 11, Cmi5; 12, Cm22; 13, TelT; 14, RAl-1. Plasmids
. L o e . _ R R, R
in tracks 4-8 are phenotypically indistinguishable from RA1-1 (¢ 8u
+ X - ) RR, R, +_ -~
Sex Tra ). Those 1n tracks $-13 are phernotypically C T Su Sex Tra .
The upper bands in ceach track are plasmid DNA and the lower, more
diffuse bands are chromosome. Judging by the position of the chromo-—
some in each track, it looks as if tracks 13 and 14 have run more
slowly than the rest and consequently molecular welght estimates from
these tracks would be unreliable. Tel7 was re-run and the result

shown in Plate 6.7. Calculated molecular weights are shown in

Table 6.k,



Plate 6.5. Single colony gels cf RA1-1 transductants

Single colonies of strains containing RAlL-1 or its transductants
were lysed on top of a 0.8% aéarose/borate gel and subjected to
electrophoresis as described in Chapter 1.  The tracks are: 1, RPh;
2, Rl; 3, RAl-1; L, Te2y; 5, Te8; 6, Tel3; T, Tel8; 8, Tcoky
9, RA1-1. The transductants are phenotypically CRTRSuRSex—Tra‘.
The bright, diffuse band near the bottom 1s chromosome. To improve
the calibration of the gel, RPL was igcluded in each track as an
internal standarg. For each plasmid, the distance run was multiplied
by the ratio of the distance run by RP4 in track 1 to the distance run

by the RBP4 internal standard, and this figure used to estimate the

molecular weight from the calibration curve. This method ensured

O

zhat minor irregularities in the rumning cf the gel would not interfere

ands obbtained were less sharp

o’
]

with the results. Howaver, the plasmid
(possibly through overloading the gel) and conseguently more difficult
to measure, and so the method was not repeated. Calculated molecular

weights are shown in Table 6.4,
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Plate 6.6. Single colony mel of RA1-1 transductants.

Single colonies of strains containing RA1-1 or its transductants
were lysed on top of the 0.8% agarose/borate gel and subjected to
electrophoresis as described in Chapter 1. The tracks are: 1, RPh,

2, R1; 3, RAl1-1; 4, Tecd; 5, Teb; 6, TcY; 7, Tell; 8, Tel5;

™A ] 4 = + T 7 SRn Rm T =
9, RA1-1. Plasmids in tracks 4-8 are phenotypically C T 35u Sex Tra .
The upper bands are plasmid and the lower, brighter and more diffuse
bands are chromosocme. Calculated molecular weights are shown in

Table 6.5,



Plate 6.7. Single colony gel of RAL-1 transductants

Single colonies of stréins containing RA1-1 or its transductants
were lysed on top of a 0.8% agarose/borate gel and subjected to
electrophoresis as described in Chapter 1. The tracks (and phenotypes)

+
are: 1, RPh; 2, R1; 3, RA1-1 (CRTRSuRSex Tra ); U4 and 5, TclO and

o, +/- -
Te22 (CgTRSuRSeX Tra ); 6, CmlT (CRT SuRSex / Tra ); T, Tcl9

/ + 5
\CSTRSuSSex Tradef )y 8, Cml (CRTRSuRSex Tra ); 9, TelT (C g R

Sex Tra ); 10, Tc2l (CRTRSuRSex_Tra"); 11, Tels (Prsuisex Tra ) .

The broad band near the bottom is chromosome. There are faint bands
just above the chromosome and just below the origin in some tracks.

These are considered irrelevant because they can be seen in the standards
as well, There are also faint bands about 0.5 cm above the plasmid
bands in tracks 4, 5, 10 and 11 wnich are considered Lo be artifacts
because: 1) they would be heavier than RAL-1 if genuine; 1i) where the
same plasmids were retested, nc evidence for a second band was seen

[ see Plate 6.5, track 8 (Te2l) and Plate 6.6, track 8 (TclS:l.

Calculated molecular weights are shown in Table 6.h4.
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Figure 6.6. Calibration curve for single colony gels.
Molecular weights of the standards are: RA1-1, 90 Md. (Barth,
unpublished); R1l, 62 Md. (Jacob et al., 1977a); RP4, 36 Md. {Barth and
\,

N

Grinter, 1977a).
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Table 6.4.  Molecular welghts of RAL-1 +ransduchants

Plasmid Prienotype Molecular weight in Megadaltons
{(+c nearest whole number)

scl rfl
RA1-1 Frfsud sex” Tra’ 90 92
Cml CRTRSuR Sex+ Tra+ 922 87
Crmb Bl sex® Tra’ 85 > Th
Cm2k PBo® sext Trat 8l 01
Te3 Pl gext mrat 85 91
T¢20 B sext Tra® 90 92
Cm3 CRTRSuR Sex+ Trai 58 58

AN

9 Rrlisy® sext Tra” 60 63
CmlS5 Frsul sex® Tra” 56 55
Cm22 Frls o sext Tra” 66 63
TelT Frlsu? sex” Tra” 59 58
Te2 CR_TRSuR Sex Tra 52 53
Tc8 Frisul sex” Tra” 61 59
Tcl3 CRTRSuR Sex Tra L8 W7
Tcl8 Frlsu® sex” Tra” 52 5)
Te2l Frlsu? sex” Tra 632 63
Tch CSTRSuR Sex Tra 55 5h
Tcb Frlsy” sex” Tra” 78 75
Tc9 S50 sex” Tra” 70 72
Tell Srfeu sex” Tra” 59 56
Tcl5 CS'I‘RSuR Sex Tra 622 58
Tc10 Sthsu® sext Trat 62 68
Te22 Srfau® sex’ Trat 60 6L
o7 e sex™ T mra” 50 53

3 +
Tcl9 S850° sext pralst 76 + 53

Ve
o
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sc - 1 from gingle colony
rf - derived from swmatiocn of n fragments.

Mean of two determinations.

]
Several attempts at single colony lysis of Tcl9 failed to give a
strong plasmid band. Two bands were seen in the gel shown in
Plate 6.7 and it is these that appear in the table.
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Plate 6.8. BglII digests of Pl prophage DNA and related plasmids.

Plasmid DNA after cleavage and electrophoresis in C.8% agarosc/
borate (Chapter 1) for 4 hours. The tracks are: 1, Pl; 2, P1Cm; 3,

Tcl9. The molecular weights of the fragments are shown in Figure 6.7.
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Figure 6.7: BglII fragments of Pl and derived specialised transducing

vhages (from plate 6.8).

Fragments are drawn as horizonfal bars on a logarithmic scale.
molecular weights of the BglII fragments of Pl are from Bichi and Arber,
1977. Bands differing in size from those produced by Pl have their
molecular weights written in. Products of partial digestion (see legend
Figure 6.2) are shown in brackets and are not included in the total

molecular weight.
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1. Analysis of plasmids pheuotypically indistinguishable from the RAL-1

parent [_PhenotyJic class 5 ~ Table A.1L{L) |

BglIT digestion of RA1-1 gave 30 fragments of 0.36 Md and above.
The mean of three scparate determiﬁaticns of their molecular weight is
shown in Figures 6.2-6.4.  Total molecular weight of the fragments
was 92 Md. Cm2h, Te3 and Tc20 (Figure 6.2) give a restriction digest
pattern indistinguishable from that of RAl-1. Cm6 DNA was insuffiently
concentrated to see fragments below 2 Md., but the visible parts of the
digest are 1ldentical with RA1-1. Only Cml shows marked differences’
. from the control, with fragments 5, 6, 7, 9 or 10, 14 and 23 missing.
In their stead, two new fragments are found at 13 Md and 8.2 Md. The
overall change in molecular weight 1s about 5 Md4. Single colony gels

N\ .

on the complete plasmids showéd there was little difference between
them and the RAl~1 parent. Detection of changes in molecular weight
of a few Megadaltons in piasmids of this size represents the resolution
limit of the single colony technique, and so the observed differences
are probably not signficant.

These results show that Pl is .capable of transducing plasmids of
up to 90 Md. molecular welght.

2. Analysis of plasmids from phenotypic classes 2, 3 and 4 [ Table 6.1(b) i

Table 6.5 shows the fragments present in RA1-1 which are missing or
altered in each of phenotypic classes 2, 3 and L. Only those fragments
which are absent from 21l Tive members of each group are shown in the
table. While there are differences betwesn transductants from the same
phenotypic class, the absence cf a particular fragment from each member
of a particular class suggests that it carries genes responsible for
the functions missing from that class (or is adjacent to such a fragment).
The tsble shows that fragments 8, 17 and 23 (total m.w. 8 Md.) msy bear

genes for plaémid transfer, and fragments €, Tand 14 (totdl m.w. 13.5 Md.)
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may code for surface exclusion. These are probably not all the
fragments with genes for these functicns. If RAL-1 resembles F, it
is unnecessary to delete all genes for transfer or surface exclusion
to produce a Tra~ or Sex™ phenotype (Manning and Achtman, 1979).

The other fragments missing from class 2 (numbers 3, 9 or 10,
16, 27 and 28) are probebly adjacent to the transfer genes (if the
transductants contain a single deletion). Similafly, fragments 9 or
10, 27 and 28 are probably adjacent to the surface exclusion genes.
Since some fragments (9 or 1C, 27 and 28) are close to both sets of
genes, then surface exclusion and transfer genes are close to each

other on the RA1-1 plasmid. This is compatible with the map derived

from transduction data shown in Figure 6.1.

AN
N

It is not possible to,aséign drug resistance functions to
particular restriction fragments which might be expected since the
amount of DNA coding for fhem is probably small. However, the one
tetracycline sensitive derivative isolated (CmlT, CRSuR Sex+/_Tra_)
has missing from it fragments 1, 2, 5, 9, 10, 16, 27 and 28 in addition
to fragments 6, 7, 8, 1k, 17 and 23 which it is believed are concerned
with transfer and surface exclusion. Numbers 9 or 10, 16, 27 and 28
are alsc missing from some of the Tra~ or Sex Tra plasmids shown in
Table 6.5. This shows the tetracycline resistance genes are close to
the same Tra and Sex functions which are missing from phenotypic classes
2, 3 and 4, instead of being assoclated with other genes for these
functions situated elsewhere on the plasmid. This fits with the genetic
map shown in Figure 6.1.. /

Also, the similarity between the class 3 (CTSa Sex Tra ) and class
4 (TSu Sex Tra ) transductants (Table 6.5) suggests that chloramphenicol

vesistance is also close to the same Sex and Tra genes, as shown in

Figure 6.1.



Tatle 6.5. BglII restriction fragments of RAl-1 not present in transductants

Phenotypic class?

2 (Frfslsexmra”)
3 (CRTRSu Sex Tra )
L (CSTHSuRSex—Tra-)

Fragments missing from each of classes 2, 3 and 4 are shown surrounded by dotted lines, as are those fragments mis

classes 3 and L.

Missing BglII fragments?

Antssaney

3, :8,i9 or 10 1617:
16, 7.:8,i9 or 10 f1, 7,
6, 7, 8, T
Aasans snsanses et wt ,/, Anenend s

1 Phenotypic classes are as shown in Table 6.1 (b).

2 The fragment numbers are thcese given in Figure 6.2 to the BglII digest of RA1-1.

all five members of each group are shown in the table.

