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DNA Cloning and the Analysis of Plasmid Structure and Function
K.N. Timmis, S. N. Cohen, and F. C. Cabello

A. Introduction

Genetic recombination is the fundamental biological process of exchange
of genetic information between different chromosomes. Its constant ac-
tivity during evolution has enabled the large number of spontaneously
occuring genetic changes that improve the fitness of individuals for
their particular environments to accumulate in the most successful mem-
bers of each biological species. Recombination has provided much of

the foundation for the science of genetics; it has been exploited to
great social benefit by plant and animal breeders and to great scien-
tific benefit by classical and molecular geneticists. Although there

is evidence that recombination between DNA segments that have little

or no ancestral relationship can occur under some circumstances (Cohen,
1976; Starlinger and Saedler, 1976), "ordinary" or "generalized" re-
combinational events commonly involve the reciprocal exchange of ge-
netic material and require DNA sequence homology in the region of ex-
change. Thus, recombination in the laboratory between unrelated species
of organisms having little DNA sequence homology is ordinarily not fea-
sible. However, it has long been apparent that great benefits could be
derived from intergeneric, as well as intrageneric, genetic manipula-
tions.

Genetic recombination consists essentially of the breakage and joining
of DNA molecules. Recent developments now permit DNA obtained from a
wide variety of prokaryotic and eukaryotic sources to be cut in vitro at
precisely defined locations and the DNA fragments thus generated to be
coupled enzymatically to a self-replicating genetic element, known as

a cloning vector or vehicle (either a plasmid or bacterial virus ge-
nome) . Hybrid molecules generated in this fashion are introduced into
Escherichia coli, where they are perpetuated and can be studied (Cohen,
1975). The host E.col? cells containing a hybrid molecule thus can
serve as "cellular factories" for producing large amounts of the cloned
DNA (and in some instances, the gene products specified by the cloned
DNA) and, in addition, can serve as a well defined genetic background
against which to study the expression of the cloned DNA fragment. The
technologies that have been developed to permit the in vitro cloning

of individual fragments of foreign DNA are collectively termed "DNA
cloning", "molecular cloning", "gene cloning", "gene manipulation",

and "genetic engineering".

The potential applications in the biochemical sciences to obtain basic
information about fundamental biological processes, and in the applied
sciences to obtain a variety of biological products that are of medi-
cal, agricultural, and commercial importance, and that are otherwise
expensive or unobtainable in large quantity, indicate that DNA cloning
methods represent a tool of extraordinary usefulness (Ashby Report,
1975; Curtiss III, 1976; Cohen, 1977).

The spectacular advances in the investigation of the structure and
function of prokaryotic genes and operons, for example in the bacterio-
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phage lambda and the lac operon, occurred largely because the DNA seg-
ments containing the genes under investigation were either part of a
small autonomous replicon (lambda) or were easily sequestered on to
such replicons (e.g., lambdoid phages and the sex factor F). In this
state of reduced genetic complexity, genes could be investigated in a
variety of ways in systems greatly depressed in non-specific genetic
and biochemical background activity (see various articles in "The Lac-
tose Operon", eds. Beckwith and Zipser, 1970, and "The Bacteriophage
Lambda", ed. Hershey, 1971). The enormous genetic complexity of eukary-
otic cells (some of which are five orders of magnitude more complex
than the bacteriophage 1) is thus the main obstacle to a molecular ana-
lysis of gene structure, function, and regulation in higher organisms.
Hence the development of methods to sequester defined eukaryotic DNA
sequences on to small prokaryotic or eukaryotic autonomous extrachro-
mosomal elements represents a major breakthrough in eukaryote molecu-
lar biology. As a consequence of this and other newly developed technol-
ogies, an understanding of the basic regulatory mechanisms controlling
eukaryotic gene expression is expected to be greatly facilitated. Such
an understanding is an absolute requirement for the elucidation of the
biochemical bases of a number of pathological conditions, including
tumorogenesis.

Cloned DNA sequences from prokaryotic and eukaryotic sources may be
easily isolated in gquantity in a degree of purity that was previously
unattainable and that is suitable for structural studies, such as phys-
ical mapping and DNA sequencing. Furthermore, the gene products coded



by cloned fragments, at least those from many prokaryotic sources, may
be manufactured in large amounts by the host cell. This latter aspect
of molecular cloning has obvious significance for the production of
biological products important in medicine, agriculture, and industry.
A few selected examples of potential benefits of gene cloning experi-
ments are given below:

1. The use of non-pathogenic host bacteria containing genes for anti-
gens characteristic of specific agents of disease should greatly im-
prove the effectiveness and safety of vaccine production.