-608-

sing only from
Considerastion of the phenotypes of the transductants suggests that fragments 8, 17 and 23 carry genes
involved in plasmid transfer, and fragments 6, T and 1h carry genes for surface exclusion.

Only those fragments missing from
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e5 6. 7 and 10

o

3. Analysis of phenotypic clezss

[

Too few representatives of these classes were isolated to draw the

sort of conclusions presented gbove. However, the close resemblance
between the two exuuples of class 6 (TciQ and Te22, TSu SextTra™) -

they differ only in TclO having an additional bL.h Md fragment which is
not present in Tc22 {Figure 6.4) - suggests that there is very little
latitude for separating the chloramphenicol resistance genes from Sex
and Tra functions, as was inferred in the previous section, CMLT

/__ —

+ X . . ‘
(class T, CSu Sex ' Tra ) illustrates that the tetracycline resistance
gene(s) are also close to Sex/Tra (see section 2).
The single representative of class 10, Tcl9 (Figure 6.4, Plate

-

€.3), is clearly unrelated to RAl-1. Incompatibility tests showed it
N

N

to be an TncY plasmid (see above) and accordingly its digest pattern
was compared with two other IncY plasmids, Pl and P1Cm. The results
are shown in Plate 6.8 and Figure 6.7. Ignoring small changes in
fragment sizes (< 3%, which may be within experimental error) compared
to those produced from Pl, the digest of P1Cm is mest simply interpreted
as resulting from a 3 Md insertion into the 11 Md fragment of Pl. The
size and site of the insertion is in general agreement with other
published results (Yun and Vapnek, 1G7T; ‘Yarmolinsky, 1977).

The digest of Tcl9 shows it probably has nine fragments in comm?n

with Pl. The remaining two fragments are 12.5 and 18 M4 compared with

9.3 and 20.1 Md for the remaining two from Pl. This is consistent with
/‘v'

!

an insertion of about 3 Md in the 9.3 Md Pi fragment accompanied by a;
2 Md deletion from the 20.1 M3 piece. Inserticns have been reported
in the 9.3 Md BglII fragment of Pl (Yarmolinsky, 1977). Pl packaging
is believed to start preferentially on the 20.1 Mad fragment (Bachi
and Arber, 1977) and co deletions of the phage genome as the result

of a large insertion wtuld alsc preferentially start in or near the
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same fragment (assuming packaging is of concatamers by a headful
mechanism). . It is possible, however, that the insertion is of a

larger piece (bearing its own BglII sites(s)) into the 5.7 Ma. fragment

with accompanying changes in the 9.3 and 20.1 Md. fragments which lie

oy

and Arber, 197T7).

(%

on either side of it in the Pl genome (RiEch
Tcl9, apart from its prophage nature, was uniaue among the trans-—
ductants in that the estimate of its molecular weight from summing the
BgiII restriction fragments was unlike that cbtained from single colony
gels on the intact plasmid (Table.6.h). .Indeed, the latter showed the
presence‘of two plasmids, neither of which had a molecular weight near
to that of c. 60 Md. derived from two separate summations of restriction
fragments (Figures 6.1 and 6.7). It proved very difficult to obtain
clear plasmid bands from Tle\ty the single colony lysis technique.
Generally, only very little material was found in the regiorn of the gel
where plasmid DNA would bé expected, and this tended to be smeared
rather than organised into bands. Thus the result shown in Plate 6.7
may be an artifact. The apparent breskdown of plasmid DNA usually
seen when this technique is applied to Tel9 may be a characﬁeristic of
the P1 prophage and is possibly the result of a plasmid-specified
nuclease. Comparison with other IncY plésmids will test this inter-

pretation, but this has not been attempted here,

i, Location of essential and non-essential regions on RAI-1

Comparisons between transductants, particularly the smaller cnes,

/

14

|

partly deleted: 1, 2, 3, 4, 5,6, 7, 8,9, 10, 14, 15, 16, 17, 22, 23,

show that the following BglII fragments of RAL-1 can be wholly or

2L, 27, 28, The presence of such large amounts ¢f apparently non-
essentisl DNA on RAl-1 may be because it was studied in an E. coli
host, and not Aeromonas liquefaciens in which RAl was originally

isolated. RAl may be highly adapted to its natural host and carry



large numbers of geones specifically conecerned with plasmid maintenance

hat host. Theve may also be environmental chalienges to that

ct

I

e

host which the plasmid equips it to meet but which are not present in
the laboratory.

Fragments 11, 12, 13, 18, 19, 20, 21, 25 and 26 (total molecular
weight 13.6 Md.) are present in every transductant {except Tcl9, of
course). These fragments presumably carry essential (maintenance)

genes and the material between such genes and the selected drug

resistance genes.

5. Mechanism of packaging of plasmid DNA into transducing particles
Within a phenotypic class of transductants there is a certain
amount of heterogeneity. Cogéidering the amount of apparently aon-
essential DNA on RA1-1 (sectioﬁ L), however, the heterogeneity is
perhaps less than would be expected if piasmid DHA were packaged at
random. More concrete evidence comes from consideration of phenotypic
class 6 (TRSuR Sex Tra+,»TclO and Tc22, Figure 6.4).  These two'plés—
mids give identical digest patterns with the exception of an extra b.h
Md. fragment found in TelO. The only other fragmeni generated from
these plasmids which is not found in the RAl-1 digest is a L.1 Md.
piece which both transductants have. It is conceivablie that both

plasmids were generated by packaging being initiated at a specific

site on the plasmid genome (giving rise to the 4.1 Md. digest fragment

by shortening one of the larger fragments). However, as pointed out
. /

iﬁ section 3, the close resemblance between TclO and Tc22 may be /
because the deletion producing them has to terminate between the genes
for chloramphenicol resistance and surface exclusion/transfer whiech
may be very close together.

By far the best evidence for peckaging being initiatedat particular

sites on RAl1-1 comes from the digests of plasmids in phenotypic class 4



(TRSuR Sex™ Tra™, Figure 6.3). This group 13 the most heterogeneous
with respect to moleculsr weight (rean €1.2, standard deviation 9.5)
but all plasmids in the gfoup generate a 4.3 Md. fragment after Bglll
cutting which is not present in Ral-1 digests.  This fragment is
probably created by a cut at a specific éite on RAl-1 b& a Pl-coded
packaging enzyme. 12 varlaticn in plasmid size may be introduced
at the packaging stage or when the plasmid recircularises.

There is also evidence for packaging not being of continuous
lengths of DNA. For example, the transductant Tcl (sese above)
" confers a phenotype consistent with its having undergone eilther
rearrangenent or deletion of more than one region. [:Pl transduction
of chromosomal markers borne by F'il has been shown to produce novel
linkages in the recipient (Hendrickson and Duggen, 1976) |. If trans-
duetional shortening of a circular plasmid molecule is by the intro-
duction of a single deletion (Lee et al., 19Th), this can generate only
one novel restriction fragment in digests of the transductant. Several
transductants, however, have at least two Such fragments (Figures 6.2-
6.4) and some may have three or four. This proves that multiple
deletions and/or rearrangements canAbe generated when plasmid DNA -is
transduced by Pl.

Summary of results

1. Examination of 48 Pl transductants of RA1-1 showed them to
fall into ten different classes on the basis of their conferred pheno-
types.

2. Consideration of the markers which were co-transducible (aﬂd
hence those which were co-deletable) allowed a genetie map of RAL-1
to be‘deduced (Figure 6.1). |

3. The recd gene product was not necessary for the reformation of

circular plasmid molecules in the transductional recipient.
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L, One tranmsductant (TelS) was showm to be a Pl prophage.

—n

5. Moleculer sbudies showed five transductants to be over 80 Md.
molecular weight.  Of these, at least three were indistinguishable
from RA1-1, and oune olearly distinguishable.

6. BglII restriction fragments of RAl1-1 cariying genes for
transfer, surface exclusion and plasmid maintenance were devected and
certain aspects of the genetic map confirmed.

7. Large parts of RA1-1 carry nc essential plasmid functions.

8. There was evidence for a site specific nuclease involved in
packaging transducing particles.

9. P1 transduction of plasmid DNA can introduce multiple deletions

and/or rearrangements.
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Discussion

A. Transduction of oversized plasmids

Pl #rancducticn cf plasmid DNA of more than €0 Mé. has been
reported previousiy {Pittard and Adelberg, 1963, reported in Low, 1972;
Sharp et al., 1972; Rosner, 1975), although the authors give no indi-
cation of how common an event this is nor do they discuss the possible
mechanisms involved. Hendrickson and Tuggan, 1976, observed the
transuction of most if not all of F'1hk {c. 200 Md.), but their con-
clusions are based on genetic evidence rather than direct measurement
of the transduced DNA.

Of the conceivable mechanisms for the observed transduction of
the whole of RAl-1 (90 Md.)}, several are considered below.

1. Large P1 particles. The selections imposed in the trans-

ductions were for the essential genes of RAl-1 together with those
conferring either tetracyéline or chloramphenicol resistance. Since
these can be present on a plasmid of less than 60 Md. (and are there-
fore transducible by a normal sized Pl particle), the only way that
the products of large-headed transducing particles would bevdetected
is if they formed a significant part of the population i.e. there,is
not selection for such transductants. |

The calculations in the appendix to this chapter suggest that
these hypothetical oversized particles would have been detected,
possibly by direct observation (Walker and Anderson, 1970), and
certainly by their purification in a caesiuﬁ chloride gradient.
Rosner, 1975, and Hendrickson and Duggan, 1976, searched for such
particles without success, Either these particles do not exist or
they do not form a band in a caesium chloride density gradient (i.e.
they are not of uniform dehsity). This latter poszsibility is sup-—

ported by the observation that the ability of a Pl vpreparation to



transduce large DNA molecules is destroyed after purification in a
caesium chloride gradient (Hendrickson and Duggan, 1976).

If transducing particlés can contaln widely varying amounts of
host DNA, then where their DNA content lias been measured, the resﬁlts
would represent an average. If the moleseular weights of the RAl-1
transductants are averaged (taking into account the freguency with
which each type occurs) the result is 63.4 Md. This is very little
different from the figure of 60 derived by Ikeda and Tomizawa, 1965a,
and may bc an overestimate. The smallest amount; of transduced plasmid
DNA are not detected because they cannot form replicons in the new host.

Large P1 particles would also presumably be able to transduce
markers on the chromosome further apart than the 2.2 minutes which seems
to be the maximum (Caro and Bgfg, 1971). Generally, there 1s good
agreement between co-transduction frequencies and data from interrupted
matings {Bachman et al., i976). It is possible that a mutation in P1
could alter the size and proportion of head size variants in the
population, although such mutants have not been identified (Yarmolinsky,
1977). Alternatively, there may be special factors affecting packaging
of plasmid DNA. This is considered further in section C.

Heteroduplex analysis (Lee et al., 197h) of transduced F' DNA
showed the plasmids in the recipient were all more or less the samé
size as the Pl prophage. This does not necessarily rule out the
possibility that widely different amounts of DNA can be packaged.

Their resulis could be due to constraints impcsed by the selectiop on
the size of plasmid whicﬁ could be produced. - An example of tyis is
seen with the transduced RAl-1 plasmids belonging to phenotypic class 3
(CRTRSuR Sext Tra™, Table 6.1(b)). 9/10 plasmids with this phenotype
were selected on chloramphenicol agd the mean and standard deviaticn of

the molecular weight of the five of these examined is 59.8 + 3.8.