2. Pollution of the environment by o0il wastes may be combated with
bacteria specifically armed with DNA sequences enabling them to uti-
lize these products as sole carbon sources for growth. Indeed single
cell protein might be manufactured from such wastes.

3. Provided that problems of transcription and translation of some
types of foreign DNA in E.coli are overcome, the exciting possibility
of manufacturing medically important products like insulin and other
hormones, interferon, enzymes, and antibiotics, in convenient bacte-
rial systems may soon be realized.

4. Food plants and animals, or the microbes that associate with them,
may be genetically manipulated in order to increase the yield or the
quality of the food material produced. Currently receiving great atten-
tion is the possibility that nitrogen fixation genes might be intro-
duced into bacteria that can colonize the roots of nonlegumenous
plants.

It would not be appropriate for us to discuss the potential benefits
of gene cloning methods without mentioning the concerns that have been
raised about possible hazards of some experiments that use these meth-
ods (see Cohen, 1977). Organisms appear to have evolved biological
mechanisms that originally limited genetic exchange with unrelated
species. Although the significance of these mechanisms is not yet elu-
cidated, their functions are assumed to be of some evolutionary impor-
tance. DNA cloning in vitro permits the investigator to construct mo-
lecular chimeras by the fusion of DNA segments derived from organisms
that are not known to be otherwise capable of exchanging genetic in-
formation. Since the properties of certain gene combinations made in
this way may not be entirely predictable, the investigator is now re-
quired by national research organizations to carefully evaluate poten-
tial biohazards of projected molecular cloning experiments and subse-
quently to perform such experiments under appropriate laboratory con-
ditions of containment similar to those used for work with organisms
known to be hazardous (NIH Guidelines, 1976; Williams Report, 1976).

In this review we will focus our discussion on how the molecular clon-
ing technology can be fruitfully exploited to investigate plasmid DNA
structure and function. Because the problems of transcription/transla-
tion of cloned plasmid DNA segments are minor compared with those asso-
ciated with cloned eukaryotic DNA segments, significant advances pro-
moted by the use of the cloning technology have already taken place

in the plasmid field in the four years since its first description in
the literature (Cohen et al., 1973). However, most of the cloning
strategies that have been employed for investigation of plasmid DNA
structure and function are appropriate for the study of larger, more
complex replicons such as chromosomes. We therefore feel that this is
an appropriate point in time at which to review recent advances in the
plasmid field resulting from molecular cloning experiments and to un-
derscore those experimental approaches that may find a wider use in
the study of more complex genetic systems. Although it will be neces-



sary for us to discuss relevant aspects of restriction enzymes, plas-
mids, and the cloning technology, these topics will not be covered ex-
haustively here. For other pertinent reviews of these subjects the

order is: Arber, 1974 (restriction and modification); Nathans and Smith,
1974; Roberts, 1976; Roberts, 1977 (restriction enzymes); Helinski,
1973; Falkow, 1975 (plasmids); Cohen, 1975; Murray, 1976; and Collins,
in press 1977 (gene cloning).

B. Restriction Endonucleases

Restriction endonucleases are site-specific endodeoxyribonucleases
that cleave double-stranded and in some instances single-stranded DNA.
Although the first site-specific endodeoxyribonucleases to be charac-
terized were known to function as enzymatic blocks or restriction bar-
riers for the prevention of invasion of the host cell by foreign DNA,
i.e., were components of restriction-modification systems and hence
were called restriction endonucleases, there is no evidence that many
of the more recently described endonucleases are also bona fide com-
ponents of restriction-modification systems. Nevertheless, for conve-
nience we will continue to refer to site-specific endodeoxyribonucleases
as restriction endonucleases, as suggested by Roberts (1976). All re-
striction endonucleases recognize specific DNA sequences; some, but
not all, may also cleave at specific sequences. Class II enzymes are
of the former type and generate specific DNA tfragments usually, but
not always, by cleavage at a sequence within the endonuclease recogni-
tion sequence. Class I enzymes are of the latter type and appear to
cleave DNA randomly, there by generating heterogeneous DNA products.
The ability of class II enzymes to cleave long complex molecules of
DNA at precise locations and the availability of a wide range of en-
zymes having different recognition sequences has revolutionized the
investigation of the structure and function of genetic material.