2. Modified packaging. P1 phage heads may not normally be filled

with DNA.  When host DNA is belng inccrporated into transducing particles
controls over DNA content may not be effective, azllowing more DNA to be
packaged on occasicns.  Against this s the finding that phage particles
do not take up negative stain (Walker and Anderson, 1970), suggesting
there is no unoccupied space within the heads.  Alternatively, struc—
tural features of some plasmids may allow them to be packaged more
efficiently and transduced in thelr entirety even though they are over-
sized (see Section C).

3. Duplication of plasmid sequences. Large plasmids could be

produced in the transducticonal reciplent by the transduced DNA under-—
going duplication of certain\regions. This would show up in restric-
tion digests of oversized traSSductants where certain fragments would
be present in more copies than in the parent plasmid, while others
would be missing altogether. This is certainly not the case with
three transductants (Tc20, Cm2k and Te3, Figure 6.2) which appear to be

identical with RAI1-1.

4. Double or multiple transduction. Simultaneous transduction

of a cell by two or more transducing particles carrying segments of
RA1-1 could generate large plasmids in the recipient by recombination.
Hendrickson and Duggan, 1976, showed this to be extremely unlikely:on
statistical grounds and also that altering the multiplicity of infec-
tion d4id not affect the frequency of oversized transductants per p.f.u.

5. Transduction by phage aggregates. If Pl particles aggregate

during their menufacture and can then be packed with successiv%-lengths
of host DNA, transduction by such aggregates could lead to the/recipient
- cell inheriting several different fragments from the same plasmid.

These could then recombine and form a large plasmid. Pl has been

shown to aggregate into cruciform structures containing four phages



tound together at the tails (Ksramata, 1970). Such aggregates were
largely artifacts of purification, however, snd were totally non—
infective. This doez not rule out other as yet unietected forms of

aggregation being tnis mechanism whereby oversized tranductants arise.

B. Transduction of plasmids smaller than P1 headfuls

Production of plasmids by transduction which are significantly
smaller than the Pl genome (eg. Tc2, Tel3, Tcl8, Table 6.4) may also

arise by a number of means, some of which are considered below:

1. Smell Pl particles. These have been reported by Ikeda and
- Tomizawa (1965c) and Walker and Anderson, 1970, but they were too
small to transduce DNA over 25 Md. This does nct explain the origin

of transduced plasmids of around 5C Md.
\

\

2. Recircularisation in the new host. This may introduce

deletions in the transduced DNA. It is hard to imagine a mechanism
for this, however. Recoﬁbination does not seém tc be involved (see
Table 6.2) and illegitimate (IS-mediated) recombination is unlikely as
it should occur in the parent strain, producing deletions. These

were not detected (ses Results).

3. Packaging aberrations. There 1s much evidence that P1 DNA

is packed by a headful mechanism (Tkeds and Tomizawa, 1965a; Yun and
Vapnek, 1977; Bachi and Arber, 1977). Ceneralised transducing
particles, however, may be produced by a partiasl breakdown in the
control of the lytic cycle (Harriman, 1972) and packaging of host DNA
may therefore be imprecisely regulated.

C. Mechanism of Pl transduction

Two main conclusions can be drawn from the molecular analyses
of RAl1-1 transductants:
i) There is evidence for a site specific nuclease involved in

the packaging of RAl1-1 DNA. This was shown by the presence of a novel
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phenotypic class 2 (fable 6.1(b), Plate 6.2 and Figure 6.3). This
fragment is the result of a specific cut being made in RA1-1. [:Such
a fragment could be formed by recoﬁbinaiion between hot spots on the
plasmid molecule vhen it recircularises in the new host. This seems
unlikely, however, for the reasons given in section B2 above.:]

The enzyme responsible could be the one postulated by Wall and
Harriman (1974) which has the function of recognising specific sites
on the Pl genome and may also be responsible for breakdown of host DNA
{also at specific sites) during the lytic cycle. The observation
(Harriman, 1972) that there are regions of efficient packaging of host
DNA supports this. Bachi and Arber (1977).slso inferred the existence
of a site—-specific nuclease r;sponsible for inifiating packaging of
P1 DNA. [:This enzyme is not the Pl-coded restriction enzyme
(Haberman, 1974) as this has the same six base recognition sequence as
BglII (Roberts, 1977) and so could not be reponsible for‘initiating Pl
packaging at a point between two adjacent BglII sites on the Pl genome
(Bzchi and Arber, 1977) nor could it generate the novel restriction
fragments seen in BglIl digests of RAL-1 transductants.:

ii) In several cases the Pl tfansductants of RAl-1 have suffered
multiple deletions, or rearrangements, or a combinétion of both.

This is shown by the existence of more than one novel restriction
fragment produced by some plasmid transductants (eg. Cml, Cm3, CmlT,
Tel, Teb, Te9, TclO, TelB, Plates 6.1-6.3 and Figures 6.2-6.4)., A
'single deletion in a circular molecule can generate only one such
restriction fragment, and so theée results prove that more complex

changes have occurred in these plasmids as a result of transduction.

Any model for Pl transduction must gccount for the apparent
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di fferences between the transduction of plasmids and that of genes
from the chromesome. In the latter case, there 1s a well-defined
upper limit to the length of DNA which can be trausduced. This 1is
much less than the #ize of plasmid which can be packaged. Both the
structure and cellular location of the plasmid may be important.

If the topology of RAl-1 is such that it can be packaged while
still a supercciled molecule, then the density of supercoiled DNA is
such that more can be incorporated ‘into the phage than with linear DNA.
In some cases this allows the vhole molecule into the head. Otherwise,
any unpackaged, supercoiled DNA is trimmed off. This 1is accomplished
by the "héédful" enzyme which can, by slicing off the plasmid DNA not
inside the head, introduce several deletions. In order that this
enzyme 1s not active against ;i DNA before it is packaged, 1t is
probably bound to, or a structural part of, the phage particle.

Also involved in péckaging is a site-specific endonuclease like
that described by Wall and Harriman (1974). The normal function of

end »
this protein is to produce that/of P1 DNA which is normally packaged
first (Bachi and Arber, 1977).

This model can explain several features of P1 transduction.

The difference between transduction of plasmid-borne and chromosomal
genes is that the chromosome, either through being wrongly piaced or
topologically unsuited, is not packaged while still supercoiled. Its
incorporation into phage particles is initiated from the specific sites
recognised by the site-specific nuclease described above. The amount
being incorporated 1is reéulatcd by the normal phage headful me?hanism
and is roughly 60 Md. Plasmids, except perhaps when very large
indeed, can be at least partly packaged as supercoils. Otherwise,

they may first be cut by the site gpecific nuclease and then packed as

a linear molecule of about 60 Md. If there is more than one site on
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the plasmid for this enzyme, then a fragment smallar than 60 Md may be
incorporated. This is the reason for the different sires of plasmid
transductant. (Packing of supercoiled DNA into small Pl particles
mey also be involve: in generating plaswids of around 50 Md.)

The specific novel fragment seen in digests of plasmids of
phenotypic group 2 {see i) above) is produced by the site-specific
nuclease, Many of the other novel fragments are produced by the
aétion of the non-specific "headful' enzyme.

Finally, the role of the transductional recipient 'in the process
must be determined. This can be approached by studying the trans-—
duction of oyersized plasmids into recipilents carrying a variety of
mutations, ﬁarticularly in the rec genes. Molecular analysis will
reveal the importance of host functions in determining the nature of
any transductants which arise. [:Hendrickson and Duggan (1976)
reported that oversized t%ansductants of F'll were detected only in a
recAt recipient.: A parallel study could be made of plasmids the

same size as Pl phage DNA, and of smaller plasmids.
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Appendix te Chapter 6: The incidence of large Fl particles

Assuming host DHA is packaged randomly into transducing particles,
the frequency with which any particular gene is packaged is given by
the ratio of the molecular weight of the transduced DNA to the
molecular weight of the bacterial chromosome viz:

60 Md

— =2k x 109
2500 Md

Transducing particles form 0.3% of the phage porulation (Ikeda
and Tomizawa, 1965a). Therefore, the frequency with which a trans-
ducing particle containing a particular gene is found is given by:

3% 2.4 x10°% =7.2 x 107 per p.f.u.

3 x 10

Transduction of RA1-1 se}ecting for chloramphenicol or tetra—
cycline résistance seems to demand the inclusion of a least 13.6 Md
(or c¢. 20 genes) of DNA from RAl-1 in the transducing particle (see

Results section 4). The frequency with which transducing particles

are produced containing this part of RAl-1 is therefore:

5

7.2 x 10 ¢
= 3.6 x 10 ~ per p.f.u.

20
Roughly one third of the RAl-1 transductants examined were
significantly bigger than 60 Md (see Table €.4). Therefore, large
transductants occur at a frequency of c. 1 x II.O"7 per p.f.u. If
host DNA is incoporated into oversized phage parti;les at the same
frequency as into normal particles, then the incidence of these
particles is given by:

1x 10"

= 2.8 x 10_2 per p.f.u.
3.6 x 10

Thus roughly 3% of the phage population is oversized. [:This

caleculation assumes that RA1-1 genes are incorporated into transducing
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as chromeosonal genes. It is known

Cthat RAL-1 is prescnt in expenentially groving cell culbures ab approxi-

mately one copy per bacterial chromosome {(N. Grinter, unpublished data)
but this does not nucescarily mean 1t is squally likely to be trans-
duced. Experiments involving the transduction of chromosomal genes
borne by an F', however, show they sre acquired by the recipient at a
similar frequency to that observed when the same genes are transduced
from an F~ douor (Hendrickson and Duggan, 1976) i.e. there is no evidence

for the plasmid-borne genes being preferentially packaged.
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Twelve plasmids carrving genes for streptomyein and sulfonamide resistance
were studied for the number and distribution of sites on the plasmid molecules
susceptible to cleavage by the restriction endonuclease #ZeaRL Ten of the twelve
were found to have a single cut site, one plasmid (R678; had three such sites, and
plasmid PB165, which was isolated as three supercoiled deoxyribonucleic acid
species with molecular weights 7.4 » 10°, 14.7 % 10% and 21.4 » 12 was reduced
to a single (linear) species of molecular weight 7.6 x 10° after cutting with EcoRL
We conclude that PB165 forms oligomers in Escherichia coli and thut the number
of copies of these per chromosome is more consistent with a negative than a
positive control mechanism for plasmid replication. Compatibility testing of
these plasmids <howed they all belong to the same incompatibility group, which
we designate IncQ, suggesting that they may have come from a common

ancestor.

In a previcus paper (4) we concluded that the
majority of a selection of plasmids conferring
linked streptomycin (Sm) and sulfonamide (Su)
resistance were very closely related, on the
basis of molecular weight comparisons and de-
oxyribonucleic acid (DNA)-DNA hybridiza-

tions. Only 2 of the 12 SmSu determinants

studied were markedly different from the rest
of the group, namely, R678, which has a molec-
ular weight 60% greater than the others, and
PB185, which. instead of one plasmid, consisted
of at least three supercoiled species with molee-
ular weights approxitnately in the ratio 1:2:3.