Table 1 lists the recognition sequences and cleavage sites of a selec-
tion of currently available and widely used restriction endonucleases.
It may be noted that endonucleases differ from one another not only

in the composition and sequence of bases within the recognition se-
quence, but also in the length of the sequence and in the type of
cleavage effected. In general, an enzyme that recognizes a tetranucle-
otide sequence will cleave a given DNA molecule more frequently than
will an enzyme that recognizes a hexanucleotide sequence. However, the
relative frequency of different restriction site sequences and their
distribution within a DNA molecule varies from one DNA species to an-
other (contrast the number of cleavage sites in SV40 DNA for the en-
zymes Alul and Tagl, enzymes which recognize mirror image sequences).
Thus, the number and location of restriction endonuclease cleavage
sites on any given DNA molecule depends upon the sequence of the nuc-
leotides recognized by the enzyme, the length of the sequence, and its
frequency and distribution in the substrate DNA molecule.

Some restriction endonucleases cleave both DNA strands at a single
site on the molecule (i.e., cleave both phosphodiester linkages be-
tween two nucleotide pairs), thus generating DNA fragments having
"flush" or "blunt ends", whereas others cleave one DNA strand several
nucleotides away from the cleavage on the opposing strand, thereby
generating "cohesive" ends. Restriction endonucleases that generate
fragments with cohesive ends can produce 5' extensions (EcoRI) or 3'
extensions (PstI) composed of a dinucleotide (TagIl), a trinucleotide
(HinfI), a tetranucleotide (HindIII), or a pentanucleotide (EcoRII).
As can be seen in Table 1, in some cases the same DNA sequence can be



Table 1. Selected restriction endonucleases: recognition sequences and sites of
cleavage?

Endonucleases that Endonucleases that
generate fragments generate fragments
with cohesive termini with flush termini
Hexanucleotide Bam HI GYearcc (5:1)
recognition Bgl II a‘earcr (5;0) Hpa I GTTYAAC (11;5)
Eco RI  GYaaTTC (5:1) Sma I  CCCYGGG (3;0)
Hind III AYAGCTT (6;6)
Pst I CTGCAYG (18;2)
Xma I leadelele’ele] (3;0)

Hae II PuGCGCYPy (>30;1)

Tetranucleotide Hha I ceeYe (>50;2) Alu I  AGYer (>50;32)
recognition Hpa II c¥cee (>50;1)  Hae III GG¥CC (>50;18)
Mbo I ‘earc (>50;8)
Tag I Ttcea (>50;1)

8Compiled from the review by Roberts, 1976. For convenience, only one strand of

the recognition sequence is shown. The left hand end of each sequence is the 5' end.
The arrow indicates the site of cleavage of the phosphodiester linkage. The two num-—
bers shown in brackets after each recognition sequence represent the numbers of
cleavage sites present in lambda and SV40 DNAs respectively.

recognized by two or more enzymes that generate DNA fragments with dif-
ferent termini (e.g., Smal and XmaI), whereas in other cases cleavage
at different recognition sequences can generate DNA fragments with
identical termini (i.e., BamH1 and BglII; Roberts, 1976a).

Because restriction endonuclease-generated DNA fragments with identi-
cal cohesive ends readily anneal with one another they can be effi-
ciently joined together by the action of DNA ligase. This particular
property of DNA fragments generated by the EcoRI restriction endonu-
clease greatly facilitated the early DNA cloning experiments,

C. DNA Cloning

I. In Vitro Recombination

1. Genmeration of DNA Fragments

To permit insertion of foreign DNA at an appropriate location in the
vector, the vector is cleaved at a unique location that is not in or
near functions that are essential for its effective use (see below).
Multiple cleavages are sometimes made to remove non-essential segments
of vector DNA in order to permit packaging of the maximum amount of
foreign DNA in bacteriophage vectors (Murray and Murray, 1974; Thomas
et al., 1974). However, because of the specificity of cleavage re-
quired, vector cleavage is always accomplished by means of a restric-



tion endonuclease. It is usually convenient to generate vector DNA
having cohesive termini that can subsequently anneal with similar ter-
mini on foreign DNA fragments that are to be cloned.

Cleavage of foreign DNA to be cloned is also most conveniently accom-
plished by the action of one or more restriction endonucleases. Frag-
ments thus generated may possess either cohesive ends or flush ends,

or one of each type, according to the enzyme (s) used. Ordinarily, en-
zymatic digestion of the DNA is allowed to proceed to completion, i.e.,
all sites on the DNA molecule that are susceptible to cleavage by the
enzyme (s) are cleaved. However, in those instances where all available
enzymes cleave within the required DNA fragment, or where the cloning
of a series of overlapping fragments of DNA is desired, it is neces-
sary to obtain partial endonuclease digestion products of the DNA
(Skurray et al., 1976), or to generate random fragments, for example,
by mechanical shearing (Clarke and Carbon, 1975; see, however, Backman
et al., 1976).