Another technique for characterizing and dif-
ferentiating between closely related plasmids
involves the treatment of plasmid DNA with
restriction’ endonucleases followed by agarose
gel electrophoresis of the DNA fragments gen-
erated (17). Small difterences in polvnueleotide
seguences, not detectable by our previaus meth-
ods. can alter the number or distribution of
restriction endonuclease-susceptible sites on a
plasmid. We therefore analyzed our SmSu plas-
mids by this technique. We also hoped to find
out whether the plasmids of PB165 are related
as oligemers.

The classification of plasmids into incompati-
bility groups correlates with their pelynucleo-
tide sequence relationships (9). Studies on
SmSu plasinids by Smith et al. (16 have shown
that 19 out of 26 tested belonged to the same
incompatihility group, but the recombinant
plasinid used by them to test incompatibility
was not available to us We used instead Ap201,

which is a transposition (11) derivative of the
SmSu plasmid RSF1010, isolated by Heffron et
al. (12). Ap201 has acquired a piece of DNA
(about 3 x 10° daltous [ Mdall) specifying resist-
ance to ampiciltin (Ap), the insertion resulting
in the loss of Suf and a reduction of the level of
Sin". We suppose that our plasmids are related
to RSF1010 because heteroduplex analysis by
the same workers has shown that this plasmid
hybridizes with R884 (Table 1), leaving only a
short sequence of R684 unpaired (12).

MATERIALS AND METHODS

Bacterial strains, Strains of Escherichia coli K-12
used were J53 pro met (A (T), W3110T" thy dra (1).
and ATCC 14948 thv (4). A thy mutant of £. coli C
({ac miety was isolated by irimethoprim selection (4).

Bacterial plasmids. Bacterial plasmids used are
listed in Table 1.

Isolation of radionctively labeled plasmid DNA.
Thyminc-requiring sirains containing the SmSu
plasmids were labeled with radicactive thymine,
and their DNA wus isclated by CsCl equilibrium
centrifugation in the presence of ethidinm bromide
as previously described (4.

Sucrose gradient sedimentation analysis. Su-
crose gradient sedumentation analysis was by.cen-
trifugation through freeze-thaw-generated, 5 to 20%
sucrose gradients as deseribed previously (4). We
calculated molecular weights (M1 of DNA molecular
species from their relative sedimentation distances
td) from the meniscus, using the relationship (5
M, = M, x (did;). where a. the sedimentation
exponent. huas been empirically derived by us (man-
uscript in preparation) as 0.43 for covalently closed
civeular (CCC) forms, 0.3¢ for open circular (OC!
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Tasre 1. Bacterial plasmids used

[]
. Molecular mass Resistance  Refer-
Plasmid Mdal) markers” ence
2308 5.7 Sm'Su’ 4
7305C 5.7 Sm'Suf 4
2310 5.7 Sm Su’ 1
2130B 5.7 SmrSu’ 4
2:54C 5.7 SmrSu” 4
5.7 SmSu’ 4
9.2 Sm'Su" 4
5.7 Sm'Sur 4
e 6.3 Sm'Su’ 4
2 5.9 SmrSuf 4
2 3.5 SmSuy’ 4
28165 7.4.14.7, 214 Sm'Suf 4
ATK-TnC1 33.5 Ap"Tp'Sm' 3
1p201 9.1 Ap'Smf 12
2144drd3 65 Te'Km* 14

¢+ Resistance marker symbols are: Sm. streptomy-
¢n: Su, sulfonamide: Ap, ampicillin; Tp. trimetho-
orimy; Te, tetracycline; and Km, kanamycin.

"\
N,
ferms, and 0.35 for linear (LIN) DNA. For compari-
son between unlike tertiary forms, we used:
deecidoe = 1.21 x MU0 didyyx = 111 x Moo,

Transformation. Transformation of E. coli C with
piasmid DNA was by the method developed by A. E.
Jacob and S. J. Hobbs, described previously (4).

Cleavage of plasmid DNA with restriction endo-
auclease EeoRE and agarase gel electrophoresis.
The EcoRl reaction was carried out at 37°C for 30
min in a reaction mixture containing: about 50 ng of
DNA in 10 to 30 ul of TES buffer [50 mM
risthydroxymethylDaminomethane, 5 mM ethyl-
enediaminctetraacetic vewd, 50 mM NaCl, ptL §); 10
ulof 0.4 M tristhydroxyvmethyhaminomethane, 0.15
MMpSO,, pH 7.4, and 5 gl ol'EcoRl (a genervous gift
from S. Cohen); TES buffer to 50 ul. The same
mixture without enzyme was used as a control.
After incubation. the reaction mixture was placed
on ice and 25 ul of 0.05 M ethylenediaminetetraace-
tic acid-30% sucrose-0.01< bromophenol blue was
added. After mixing, 3 ul was lavered care-
fully onto the top ef a (¢ agarose gel (Seakem
Limited) held in glass tubing (5-mm ID) by means of
a constricted lower end. Electrophoresis at 3 mA/gel
was continued for about 4.5 h in EB bufter 10.5 M
rrischvdroxymethihaminomethane, 0.2 M sodium
acetate, 1.5% wvolivold glacial acetic acid, 0.01 M
ethylenediaminetetranacetic acid. 0.5 upg of- ethid-
ium bromide per mi. pl 7.91. which had also been
used to make the gels. Bromophenol blue served asa
lracking dye.

After electrophoresis, the gels were removed from
tneir holders. illuminated with ultraviolet light.
and photographed through a red filter. Exposure
times at 4.5 on Polaroid type 107 ilm were chosen to
Jive maximum contrast, Theése were 1 min for gels
13 and 16 and 4 min for the rest.

Incompatibility testing. We used the E. coll thy
itrains in which we have previously isolated each of
the 12 SmSu plasmids (4}; i.e.. the majority of plas-
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mids were in W3110T~, R676 and RAR82 were in E.
eofi C thy, and R1162 was in ATCC 14943 thy. We
used J33(R144drd3)1tAp2011 to mobilize Ap20l into
the SmSu plasmid-containing strains, selecting for
ampicillin resistance and counterselecting the donor
J53. Recipient clones were purified on nutrient me-
dium with ampicillin 1100 xg/mD and then tested for
the unselected thy marker by their failure to grow
on DST medium containing 4% lvsed horse blood (2).
Testing for the presence of a Su plasmid in a thy
strain requires a high (1 mg/ml concentration of
sulfonamide because the thymine (20 4D necessary
for growth acts as a sulfonamide antagonist.
RESULTS

Analysis of DNA fragnients produced by
EcoR1. The banding patterns produced by aga-
rose gel electrophoresis of plasmid DN A before
and after cutting by the restriction endonucle-
ase EcoRI are shown in Fig. 1. With the excep-
tion of R678 and PB165, the SmSu plasmids all
gave two hands before enzyme treatment (a
faster-running dense band [a) and a fainter
band {b] running about half as far as band a).
FooRI treatment reduced these two bands to a
single one (c).

We correlated the gel bands with the tertiary
DNA forms by sucrose gradient analysis of "H-
labeled R300B before and after EcoRI treat-
ment, using "'C-labeled R300B DNA as a
marker. The results show that the native DNA
existed mostly in the CCC form, with a minor-
ity in the OC formn (Fig. 2a). We therefore con-
clude that bands a and b in the gels are CCC
and OC molecules, respeetively., After EcoRI
cleavage, the DNA sedimented as a single peak
(Fig. 2b). Caleulation., using the equations
given in Materials and >*cthods, shows that the
position of this peak is consistent with its being
linear DNA of the same molecular weight as
the untreated plasmid (5.7 x 10%). Thus. band ¢
ts the complete plasmid DNA nwlecule in linear
form, and we conclude that each of the SmSu
plasmids apart from R673 and PB163 contains a
single site susceptible to EcoRI cleavage.

Analysis of R678. R678 has a molecular
weight of 2.2 ¢ 10" which is significantiy higher
than the majority of the SmSu plasmids (5.7 x
10% (9). Gel clectrophoresis of untreated R678
DNA guve three bands, presumably represent-
ing CCC, OC. and lincar DNA forms. the faint-
est band being linear (Fig. 1, gel 13). After
EcoRI cleavage. two bands were discernible
el 141, Suerase gradient analysis of this
cloven RETS DNA, however, gave three peaks
(Fig. 3), representing three linear DNA frag-
ments of 7.0, 2.3, and 0.8 Mdal. These three
peaks were seen in each of three sucrose gra-
dient analvses of two separate isolations of
RA7R DNA. Also, the ratios of the radioactive
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F1G. 1. Plasmid DNA after electrophoresis on agarose gels in the presence of ethidium bromide. Apart
from gels 15 and 16. electrophoresis was continued for 4.5 h. The numbered gels are in pairs containing the
sarme plozuiid DNAL the first being native and the second EcoRI-treated DNA s follows: 1 and 2, R300B: 3
and 4, R305C; 5 and 6, R310; 7 and 8, R4508; Y and 10. R164C: 11 and 12. R676: 13 and 14, R675: 13 ana
16, also R678 but subjected to electrophoresis for only 90 miin tsev text): 17 and 18, R682: 19 and 20, R684; 21
and 22, R750: 23 and 2, R1162; 25 and 26, PB165; 27 and 28. R7K-TnCl. The DNA bands cere visualized
by illuraination with ultraviolet light, which fluoresces with the DNA-ethidium bromide complex. The bands
in gels 1 and 2 are the CCC (as, OC (b), and linear (c) tertiary forms of R300B DNA tsee text).

counts in the peaks were proportional to our
estimates of their molecular weights. Thus, we
are confident that R678 is cut into three DNA
fragments by EcoRI. We repeated the gel elec-
trophoresis with a fresh preparation of R678
DNA using more DNA than previously (ca. 100
ng) and running it for a shorter time (90 min.
Under these conditions, three bands were seen
in the gel containing the EcoRI-treated DNA
(Fig. 1, gel 16). The faint, fast-running band
had presumably run off the end in the longer
run (4.5 h, gel 14). :

Clearly, both sucrose gradient analysis and
gel electrophoresis can detect DNA fragments
only above a limiting molecular weight. We
feel that it is unlikely that we have failed to
detect fragments above this limit from the
other plasmid DNAs, because the distances
travelled by the visible band in each covrelaiz
very well with the moiecular weights of each
entire plasmid (Table 1:. There is no evidence of
any small DNA fragments in the sucrose gra-
dient analyses of EcoRl cloven R300B (Fig. 2b,
3, and 4.

Analysis of PB165. PB165 has been shown to
consist of three supercoiled molecules of
molecular masses 7.4, 14.7, and 21.4 Mdal (4,
and we have suggested that tlese might be
oligomers of a 7.4-Mdal plasmid.

We have also examined a clone of £. coli C
transformed with DNA from PB165 and found
the plasmid DNA to consist of the above three
molecular species (data not shown). If thi:
transformation involved the uptake of only a
single DNA molecule, then the observed spe-
cies must be oligomerically related.

Gel electrophoresis of untreated PB165 DNA
gave six bands (presumably three CCC and
three OC forms; gel 25, Fig. 1). After EcoRI
treatment only a single band is visible tgel 263
This was confirmed by sucrose gradient analy:
sis. which showed a single linear DNA species
of molecular weight 7.6 x 10% (Fig. 4). We cor{-
clude that PB165 exists in the cell as oligomers.
the monomer having a single EcoRI cutting
site.