If a fragment of DNA to be cloned has been identified, it may be pos-
sible to purify this fragment prior to cloning, if it has a physical
property (e.g., size or buoyant density) that distinguishes it from
other fragments. For example, it was possible to purify an EcoRI en-
donuclease-generated fragment of DNA coding for ampicillin (Ap) resis-
tance derived from the plasmid pSC122 by equilibrium centrifugation in
caesium chloride (Timmis et al., 1975). This Ap DNA fragment banded in
the gradient according to its buoyant density of 1.692 g/cc, whereas
the other DNA fragment of the pSC122 plasmid banded at a more dense
part of the gradient owing to its buoyant density of 1.710 g/cc. Simi-
larly, DNA fragments of different sizes may be purified by electropho-
resis through agarose gels (Lovett and Helinski, 1976). The recent
description of a method (R loop formation) to form stable hybrids of
RNA and duplex DNA should facilitate the purification of DNA fragments
containing sequences for which a purified complementary RNA probe is
available (Thomas et al., 1976). Prior purification of the fragment

to be cloned greatly facilitates the subsequent cloning procedures.

2. Joining of DNA Fragments

The in vitro covalent linkage of fragments of foreign DNA to a cloning
vector is achieved by treatment with E.colZ or T4 DNA ligase to form
phosphodiester linkages between the DNA fragments. The most convenient
method currently employed is to ligate foreign DNA and vector frag-
ments having identical cohesive ends (Mertz and Davis, 1972; Sgara-
mella, 1972; see Fig. 2). Under appropriate reaction conditions, the
cohesive ends anneal and permit efficient covalent linkage by DNA 1li-
gase. While cohesive termini are convenient for some experiments, they
are not absolutely required for the linkage of DNA fragments. Although
the termini of flush ended DNA fragments cannot anneal they nevertheless
can be joined by the action of T4 DNA ligase if the ligase and DNA
fragment ends are present at high concentration in the ligation reac-
tion (Sgaramella et al., 1970; Sgaramella and Khorana, 1972).

The recovery of a cloned DNA fragment from a hybrid molecule, subse-
quent to construction, is an important consideration in determining

the strategy of a cloning experiment. Fragment recovery is always pos-
sible if the cloning vector and the foreign DNA fragment have been gen-
erated by the same endonuclease, since ligation of two ends produced by
a single enzyme will regenerate the original endonuclease recognition
sequence. If the cloning vector and foreign DNA are cleaved by differ-
ent restriction enzymes and subsequently ligated together, in most in-
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stances a hybrid recognition sequence will be formed that cannot be
recognized by either of the original endonucleases. Unless an enzyme
is available that recognizes the hybrid sequence, precise recovery
of the cloned fragment will not be possible.

Occasionally, cleavage of the cloning vector and foreign DNA with dif-
ferent enzymes will generate DNA fragment with two different types of
cohesive ends or with one type of cohesive end and one type of blunt
end. In such situations, prior to ligation it is necessary either to
generate appropriate cohesive ends in both types of DNA fragment or

to convert both types of fragment to the flush-ended form.

The synthesis of universal cohesive ends on DNA fragments having any
type of end (flush, or with 5' or 3' terminal extensions) is readily
accomplished by means of the enzyme terminal deoxynucleotidyl trans-
ferase (Bollum, 1974). In the presence of cobalt ions this enzyme can
add long homopolymer blocks composed of any one of the four deoxyri-
bonucleotides to the 3' terminus of DNA fragments (Roychoudhury et al.,
1976). Thus, a series of identical deoxyribonucleotides (e.g., dA) is
added to the 3' ends of the cloning vector and a series of complemen-
tary deoxyribonucleotides (e.g., dT) is added to the 3' ends of the
DNA fragments to be cloned (so-called homopolymer tailing; Jackson et
al., 1972; Lobban and Kaiser, 1973). The two types of fragment are
then mixed, allowed to anneal, and introduced into a bacterial host.
Because it is not possible to synthesize homopolymer blocks of pre-
cisely defined length, DNA fragments annealed at their homopolymer
tails will contain single-stranded regions at these joints. Such sin-
gle-stranded regions may be repaired and covalent linkage of the frag-
ments effected in vitro by the action of exonuclease III, DNA poly-
merase I and DNA ligase or in vivo by cellular repair enzymes (Jackson
et al., 1972; Lobban and Kaiser, 1973; Wensink et al., 1974; Clarke
and Carbon, 1975).

This particular method has certain advantages over other methods of
joining DNA fragments. Firstly, circularization of single fragments,
i.e., Zntramolecular joining, is absolutely precluded because any par-
ticular fragment has identical terminal homopolymer tracts. Thus, re-
generation of the original cloning vehicle with the resultant eleva-
tion of "background" non-hybrid molecules is obviated. Secondly, be-
cause association of the long annealed homopolymer tails is quite sta-
ble, in vitro ligation of the cloning vehicle and the fragment to be
cloned is unnecessary. This specific advantage is partly offset by the
fact that precise cleavage of hybrid molecules at the vector:cloned
fragment junction is rarely possible. If the cloned fragment can be
recovered, due to the fortuitous location of appropriate restriction
enzyme cleavage sites on the vector or fragment side of the homopoly-
mer tract, either it will contain the homopolymer tract or it will be
missing some of its terminal sequences. Recently, the use of single-
stranded endonucleases to attack partially denatured dA-T rich seg-
ments has provided a simple method of separation of fragments that
have been joined together by dA-T homopolymer tailing (Hofstetter et
al., 1976). In some instances, judicious choice of the nucleotide of
the homopolymer block to be added to the fragments of foreign DNA can
regenerate the recognition sequence of the enzyme orginally used to
obtain these DNA fragments (for instance, the addition of poly dG tails
to SmaI-generated DNA fragments), and can thus permit recovery of the
cloned fragment.

Conversion of DNA fragments containing 5' terminal extensions to the
flush-ended form is accomplished either by removal of the extension
with a single strand-specific exonuclease or by synthesis of a comple-
mentary sequence to the 5' termini (fZlling-in) by extension of the 3'



prime termini with reverse transcriptase or DNA polymerase I. Joining
of blunt-ended DNA fragments thus generated may then be achieved by
the T4 DNA ligase blunt-end ligation procedure. Whereas removal of a
cohesive end destroys the original endonuclease recognition sequence
and prevents subsequent recovery of the cloned fragment, filling-in
of the single-stranded terminal region and subsequent blunt-end join-
indg to another fragment in some instances may regenerate the original
endonuclease recognition sequence, and thereby facilitate fragment re-
covery from the hybrid molecule (Backman et al., 1976).

A more general method to enable recovery of cloned DNA fragments is
the linkage of so-called adapter or Llinker fragments to the ends of
either the cloning vector, or the DNA fragments to be cloned, or both.
Adapter fragments are small DNA fragments that contain one or more re-
cognition sequences for restriction endonucleases. There are two types
of adapter fragment. One type is a chemically synthesized short stretch
of duplex DNA. Such a DNA fragment, an octanucleotide containing the
EcORI recognition site and having the sequence 5'-TGAATTCA-3', has
been synthesized by Greene et al., 1975; see also Bahl et al., 1976).
The other type of adapter fragment is a DNA fragment that can be ex-
cised from a naturally occurring DNA molecule and that contains a clus-
ter of restriction endonuclease cleavage sites. Because the pSC101
plasmid contains within a continuous sequence of about 700 nucleotides
in the region of the Tc resistance gene a cluster of recognition se-
quences for restriction endonucleases that are commonly used for clon-
ing, it is a convenient source of a series of adapter fragments. The
complete adapter fragment sequence is terminated on one side by the
unigue EcoRI cleavage site and on the other by the unique SalI site

of the pSC101 plasmid, and therefore can be excised from the plasmid
by treatment with these two endonucleases (Fig. 3). The adapter frag-
ment thus generated has the following cleavage sites in the order giv-
en: EcoRI, AluI, HindIII/AluI, EcoORII, HaelII, HaeIl, BamHI, HaelI,
Sall/HincII (Cohen et al., 1977a; Bolivar et al., 1977b). If required,
the purified primary adapter fragment may subsequently be cleaved with
additional enzymes to generate derivative adapter fragments with dif-
ferent cohesive (HindIII, EcoRII, HaeII, BamH1) or flush (AluI, HaelII)
termini. Alternatively, the EcoRI and Sall cohesive ends of the pri-
mary adapter fragment may be filled in with reverse transcriptase or
DNA polymerase I to form a blunt-ended fragment containing all the
original cleavage sites. Adapter fragments with either cohesive or
flush ends, or one of each type, can be linked to the cloning vector
or to the DNA fragments to be cloned by the action of T4 DNA ligase.

Adapter fragments are useful for the conversion of a DNA fragment ter-
minus generated by one restriction endonuclease into a terminus gener-
ated by a different enzyme, thus allowing considerable flexibility in
the types of restriction endonuclease that can be used in cloning ex-
periments (e.g., see Heyneker et al., 1976; Bahl et al., 1976). More
importantly, use of the adapter fragment technology readily permits
excision of inserted DNA pieces from hybrid molecules.