Compatibility testing. As we had estab-
lished by DNA-DNA hybridization (4) that 10of
this group of SmSu plasmids were very closels
related, we expected them to belong to the saipie
incompatibility group. But as R675 and 'Bid”
were less closely related to this group, and espe-
cially as PB165 exists intracellularly as oligo-
mers. we considered that they might belong to
different groups.

We therefore tested the compatibilioyv of each
of the SmSu plasmids with the ampicillin re-
sistance transposition derivative (Ap201) of the
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"“3u plasmid RSF1010. This derivative no cation, 20 transconjugants from cach cross were
72 confers sulfonamide resistance (12). tested on plates containing ampicillin, kana-
#Ird3 (14) was vsed to mobilize Ap201 into  mycin (Km), or sulfonamide ditches. All 20
=Nt strains currying the SmSu plasmids,  were Ap' and Su, from which we conclude that
:ing for Ap’ recipient clones. After purifi- the introduction of Ap201 has eliminated the

»
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labeled R300B DNA samples. The three DNA species seen in analvses of untreated PB165 (4) huve been
reduced to a single lincar DNA peak of 7.6 Mdal. Sedimentation was at 156,000 x g for 3 h.

SmSu plasmid. This was true for each of the 12 SmSu plasmids (3). We conclude that these
plasmids tested (Table 1). The majority of the SmSu plasmids all belong to the same incom-
recipients also received R144d/rd3 (as shown by patibility group, which we propose to designate
Km"), which belongs to incompatibility group IncQ.

(Inc) Iee (10) and which dees not itself eliminate Relationship between electrephoreiic mo-
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pility and DNA molecular weigh?, We noted
spove that the tertiary forms of DNA from the
5.7-Mdal plasmids were separated by gel elec-
rrophoresis in the follewing order from the ori-
gin: OC, linear, and CCC. In contrast, Thomp-
won et al. (17) found that under their experi-
mental conditions, the order of DNA tertiary
iorms was: CCC and then OC and linear to-
sether. They studied plasmid DNA of molecu-
lar weights 25 x 10% to 65 > 10% To see whether
this discrepancy is due to the different molecu-
tar weights of the DNAs used, we ran agarose
-ele with a larger plasmid, R7K-TnC1, which
nas a molecular weight of 33.5 x 10° and a
«ingle EcoR1 cleavage site (3). A preparation of
DNA of this plasmid (shown by sucrose gra-
dient analysis to consist of predominantly CCC
molecules, data not presented) gave two bands
after electrophoresis, i order from the origin: a
dense (CCC) band and a fainter (OC) band that
had moved about twice as far through the gel
«ob 27, Fig. D). EcoRI-cut DNA gave a single
dense band coincident with the OC band of the
control (gel 28, Fig. 1). These observations
agree with those of Thompson et al. (17). and
thus we conctude that the relative electropho-
retic mobilities of the three tertiary forms of a
plasmid DNA melecule are critically dependent
an the molecutar weight of the DNA heing ana-
lyzed. For the 5.7- to 6.3-Mdal DNA, the rela-
tive mobilities in increasing order are OC, lin-
ear, and CCC. By 9.2 Mdal (RG678, gel 13) the
linear form has become the fastest, and by 33.5
Mdal (R7K-I'nCl, geis 27 and 28) the order is
CCC and then coincident OC and linear.

DISCUSSION N

We have studied the EcoRI cleavage suscep-
tibitity of a group of SmSu plasmids that we
have previously shown to be related (4). Eachof
the 10 very closely related plasmids has a single
EcoRI cteavage site, whereas R678, which is
60% larger and only 45% homologous with the
reference plasmid (R300B, one of the ten). has
‘Zhree such sites. Further. as only a single DNA
sand is secn in the analvsis of KcoRI-cut PB165
DNA, we have concluded that the three super-
coiled moiecular species of PB165 are oligomeri-
cally related (as their molecular weights sug-
geat). We aleo conclude that, unless the EcoR1
site 15 in the middle of the monomer subunit,
“hese monomers must be joined “heud to tail”
within the olicomers. We have found that ail 12
S3mSu plasmids are incompatible with Ap201
and are therefore all in the same incompatibil-
Sy group (IneQ).

We suggest that the sharing of a common
‘neompatibility group reflects a fundamental

CHARACTERIZATION OF SinSu PLASMIDS

399

common property of these plasmids, namely,
their replication contro! mechanism. This sup-
ports our previous contention (4) that these
widely spread and very common SmSu plas-
mids may have originated from a common
ancestor. :

Whereas we expected the 10 very similar
plasmids to be in the same group, we supposed
that PB165, with its markedly different molecu-
lar weight, DNA homology. and, most impor-
tant, its existence as oligomers, would prebably
be in a different incompatibility group. Data
from our previous paper (1) show that PBI65
has 0.8, 1.3, and'4.1 copies of the trimer, dimer,
and monomer, respectively, per bacterial chro-
mosome, which add up to 9 copies of the mon-
omer subunit per chromosome. This matches
closely the average of 10 copies/chromosome
found for the other SmSu plasimids (especially
when one also includes the small amount of
tetramer we have observed in some sucrose
gradient analvses of PB165 DNA). Thus, PB165
has the same incompatibility function and con-
trol of copy numbers (considering the monomer
subunit) as the other SmSu plasmuds. This is -
consistent with the model of Pritchard et al.
{15) that incompatibility between two plasmids
is brought about by their producing an identical
or similar “initiation repressor” that controls
DNA replication negatively. Each type of initi-
ation repressor gives o characteristic number of
plasmid copies per cell, so that two plasmids
producing the same repressor within the same
cell could not replicate to give more than this
characteristic number of copies irrespective of
whether these copies wxist as monomers or are
joined up into oligomers. If segregation at cell
division is random with respect to plasmid type,
the two plasmids will be observed to segregate,
i.e., be incompatible. A negative control model
of DNA replication has been supported by re-
cent data (6, 18). The positive control (attach-
ment site) model of Jacob et al. (13) predicts, on
the other hand. that the total number of PB165
replicons ias opposed to monomer subunits)
would be controtled at the number characters-
tic of the particular attuchment site used by the
plasmid for replication. Since PB165 1s incom-
patible with, and thus uses the same attach-
ment site as, the other SmSu plasmids, this
model would prediet the presence of 10 PB165

‘replicons chromesome. Our data of 0.8 + 1.3 +

4.1 giving 6.2 total replicons are less consistent
with this model than with a negative control
model.

We must also conclude from the above that
the formation of oligomers by a plasmid de-
pends upon controls tand replication or recorn-
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bination mechanisms?) that are different from
those regulating its replicaiion; i.e.. the initia-
tion centrol of a plasmid, and its* subsequent
tvpe of replication, are not necessarily linked.
We have observed ancther example of this phe-
nomenon: RP4 and R751 both belong to incom-
patibility group P. but whereas R751 produces
oligomers, RP4 does not (unpublished data).
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We have begun an analysis in Escherichia coli of the conjugal transfer functions
of the broad-host-range plasmid RP4. We have isolated 18 tr¢ mutants of RPY,
generated by insertion of transposon 7, and mapped their msertion sites by
restriction endonuclense analysis. These sites fall into two separate regions on
either side of the kanamycin resistance determinant. The transfer rates of the
mutants range from 16% of that of R4 to an undetectable level. Spot tests with
the P-1 pilus-specific phages PRRI, Pf3, and PR4 and electron microscaopic
examination for pili have classified the mutants into several phienotypes consistent
with their having normal, retracted, or no pili. Analysis of transient plasmid
heterozygotes, created by P1 transduction, divided the tra mutants into a mini-
i of five complementation groups. Some of these groups contain more than
cne phenotypic class and may represent more than one gene because of the

Canada A1B

possible polar and deletion effects of 7

‘n7 insertion.

We have recently mapped several genes on
plasmid RP4 by using the ability of transposon
7 to insert itself at muliiple sites on this plasmid
:si. Transposan 7 (Tn7) is an 8.5 X 10%dalton
PDNA sequence, conferring trimethoprim (Tp)
and streptomycin (Sm) resistances and capable
ol recA*-independent traasposition from one re-
plicon to another. Tts isolation and properties
have been previously reported (6), (Tn7 was orig-
inally called TnC; see Cohen [14]).

We have mapped Tn7 insertions into RP4 by
measuring the sizes of the restriction fragments
given by the cleavage of such plasmids with
reririciion enzymes that have a single available
»"e: on RP4 itzelf, and at least one on Tn7. Inser-

inga particular phenotypic change were
faund clustered together on the circular map of
I1P4 at the site, we concluded, of the relevant

e
L

pUne,

Several Tn7 insertion mutants were found to
Lave Jost the conjugal transferabilitv of RP4
These mutams, although they gave three
rent classes of pl mx: sensitvity phenotypes,
v<re found to be clustered into a single s'nali

fa

t=zon of RP4. This region, corresponding in
e to only one or two genes, was considerably

e

w7 than the tra region of plasmid F. We
. therefore, extended this work by mpmf,
< fra mutants of RP4. We present evigience
=72 that 12P4, unlike F and R plasmids of Inck
.‘r“: at least two widely separated tra regions.
*¢ have also isolated some mutants wnh a

I

e

43

reduced, rather than undetectable, rate of trans-
fer. These may involve genes that prémote con-
jugation between strains of Escherichia coli but
are not essential to it, or they may be a conse-
guence of polar effects of Tn7 insertion.

Plasmids, like RP4, belongiug to incompati-
bility group P (P-1 in Pseudomonas aerugi-
nosa), confer on their hosts the capacity to
produce P-1 pili (9). It is generally assumed that
such plasmid-determined pili are involved in the
prozess of conjugal transfer. Various bacterio-
phages have been shown to adsorb to P-1 pili.
PRR1, an RNA phage (26), attaches to the sides
of the pili (9). The tipid-containing phages PRD1
(25), PR3, and PR4 (28), which are specific for
P.. N-, and W.group plas (13}, prohably
attach tothe tips (10, 12). ll\chlwmn‘mmphdsl
P13 {28}, SpL‘CulL for hicP plasinids only, is also
thought to adsorb to P-1 pilus tins, but this has
not been demonstrated. To determine whether
or net our tra RP4:Tn7 plasmids determined P-
1 pili, bacteral strains carrying theni were tested
for conferved sensitivities 1o these phages and
examined directly in the electron microscope for
the presence of pil

We have assigned the RP4:Tn7 tra mutants
to a minimum of five complementation groups.
P1 mransduction was used to forim temporary
plasnid heterozypotes, which were then scored
for their ability to transfor the kanamycin (Km)
resistance marker of R4 to a suitabie recipient
under conditiens of blocked P1 wansduction.

mids
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We discuss the relationship between compie-
mentation groups and fra genes,

MATERIALS AND METHODS
Bacterial strains and plasmids, The strains of

E. coli K-12 and plasmids used in this work are Listed
in Table 1.

Media. Minimal medium used was M9 (27) with -

glucose (2 mg/ml), required amino acids (200 uM),
and thyvmine (20 M) For labeling bacterial DNA,
this medium was supplemented with Casamino Acids
(Oxoid) at 5 mg/ml, plus {methyl-"H]thymine (6.7
#Ci/ml) or [2-"*Clthymine (1.2 uCi/mD (Radiochemi-
cal Centre, Amershatn), and, for ¢hy* strains, deoxv-
adenosine (1 mM). Nutriert broth was Oxoid no. 2.
Media were solidified with 1.2% agar (Oxoid no. 3).

Isolation and testing of Tn7 derivatives of RP4.
Tn7 insertion mutants of RP4 were ‘isolated as de-
scribed previously (9); ie., W3110T-TnC(RP4) was
conjugated with J53, and trimethoprnm (10 pg/mi)-
resistant transconjugants of J5¢ were selected. Iso-
lated colonies were purificd and tested for the unse-
lected resistance marker of Tn7, Sm (5 pg/ml), and
those of RP4. amnpicillin (Ap} (100 pg/ml), tetracycline
(Te) (10 pg/ml), and K (25 pg/ml), using antibiotic
ditch plates. These purified colonies were screened
for conjugal transferability by simple plate matings
(7); they were streaked into strain C600 spread over
half a plate containing medium selective for Tp’, Te',
or Km* transconjugants. Clones that appeared transfer
deficient were retested by mixing broth cultures of
drnor and recipient (grown at 37°C without and with
shaking, respectively) in a 1:10 ratio, allowing conju-
gation for 1 h at 37°C without aeration, and then
plating onto suitable selective media. Plasmids RP4
and pRP3 (see below) were used as tra” controls in
parallel matings.

Sensitivity to phages. Bacteriophage PRR1 was
provided by R. Olsen, P'f3 and PR4 were provided by
V. Stanisich, and GUS was provideid by J. 2. Hernals-
teens. High-titer phage stocks were prepared as pre-
viously described (13). Spot tests for bacteriophage
Ivtic activity were performed with nutrient plates
overlaid with the test strain suspeaded in soft agar
{0.6%) and incubated at 37°C overnight. The cbser-
vation of anv plaques at ail was scored as sensitivity.

Complementation analysis of ére mutants. The

TABLE 1. Bacterial strains and plasmids used

Strain Characters® Reference
W2ii0T- thy deoC 4
W33 TnC thy deoC chromosomally in- 8

serted Tn7
353 proA meti (\) 4
C60 thr leu thilacY 4
CRM-3 rif thr leu thi lacY thy deoC rpe3 11
pil ’
Plasmid
RP4 IncP Ap" Tc"Km' 15
RP4-81 IncP Ap' Tc" Tra Sex 17
R70% IncP Te' Kni' Sm" Su” He' 18

2 Symbels for bacterial and plasmid characters are accord-
ing to Bachmann et al. (5) and Novick et al. (22). respectively.

J. BACTE:

RP4:1T'n7 strains with no detectable transferabiliy
were used to make Pl Iysates, as previously deseribeg
(5). These lysates were checked for stenlity and y.
trated for plague-forming urnits. Cultures of tra strair.
were grown with aeration in broth with 10 mM CaCl,
to about 5 X 10" cells per ml. They were centrifuged,
and the cells were concentrated 10-fold in the same
medium, Samples (¢.1 mb were mixed with 0.1 ml of
the chosen PI lvsate (diluted in Pl buffer [30]) 1
gve a multiplicity of infection of about 1. After 13
min at 37°C to allow adsorption, 0.1 nul of sodium
citrate (30 mg/m! in broth) was added. To each sus.
pension was added 0.1 ml of strain C620 (the conju.
gative recipient), which had been grown in broth with
aeration to about 5 X 107 celis per ml, centrifuged
and resuspended in ene-tenth volime of broth with
10 mg of ciirate per ml. After abent 2 h at 37°C, 0.2
ml of the mixture was plated (n minunal mediun
containing Km (25 pg/ml), citrate (10 mg/ml), and
the nutritional requirements of €600,

Colonies appearing after 2 davs of incubation at
37°C were counted. Some of them were purified on
MacConkey medium containing Km. Lac™ clones were
tested for Tp aud Te resistance with ditch plates and
for their ability to transfer Km' to J53 by using the
plate mating technique. .

Test for surface exclusion. Exponentially grow-
ing cultures of W3110T"(R702) aad strains of the
RP4:Tn7 plasmids in J53 were mated in broth for 1 h
at 37°C. Dilutions were plated on minimal madium
sclective for J53 plus 1 mg of suifonamide per ml
R702 transfer into J53 and J53(RP4-61) was scored
as surface exclusion (Yex)-negative controls, und trans-
fer into J53(RP4) and J53(pRP3) was scored as Sex*
controls.

[solation of plasmid DNA. Cultures (7.5 ml) of
E. colistrains, grown through three to four generations
in the presence of radioisotope-labeled thymine, were
Iysed with Sarkosyl and centrifuzed to equilibrium
with ethidium bromide and CsCl as previously de-
seribed (7). Isolated supercoiled DNA was dialyzed
overniglt against a continuous flow of 5 liters of TNE
butter-{50 mM tris(thydroxymethyl)aminomethane-50¢
mM NaCl-1 mM ethylenediaminetetraacetic acid (pH
7.%]. Plasmid copy numbers were estimated from the
ratio of supercoiled-to-lincar chromosomal DNA ra-
dioactivity, vsing the measured molecular weight of
the plasmid and taking the E. coli chromosome as
2,500 megadaltons (Midal).

Restriction endonuclease cleavage of DNA.
Plasmid DNA in TNE buffer was supplemented with
0.125 volume of a 0.1 M MgClh-1 M tnsthy-
droxvmethyllaminomethane buffer (pH 7.5) plus 0.01
volurme of the destred restriction enzyme (Miles Lab-
oratories Ltd.), and incubated 2t 37°C for 1 h.

Sucrose gradient sedinsentation aualysis. The
molecular welghts of plasmids and their restriction
fragments were estimated by sedimentation, together
with suitable reference DNAs, through freeze-thaw-
generated, isokinetic (ca. 5 to 20%) sucrose gradients.
The preparation of such gradients and calculation of
molecular weights have been deseribed previously (7,
8).

Transformation. ¢ra” transposition derivatives of
RP4, chosen for electron microscopy, were transferred
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10 a strain lacking commen pili (CR34-3 rif"} by trans-
srmation, using plasmid IDNA prepared as above and
cells made competent according to the method devel-
eped by Jacob and Hobbs as described in reference 7,
The recipient was, however, grown to late-log phase
in broth rather than in P mediuni. Transformants
were selected on nutrient media containing Ap (100
sz:ml), Te (10 pg/mb), Km (10 gg/ml), or Tp (100
se-ml), purified on plates containing Km, and then
rested on ditch plates for all the RP4:Tn7 markers.
The thy and rifampin (rif} resistance markers of CR34-
3 riffwere also tested. (Reduced-transfer mutsants were
iransferred to CR34-3 7if" by plate matings and then
racted as above.} '

All of the RP4::Tn7 tra mutants thus transferred to
CRM-3 rif were crossed with CH00 to measure their
transfer frequency and thus check that this character
had not changed. The phage spot tests were also
repeated vith these strains.

Electron microscopy. Bacterial strains were in-
sculated from static overnight cultures into fresh
broth and grown for 3 h with shaking and then for a
further 2 h without shaking, Equal volumes of this
culture and PRRI (ca. 10" plaqua-forniing units/ml)
were mixed in petri dishes to give PRIRR1-adsorbed
pili. and equai volumes of culiure and broth were
mixed to give untreated control samiples. A droplet of
each of the mixtures was placed on carbon-coated
zrids held in forceps {clomped). The forceps were
placed in covered petni dishes containing wet filter
paper and incubated at 37°C for 10 min. Gnds were
then washed twice in 0.1 M ammonium acetate and
negatively stained in 0.02% sodium phosphotungstate
solution. For pilus counts, two grids were prepared
from each sample by two different people. Pili on 50
cells were then counted in the electron microscope
cn each grid by the two people. Cells were counted
at randomy, special care being taken with unlibeled
samples not to miss short pili. Numbers presented are
the sum of both counts {i.e., 100 cells examined for

each sample). Pili were only counted if (i) negative

staining was good enough clearly to reveal the cell
edge and (if) the pili projected from the cell edge.
Listed counts are therefore comparative only and do
not represent the total pili per cell.

» RESULTS

Isolation of rcduced-transfer mutants of
RP4, Tn7 insertion mutants of RP4 are easily
isolated as Tp' transconjugants from a donor
carrying Tn7 in its chromosome (see Materizals
and Methods). We have previously shown that
about 2% of such transconjugants had lost con-
,jugal transferability (8). (We sssume that their
m:i!ial transfer was mediated by either a coha-
biting ¢ra* RP4 or by conjugation mechanisms
synthesized before T'n7 insertion disrupted a (ra
gene.)
We isolated more Tp' transconjugants from
W3110T-TuC(RP4) X J53 conjugations and
seresned them in a second cross for clones that
_had a Tp' transfer frequency that was reduced
in comparison with the majority of clones.
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Five clones were found with reduced transfer
{requencies of all the tested markers. Transcon-
jugants from such matings were found to have
acquired al! the unselected markers of RP4 (Ap'
Ter Knr®) and Tn7 (Tp” Sm'). Thus, the five
clones appeared to have plasmids that were re-
duced-transfer-frequency Tn7 transposition de-
rivatives of RP4. The plasmids in these strains
{sce below) were designated pRP76, 89, 90, 91,
and 92. (We have previously designated T'n7 de-
rivatives of RP4 as RP4-TnC followed by a
clone number {&]. For brevity and in conformity
with the suggestion of Novick et al. [22], wé
now propose ta designate them as pRP followed
by the same clone numbers used previousty.)

Transter from reduced-transfer RP4::Tn?
plasmids is not due to reversien. We consid-
cred the proposition that the transfer frequen-
cies observed for the five clones isolated ubove
were a retlection of the reversion frequencies of
completely transfer-deficient RP4::'Tn7mutants.
Several transconjugants {rom each of the five
mutants were therefore purified and tested for
their conjugation {requency to a secondary re-
cipicnt strain. We found that these transconju-,
gants retained the characteristic transfer fre-
guency of their parent strains and could not
therefore be attributed to reversion. .

Transposition of Tn7 from chromosome
to chromosome. In the above isolation, we
found two clones that had a markedly reduced
T transfer frequency, but they transterred Ap’,
Tc', or Km™ at the same frequency as RP4 itself
(i.e., about 10~*/doner per h). Transconjugants
selected for one of the RP4 markers carried the
other unselected RP4 markers but not Tp". We
tiierefore conciude that these two clones carried
Tn7 in their chromosomes together with a free
RP4 plasmid. Thus, in a small minority of cases,
Tn7 has been mohilized by a plasmid from its
chromosomal site in W3110T-TnC to a chro-
mosomal site in J53. We have noted this phe-
nomenori hefore (6). We do not know if a plasinid
carrying an inserted Tn7 is a necessary interme-
diary in this process or not.