Finally, it should be noted that in vitro ligation of DNA fragments is
not an absolute requirement for the construction of hybrid molecules,
although it greatly increases the yield of such molecules. In some in-
stances, in vivo ligation of DNA fragments after transformation has
generated the required DNA hybrids. This is especially true of con-
structions involving the homopolymer tailing technique with the ColE1
vector (Clarke and Carbon, 1975), but in vivo ligation has also been
used for the cloning of some DNA fragments coding for selectable prop-
erties, for example, kanamycin resistance (Cohen et al., 1973; Collins
et al., 1976). However, in vivo ligation of DNA fragments to EcoRI-
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Fig. 3A-C. Use of adapter fragments in DNA cloning. The pSC101 plasmid contains EcoRI,
HindIII, Baml, and Sall restriction endonuclease cleavage sites in close proximity to
each other. The location of these sites is shown in relation to the pSC10l origin of
replication (0). Treatment of pSC101 DNA with both the EcoRI and Sall enzymes leads

to formation of the structures shown: the adapter fragment resulting from cleavage of
the plasmid by the two enzymes can be used to convert a terminus produced by one re-
striction endonuclease into one that can be joined to a cleavage site generated by an-
other enzyme. Use of adapter fragments for substitution of restriction endonuclease
sites and for the addition of cohesive termini to blunt-ended DNA fragments is illus-

trated
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cleaved pSC101 plasmid DNA apparently occurs very rarely (Timmis and
Cabello, unpublished experiments).

II. Cloning and Propagation of Recombinant Molecules

The DNA mixture used for the infection of bacteria in cloning experi-
ments consists of a heterogeneous mixture of molecules that are cova-
lently linked or hydrogen bonded at their termini. Only some of the
molecules in the mixture will be of the desired type, i.e., consisting
of the cloning vector and a fragment of foreign DNA that have been cir-
cularized together. The problem therefore is to select from the DNA
mixture and to amplify and propagate individually just those required
molecules. This process is usually performed in two stages. The crude
DNA mixture is used to infect a host bacterium, and because only DNA
molecules that can self-replicate are able to propagate in the host,
those DNA molecules that do not contain the cloning vector are selec-
ted against at this stage. Subsequently, those bacteria that have been
infected with DNA from the construction mixture are screened for the
presence of hybrid molecules.

1. Introduction of DNA into a Host Bacterium

The process of the introduction of DNA into bacteria has been termed
trans formation when involving chromosomal or plasmid DNA, and trans-
fection when involving donor bacteriophage DNA. For the transformation
of E.coli, DNA fragments or molecules are mixed with bacterial cells
that have been made permeable by treatment with calcium chloride or
other divalent cations and have been kept at 0°C. The cells subsequent-
ly receive a heat shock during which they take up exogenous DNA and,
after incubation for a period of time to allow expression of the newly
acquired DNA, the bacteria are plated on to a medium that permits
growth of only those bacteria that have been transformed for the re-
quired character; in cloning experiments this is usually a selectable
function present on the cloning vector. The procedure used for trans-
fection is similar to that used for transformation, except that the
transfected cells do not usually survive and must be detected by plat-
ing with indicator bacteria (Mandel and Higa, 1970; Cohen et al., 1972;
Cosloy and Oishi, 1973; Wackernagel, 1973; Taketo, 1975).

One feature of transformation that is of profound importance for the
study of plasmids in general and for the DNA cloning technology in
particular is the fact that from gross mixtures of DNA molecules, sin-
gle molecules can be isolated in separate cells and individually prop-
agated. This capability (Cohen et al., 1972) has made it possible to
study plasmids in ways previously feasible only with infectious extra-
cellular particles such as bacteriophages.

A difficulty in using transformation and transfection for some DNA
cloning studies is that the procedures are rather irnefficient: typ-
ical values for non-restricted plasmid or phage DNA molecules are 108
transformants per ug of DNA or 10-5 transformants per molecule (Cohen
et al., 1972; Hohn and Murray, 1977), compared with values approaching
unity for Pneumococcus and Haemophilus (Hotchkiss and Gabor, 1970).
The yield of transformants obtained from DNA construction mixtures is
usually orders of magnitude below these values. Although such yields
are adequate for certain experiments, they may be inadequate for others.
Recently, methods have been described for the in vitro packaging in
phage particles of DNA from construction experiments involving A DNA
as the cloning vector (Hohn and Murray, 1977; Sternberg et al., 1977).
Compared with naked DNA, the phage particles are very efficient at in-
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fection and the relative yield of clones containing recombinant DNA
can be increased by 1 to 2 orders of magnitude.