Previously isvlated but unrecognized re-
duccd-transfer 2P4::'F'n7 mutants. Since, in
our initial isolation and screening of Tn7 inser
tion mutanis of RP4, we did not look for re-
duced-transfer mutants (8), it seemed possible
that we had isolated but overlooked such mu-
tants. We thercfore measured the conjugal
transfer frequency of several mutants, especially
those mapping on either side of the fra regicn
already established. It was found that pRi*28
and 46 (i.e,, RP4-TnC26 and 46) had transfer
frequencies of ahout 107° and 107 transcoaju-
gants/donor per h, ie., reductions of 160- and
10-fold, respectively, compared to the RP4 or
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pRP3 controls. Data on these mutants are there-
fore included in this paper.

Molecular weightsofthe tra RP4:: T 7 plas-
mids. “H-labeled plasmid DNA was prepared
from the newly iselated reduced-transfer
RP4:Tn7 clonesand from previeusiy isolated but
unmapped tra clones (8). Kach preparation was
cosedimented with HC-labeled DNA froin pRP1
{(used as a reference) through a sucrose gradient
{(data not shown). Each clone was found to con-
tain a single plasmid with a molecular mass of
between about 43 and 43 Mdal (Table 2). This
mass, as we found previousiv, is consistent with
each plasmid being R124 {386 Mdal) plus a single
copy of Tn7 (8.5 Mdal} (6). Molecular mass data
on the six tra plasmids reporied previously (8)
are also included in Table 2 for completeness,

Restriction enzyme mapping of Tn7 in-
sertion sites. We mapped the Tn7 insertion site
in each of the tra plasmids, using the restriction
enzymes EcoRI, Hindlll, and BanHI, according
to our previous method (8). We established in
that paper that each of these three enzymes has
one cleavage site on RP4, and that Tn7 has a
single EcoRl site and two sites each for Hindiil
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and BamHl, The relative positions of these
cieavage sites were also established (Fig. 1).
Thus, one can caleulate the site and orientation
of each Tn7 insertion into RP4 from the sizes of
the restriction fragments given by cleavage of
the RPP4:Tn7 plasinid by using (separately) any
two of these enzvines. These data are given in
Table 2, the plasmids being listed in the se-
quence of their calcuiated Tn7 insertion sites.
This sequence is the best that we could assign
from careful assessment and comparison of the
restrictiondata. {Asaconsequence, Tn7 insertion
sites in pRPP2s {Fig. 1], 67, 69, and 77 [Fig. 1
and Table 2], are shghtlv different [0.1 Mdal]
from those previously published [8]) The
method does not allow us. however, to establish
this sequence unequivocally.

The orientation of Tn7 in each of these plas-
mids was found to be the same as in all the (49)
RP4:Tn7 plasmids we have analyzed to date,
The orientation is such that the end of Tn7closer
to its Kcollt site (marked with an arrowhead)
points clockwise on the map of RP4 as drawn
in Fig. L.

It can be seen from Fig. 1 that the tra muta-

TABLE 2. Molecular masses of the intact and restriction enzyme-cloven RP4::Tn7 tra plasmids

EcoRI fragments

HindIll fragments

BamHI1 fragments

Molecular Tn7 insertion
PRP no. mass (Mda])’ 1 2 1 9 3 1 2 3 site‘
46 44.0 36.7 7.8 319 10.5 2.1 30.9
92 44.3 36.0 83 32.7 9.8 20 30.2
76 45.3 35.3 92 33.1 9.5 19 29.5
90 448 35.1 94 33.0 9.6 1.9 293
89 44.0 4.9 9.6 33.3 93 1.9 29,1
67 436 31.0 10.5 34.7 7.9 1.9 28.2
69 42.7 34.0 10.5 341 8.3 21 28.2
68 44,2 33.9 10.6 35.0 7.6 1.9 28.1
74 449 33.8 10.7 35.1 75 1.9 28.0
66 446 334 11.1 351 7.5 19 27.6
81 44.1 334 11.1 . 349 YN 2.0 276
7 435 33.3 11.2 25.5 18.1 0.8 275
77 437 33.3 11.2 35.1 74 1.9 25.3 184 0.8 27.5
79 44.0 33.2 113 35.6 6.9 2.0 274
78 44.7 33.1 114 35.7 7.0 1.9 273
26 437 33.0 11.5 35.8 6.8 19 272
91 445 23. 21.5 28.6 15.0 0.9 17.2
80 43.7 225 22,0 29.2 14.6 0.7 16.7
82 438 225 22.0 317 10.8 20 29.2 14.6 0.7 16.7

e The mulecular masses of the intact

plasmids were measured by cozedimentation through sucrose gradients

of each "H-labeled plasmid DNA with ¥C-labeled pIRPT IJNA, taken as the reference molecule, with a mass of
45.0 Mdal (8). The restriction fragments of each RP4:Tn7 plasmid were similarly measured but *C-labeled
RP4 DNA was used as the reference wolecule, The RP4:Tn7 and RP4 DNA samples were mixed bifore
treatment with restriction enzyme. RP4 is cut only once by each of the three enzymes used to give a linear
36.0-Mdal marker each tume (8).

¢ The Tn7 insertion siies have been calcuiated from the restriction data as previously described (8), i.e., using
two sets of restriction data 1o decide the orientation of Tn7 and its site in each plasmid. The number in the last
column was generally calcalated from the £coRl fragment sizes and the position of the EcoRl site on Tn7 as
5.8 Mdal from its right-hand end (Fig. 1 {8]). For pRI91, 80, and 82, the sizes of the EcoRl fragments could
only be approximately estimated since the two fragments merged into a single peak in the sucrose gradients.
We therefore used the Bamlll data to ealeulate their Tn7 insertion sites (using the Bamill sites on Tn7 given
in Fig. 1). We obtained 2 stendard deviziion of 0.2 Mdal for repeated mapping estimates (8}.



275~

val. 133, 1978

tra SYSTEM OF RP4 47

51 80 82

B HB
[ 1]

E H
Tn7 <+ ‘ ‘
27 38

5-2 5-8 85
59

FiG. 1. Map of Tn7 insertion and restriction enzyme susceptible sites on RP4 together with a diagram of
Tn7 showing the approximate locations of its restriction enzyvime sifes (E = EcoRI, H = HindIll, and B =
BamHI). The inner scale of the RP4 cirele and the lower scale of the Tn7 map are marked in megadaltons.
The Tn7 insertion sites on RP4 are marked with (pEP) clone numbers uround tF» outside of the circle.
insertions that cause phenotvpic changes to RP4 are marked on appropriately labeted blocks: those on the
Tra blocks are described in this paper. The other insertions and the location of the gene dvtermining Ap”
have been previously published (8). The arrowhcad in Tn7 marks the end that we have found always points

clockwise tn Tn7 insertions of RP4.

tions map at two quite separate regions, the one
we have previously described and a new one at
about 17 Mdal.

Plasmid pRI’75. We reported previously (8)
t2at pRP75 had a very low plasmid copy aumber
0.08 per chromosome equivalent coripared to
zn average of 2.9 for the other RP42Tn7 plas-
ids), although it was not detectably unstable.
The previous mapping data, although unsatis-
‘zctory because of the low recovery of plasmid
LINA, indicated that its Tn7 was inserted in the
‘-"7- to 28-Mdal region. During investigation of
tae cause of this low copy number, we trans-
L“n{ced the plasmid (albeit at low frequency) from
this strain (using phage P1 and Km* selection)
:9 another host and from there back into §53.
The plasmid copy number in these strains was

i
within the normal range. The data in this paper
were obtained using these transduced strains)
The previously approximate Tn7 map site was
confirmed. but whereas the original stroin con-
ferred no phage sensitivities, the transduciants
conferred sensitivity to PR4 in spot tests (see,
below). Data en the cause of the low plasmid/
copy number in the original strain will be pub‘r’
tished separately. /

Phage sensitivities. We tested all the fra
mutants for their sensitivity to the phages
PRR1, Pf3, PR4, and GUS with sunple spot
tests. The results are given in Table 3. As the
responses to PR{ and GUS were always identi-
cal, we have not included a separate columnn for
the latter. GU5 is morphologically indistinguish-
able fromm PR4 ia clectron micrographs and is



—276-

48 BARTH, GRINTER, AND BRADLEY

therefore probably closely related or identical
to PR4. They both have a 85-nm-disgmeter head.
which is probably icosahedral, and a 60-nm tail.
It can be seen that the plasmids fal} into several
classes according to the pattern of phage sensi-
tivities conferred.

P-1 pili determined by the RP4::'Tn7 plas-

mids. We were interested to know how the
phage sensitivities related to the number of pili
deterined by the tra RP4:Tn7 plasmids, Fach
plasmid was transferred to a strain lacking com-
mon pili by transfermarion or cenjugation, as
appropriate, and then retested for its resistance
markers and characteristic undetectable or re-
duced-transfer frequency. The pili on 100 cells
from each culture were covuited In the electron
microscope.

From the results given in Table 3 it is clear,
firstly, that PRR1 treatment considerably en-
hanced piliation. Secondly, one can see that
there is a general consisiency between the re-

sults of the phage spot tests and the level of

piliation. Thus, of the strains tested that were
resistant to all the'phages, most had no detect-
able pili (but 2 of 100 cells of pRP82 had one
pilus each after PRRI1 labeling). Those with
PRRI resistance but sensitivity to PR4 had
detectable pili only after PRR! adsorbance
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treatment. Fully phage-sensitive strains had pili
under normal growth conditions as well. (It
should be remembered that phage resistance
indicated by spot test means only that the phage
cannot form plaques and dces not necessarily
imply the complete lack of suitable attachment
appendages.)

Complementation analysis. We used P1
tranzduction to form temporary heterozygotes
of the tra RP4:'Tn7 plasmids and then, in the
presence of citrate (10 gz/ml) to prevent further
transduction, tested them for conjugal transfer-
ability. Two control experiments were necessary
for this technique. Firstly, we checked the effect
of citrate on conjugation. In crosses using a tra*
RP4:Tn7 plasmid, we found that citrate did not
significantly alter the number of transconjugants
(but did reduce the size of the colonies margin-
ally). Secondly, we checked the inhibitory effect
of citrate on transduction. We carried out a
“complementation” experiment as described in
Matenals and Methods, but used Pl grown on
a plasmid-free strain (P1.R7). A few colonies
were tound. As these cannot be due to comple-
mentation, they must be due to P1 transduction
of the tra plasmid to the final recipient (C600).
Thus citrate does not completely abolish trans-
duction under the conditions we have used. We

TasLE 3. Conjugal transfer frequencies, phage sensitivitics, and P-1 pili detcnnmed by the RP{4::Tn7 tra

plasmids”
Phage sensitivity Untreated pili PRR1-adsorbed pili
Transfer fre-
pRP no. . s -

quency . Piliated - Piliated

PRR1} P(3 PR4 Pili/cell cells (%) Pili/cell cells (%)
46 1074 S S S — — — —
92 1074 S S S 0.01 1 1.56 65
76 10°® S S S —_ — — —
99 107°° S S S 0.05 4 0.74 49
89 107° S S S -— - - —
67 <10°* S S S 0.06 5 0.62 38
69 <107° R R S 0 0 0.01 1
68 <107 R R R —_— — — —
74 <10™* R R R 0 1] 1] 0
66 <10° R S S 0 1] 0.59 3
© 81 <10°? R R S — — — —_
75 <107? R R S — — —
77 <107® R R S 0.04 4 0.15 12
i) <10* R R R —_ - — —
78 <107 R R R — — - —
26 1078 S S S ~— — — —
91 107* R R R 0 0 0 0
g0 <10~ R. R R — — — —
82 <10-* R R R 0 1] 0.02 ’,f' 2

/
Control .