2. Detection of Cloned Recombinant DNA Molecules

The objective of cloning experiments is usually to obtain hybrid DNA
molecules that consist of the cloning vector and single fragments of
foreign DNA. DNA ligase joins together random fragments of DNA so that
a certain proportion of recombinant molecules containing multiple frag-
ments of foreign or vector DNA is always generated (Dugaiczyk et al.,
1975) . Furthermore, except where the homopolymer tailing technique

is used, ligated DNA mixtures often contain a high proportion of re-
constituted cloning vector molecules that have equal or greater effi-
ciency in transformation than have recombinant molecules. Thus, fre-
quently less than 50% of transformant bacterial clones contain hybrid
molecules, and of these only a proportion may be of the required type.

The only definitive method to determine which type of DNA fragment has
been cloned is to isolate the transformed DNA and determine the spe-
cific sequences contained in it. If the cloning experiment has been
designed to permit the recovery of the cloned DNA fragment by treat-
ment with a restriction endonuclease, it will be possible to determine
by agarose gel electrophoresis of endonuclease-digested plasmid DNA
exactly which DNA fragment (s), if any, other than the cloning vehicle
are present. However, the commonly used procedure for the isolation

of plasmid DNA from 30 to 100 ml cultures of bacteria (Clewell and
Helinski, 1969) is tedious and expensive if many bacterial clones must
be analyzed. Therefore considerable effort has recently been directed
toward the development of microscale preparation procedures for the
isolation and characterization of plasmid DNA. As a result, there are
now so-called "toothpick assays" in which single bacterial colonies
grown on nutrient agar plates are removed with a toothpick and their
plasmid DNA extracted and characterized (Barnes, 1977; Telford et al.,
1977). Such procedures greatly facilitate the analysis of DNA from
large numbers of transformant bacterial clones.

Because normally a high proportion of transformed bacteria receive
only the DNA of the cloning vehicle, much effort can be spared if the
bacteria carrying recombinant clones can be identified by their pheno-
type or if the proportion of bacteria carrying recombinant molecules
can be increased subsequent to transformation. One obvious way a re-
combinant plasmid can be identified is if insertion of foreign DNA al-
ways leads to activation or inactivation of a particular phenotypic
trait. The unique EcoRI cleavage site of plasmid ColE1 lies in the
structural gene for colicin E1. Insertion of DNA at this cleavage site
inactivates colicin E1 production, a phenotypic trait that is readily
identified (Hershfield et al., 1974; Timmis et al., 1974a; see Fig. 4).
This process, termed <nsertional inactivation (Timmis et al., 1974a),
has been used to identify a variety of recombinant plasmids generated
with several different types of cloning vectors (Timmis et al., 1977c),
such as pML21 (insertion at the HindIII site causes inactivation of
kanamycin resistance), and pWL7 (insertion at the PstI site causes in-
activation of ampicillin resistance; W. Goebel, personal communica-
tion). The convenience of this particular method of identifying recom-
binant DNA molecules is such that almost all new cloning vehicles de-
veloped have the unique restriction endonuclease cleavage sites that
are used for cloning within structural genes that code for readily
identifiable properties (Bolivar et al., 1977a; Cohen et al., 1977a;
see Table 2).
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One method designed for the enrichment of recombinant DNA molecules
utilizes the increased size of such molecules over that of the cloning
vector. Essentially the method involves the isolation of plasmid DNA
from the whole population of transformed bacteria, the fractionation
of this DNA on the basis of size [sucrose gradient centrifugation
(Fig. 5), agarose gel electrophoresis] and retransformation with DNA
having a greater molecular weight than that of the cloning vehicle
(Cohen and Chang, 1974). Although one cycle of transformation, size
fractionation and retransformation may be adequate, the procedure may
be repeated several times to increase the degree of enrichment of re-
combinant DNA molecules prior to the isolation and analysis of individ-
ual transformant clones. (Because the transformation of bacteria with
DNA from ligation mixtures is very inefficient due to the low concen-
tration of viable plasmid DNA molecules and the high concentration of
non-viable competing DNA, it is often an advantage to go through a
cycle of this type, with or without a size fractionation, in order to
amplify the viable molecules and to remove the competing non-viable
molecules present in the original ligation mixture). Although this type
of procedure greatly enriches the DNA construction mixture for recom-
binant molecules, its disadvantage is that it actually selects against
recombinant molecules containing very small cloned fragments of DNA.
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Fig. 5A and B. Enrichment of
plasmid chimeras by sucrose
gradient centrifugation and
repeated transformation (from
Cohen and Chang, 1974). In this
experiment, a mixture of Xenopus
laevis rDNA and pSC101 plasmid
DNA was treated by EcoRI endo-
nuclease, ligated, and used