3 1072 S s S8 0.14 14 0.33 53

a Transfer frequency is expressed as transconjugants per donor in nonaerated broth matings at 37°C for 1 h.
Fhage sensitivities were determined by spot tests. Pili, before and after treatment with PRR1, were estimated
by ciectron microscopic examination of 100 cells. The plasmids are listed in their mapping order (Table 2). —

Not examined.
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.herefore performed a control experiment using
.he PL.R™ for each of the {ra plasmids tested
.nd subtracted the number of colbnies found
sam each of the appropriate experiments. The
-esults are shown in Table 4.
" Crosses involving the reduced-transfer plas-
mid-containing strains could only be carried out
ne using thein as P1 donors. They could not be
szcd as P1 recipients (conjugal donors), oecause
<he frequency of transduction with a I'1 plasmid
tock was too low {about 107°) to expect a meas-
srable increase in their inherent transferability
%y complementation. This expectation was con-
irmed. Reciprocal crosses invelving these plas-
~ids were, therefore. not possibie, nor could we
rest for complementation between the reduced-
rransfer plasmids.

We tested about 100 transconjugants from
these complementaticn tests (from crosses in-
volving pRP78, 79, 80, and RP4-81) for their
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subsequent transferability. Only one was found
to be Tra* (and Tp®). Thus, complementation,
and only rarely recomnbination, are responsible
for their appearance,

The results in Table 4 show that the plasmids
we have isolated belong to a minimum of five
compiementation groups. Group 1 contains
pRI’82, 80, and 81. group 2, pRI'26: group 3,
pIRP78 and 79; grouv 4, pRP77, 75, 81, 65, 74,
68, 69, and 67; and group 5, pRP39, 80, 76, 92,
and 46. Because the reduced-transfer plasmids
in group 5 could not be tested against one an-
oiher and they caver about 2 Mdal (3 kilobascs),
we think that thev probably constitute more
than one complementation group. We consider
below what these groups may mean in terins of
tra genes.

Surface exclusion. We tested all the plas-
mids listed in Table 3 for their surfzce exclusion
(Sex) effect on the entry of a second IncP plas-

TABLE 4. Plasmid complementation data®

»RP plasmid in

pRP plasmid in P! recipient (conjugal donor)

P1 donor

67 69 68 74 66 8t 75 Y 79 78 80 82 RP461

46 ¢. 200 c. 900

92 c. 200 c. 500

76 c. 40 ~ c. 80

90 ¢. 1,000 c. 1,900

89 c. 600 . c. 1,200

67 0 0 n 0 0 0 0 0 88 85

69 0 0 0 Q

68 0 0 0 0 57

74 1} 0 0 0 0 234

66 Q .0 0 779 702 681 . 468

81 0 0 0

75 0 \ 0 0

71 0 0 o 0 0 0 O 0 98

79 51 0 Q

78 105 152 0 0 44 22

26 c 900 c. 900 c. 900 c. 900 50

91 c. 500 0

80 0 1

82 175 0 1 1
RP4§1 5 10 0

* Crosses were perforined as described in Materials and Methods. The plasmids are listed in mapping order
{Talle 2). The data shown are the number of Km' colonies given per 10° Pi plaque-forming urits after
subtracticn of the upprapriate controls. When the P1 donor strain contained a reduced-transfer plasmid, these
were: (i) transduclion into JH3(R™) ta estimate the conjugal transferability of the resultant transductants
without complementation). This was always less than 1% of the yield from complementing crosses. (i)
Transduction with a P11 stock to estimate the number of transductions of C600 due to the transductional
Tecipient acting us a secondary source of transducing particles. This varied belween © and 107 of the vield
frors complementing crosses texcept for pliPa0; see below). In crosses involving pl.w'nu.s with no detectable
Um’mer only control (i) was found to be necessary, control (i}, when tested, giving no detectable’ colonies.

is is expected from the consideration that the number of sceondary sources of transducing particles will be
reduced by a factor (ca. 10°) equal to the primary transductiea frequency. When RIF4-61 was the transductional
Tecipient, its sensitivity to Km made control (i) inmpossibie (becavse Km was the selective drug throughout).
When the transductional recipient contained pRIP&), conuial (i) gave consistently higher \.alue\ than those of
*he other plasmids. We de not understand the reason for this effect, but it is not due te pRP80 having a
bigher transduction frequency than usaal (about 4 % 107", In contrast, RP4-3] has an unusually low transduction
Tequency (2 X 1077), which is respoonsible for the low numbers in the hottom line of this table. Numbers
Prefixed by c. were calculated from large colony numbers that could only be approximated.
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mid, R702. The Sex™ centrols, RP4 and pRP3,
reduced entry by z factor of about 20 to 50
compared to crosses with J53 or J53(RP4-61)
{Sex” controls). None of RP4:'I'n7 plasmids ap-
peared to be Sex™.

The deletion mutant RP4-§1 has, however,
lost its surface exclusion determninant (17). The
data in Table 4 show that RP4-61 does not
complement plasmids in group 1 (pRPY1, 80,
and 82) but does complement members of the
other groups tested. Thus the 9.5-Mdal deletion
(8) of RP4-81 (which 1s Km* tre and sex) must
cover approximately the 15- to 24-Mdal region
of RP4. This revision of our previous conclusion
about the site of the aciction (6), tegetner with
the consequent probable site of the sex gene, is
considered below.

DISCUSSION

We have analyzed 19 tra mutants of RP4,
including six previcusly reported (8), isotated as
Tn7 insertion derivatives, The insertion sites in
these mutsnts, mapped hy restriction eitzyme
analysis, are located in two quite separate re-
gions of RP4 (Fig. 1), RP4 therefore appears to
have at least two tra regions rather than one as
in plasmid F (2, 3, 23).

The function of the DNA between these two
tra regions is of interest. We have generated
plasimids in vitro, with specific deletions of this
DNA (Barth, unpublished data). Together with
the evidence on the site of the deletion in RP4-
81, this shows that there are no genes essential
to the viability of RBP4 between the two fra
regions. We therefore speculate that this region
carrying the gene conferring Km"may have been
acquired (perhaps by transposition) by a pri-
mordial IncP plasmid in response to selective
pressure, and that its insertion split a previously
contiguous fra region.

The plasmid RK2, which is indistinguishable
from RP4 in its propertics {and may be identical
to RP4; J. Beringer, personal communication),
has also been the subject of in vitro deletions
{16). These experiments, although they define
only one fra region, are consistent with our map
of RP4,

The reduced-transfer properties of some of
the RP4:Tn7 plasmids described in this paper
may be due to Tn7 insertion mutations of genes
that promcte, but are not essential to, conjugal
transfer between E. coli K-12 strains. Olsen and
Shiplev (24) have shown that the transfer fre-
quencies of RP1 in various inter- and intraspe-

cific crosses vary by several orders of magnitude.-

Some of the tra gene products of promiscuous
plasmids (like RP1 and RP4) may, therefore,
be important in some crosses but not in others.
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The lack of any insertich mutants in the 28- to
#3.3dal region (I'ig. 1) may thus be due not to
genetic silence or lack of suitabte Tn7 insertion
sites there but to the choice of E. coli for the
screening of /e mutants. The use of other gen.
era may be necessary for a complete analysis of
the tra regions of RP4.

Alternatively, the reduced-transfer phenotype
may be due ia some cases to Tn7 having a polar
effect on distal genes within an operon into
which it had been inserted. Such polar effects
have been reported for Tnl (19) and Tnl10 (20).
At present we cannot distinguish between the
two mechanisms snggested for reduced-transfer
mutans; both may be operating,

The unknown polar effects of Tn7 also limit
our interpretation of the complementation
groups in terms of fra genes. A second compli-
cating factor is the fact that many RP4:Tn7
plasmids have apparently sustaiied a deletion
of up to 2 Mdal (Table 2). The lack of reversion
of such plasmids to Tra* (Grinter, unpublished
observations) is consistent with our previous
suggestion ihat Tn7 inscrtion semetimes causes
a deletion in the recipient plasinid (8) and that
this is at the site of the insertion. This point
has been directly confirmed by heteroduplex
analysis (G. Engler, M. Van Montagu, and J.
Schell, personal communication). Thus, in each
of our RP4:Tn7 plasmids, more than one ¢ra
gene may be mutant, so that we cannot simply
deduce tra genes from complementation groups.

The mapping data suggest that complemen-
tation groups 2 (pRP26) and 3 (pRP78 and 79)
may represent two adjacent fra genes {[ig. 1).
Group 4 (pRPG7, 69, 68, 74, 66, 81, 75, and 77)
is complex in that it contains plasmids with
various phage sensitivity phenotypes, indicated
by spot tests (Table 3), although it covers a
length of DNA consistent with being a single
gene. Examination of pili determined by mem-
bers of this group, by electron microscopy, also
showed that there were major differences be-
tween them (Tabte 3). Thus pI2P69 and 74 have
apparently lost the ability to produce pili, but
pRP67, 66, and 77 have retained this ability,
although they produce significantly fewer pili
than the ¢ra® control when not Jabeled with
PRRI. Interpretation of this complementation
group must, therefore, await clarification of the
complexities due to deletions and Tn7 polarity
effects discussed above.

It should be noted that there were no incon-
sistencies between the mapping order of the
mutants and their clustering into complemen-
tation groups.

The marked increase in the number of pili
after PRR1 adzorption (‘Table 3) suggests that
P-1 pili are retractile, being “locked” in an ex-
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«nded position by the adsorbed phages (12).
vre number of untreated PRRI-adsorbed pili
«en by electron micro’s;opv generally reflected
the pnage Spot test sens sitivities (Table 3). Visi-
+is PRRI sensitivity apparently required that
wore than 31% of the cells be piliated after the
PER] adsorption treatment.

773 and PR4 are both thought to attach to
:ne tips of P-1 pili {10, 12); therefore, we assume
-nat retracted pili may still serve as attachment
.ies. The results with pRP82, 90, 67, 69, 66,
and 77 are consistent with this, although we
~te that Pf3 and P14 sensitivities do not always
~cur together. These phages therefore have
duferent adsorption or infection specificities.

The level of piliation does not reflect the
wransfer frequency of each fra plasmid. For ex-
ample, strains carryving pRPY2 and 90 have
about the same number of pili visible but they
have a 100-fold difference in transfer frequency.
olaemid pRP67 gives full phage sensitivities and

inost normal piliation levels but no dctectable
cransfer (Table 3).

We concluded from the complementauon data
1Table 4) that the deletion in RP4-81 (Km*Tra~
Sex7} must cover approximately the 15- to 24-
Mdal region of RP4. Stanisich and Bennett (29
from a study of deletion mutants, conclud\.d
that the Tra and Sex determinants of RP1 are
closely linked (about 1 Mdal apart). As RP1
-nd RBP4 are closcly related, we predict that the
Sex determinant must be at about 16 Mdal. We
wre now isolating Sex™ RP4:Tu7 plasmids to test
1his prediction.

In conclusion, we have shown that at least
five tra genes, grouped into two separate regions,
are involved in the conjugal transfer system of
RP4.
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