for transforming calcium chlo-
ride~treated bacteria. Primary
selection of tetracycline re-
sistant transformants was car-
ried out. (A) Total CCC-DNA
isolated from the heterogeneous
population of tetracycline re-
sistant transformants was frac-
tionated by sucrose gradient
centrifugation. The fractions
comprising the lower portion
of the gradient shown in the
figure and the leading edge of
the single 27S peak (which re-
presents the recircularized
cloning vehicle) were pooled,
dialyzed, and used for another
cycle of transformation. (B)
Sucrose gradient centrifugation
of DNA isolated from the popu-
lation of Tc resistant cells
transformed by fraction 1 from
gradient shown in (A). As shown
here, one cycle of centrifuga-
tion and transformation re-
sulted in major enrichment of
the desired population of
chimeric plasmids

A second type of enrichment procedure utilizes the principle of <nser-
tional inactivation combined with a genetic procedure for mutant en-
richment (e.g., see Davis, 1948; Curtiss et al., 1965) using antibiot-
ics that inhibit cell wall biosynthesis. In this method, insertion of
DNA into the unique endonuclease cleavage site used for cloning results
in the inactivation of a gene that codes for a nutritional marker (for
example, tryptophane biosynthesis), or for resistance to a bacterio-
static antibiotic such as tetracycline. Growth of transformant bacteria
in the absence of the required nutrient, or in the presence of the
bacteriostatic antibiotic, followed by ampicillin or cycloserine treat-
ment, results in the lysis of bacteria carrying only the cloning vec-
tor and a substantial enrichment of recombinant DNA-carrying bacteria
(Bolivar et al., 1977a).

It should be pointed out that during the usual transformation proce-
dure little or no cell multiplication occurs until transformant bac-
teria are plated out on a selective medium for single colony isolation
(Cohen et al., 1972). Thus, rarely do two or more primary transformant
clones contain identical recombinant DNA molecules that are the prog-
eny of a single DNA molecule from the original cloning mixture. A draw-
back of the enrichment procedures described above is that substantial
multiplication of transformed bacteria occurs prior to single colony



isolation, which can result in the isolation of multiple clones of
bacteria carrying identical recombinant plasmids.

Lastly, it should be mentioned that in some instances it is possible
directly to select or at least to identify bacterial clones carrying
specific recombinant plasmids. If the DNA fragment of interest codes
for a selectable function, it is possible to select directly bacteria
that have been transformed with this DNA, as was the case in the clon-
ing of Staphylococcus plasmid DNA fragments coding for penicillin re-
sistance (Chang and Cohen, 1974). The availability of a radioactive
DNA or RNA probe with sequences complementary to some of those present
on the DNA fragment to be cloned permits the direct identification of
primary transformant clones or phage plagues containing the desired
recombinant molecule. In these procedures, the primary colonies or
plagques are grown on or are transferred to nitrocellulose filters, are
replica plated, and then treated so that the DNA is released, dena-
tured, and immobilized on the filter. Hybridization in situ with the
radioactive probe then reveals the required colonies or phage plaques
(Grunstein and Hogness, 1975; Sanzey et al., 1976; Skalka and Shapiro,
1976). The same principle was utilized in the subculture cloning selec-
tion procedure originally used for the cloning of sea urchin histone
gene sequences (Kedes et al., 1975). However, whereas the number of
transformant clones that can be screened by the in situ hybridization
method is limited by the number of colonies that can be conveniently
handled, the subculture cloning method is limited only by the sensiti-
vity of the hybridization reaction.

The use of a radioactive DNA or RNA probe to detect specific cloned
DNA sequences does not require that the cloned sequences are trans-
cribed and translated, and consequently can identify those sequences
that are not expressed. For identification of expressed sequences,
special biochemical detection methods similar to those that have been
developed for the genetic analysis of the lac operon or immunological
probes are required. Recently, the identification of transformant
clones that express genes present on cloned DNA by in situ immunopre-
cipitation reactions has been described (Sanzey et al., 1976; Skalka
and Shapiro, 1976). It is expected that such analytical techniques
will play a major role in the effort to obtain expression of eukaryo-
tic and certain prokaryotic gene sequences in E.col<.

3. Stability of Recombinant DNA Molecules

From the early gene cloning experiments it was realized that while
some recombinant molecules seemed perfectly stable, others were very
unstable and rapidly underwent sequence rearrangements, including se-
quence deletion and insertion. Sequence rearrangements occurred less
frequently in a recA host than in a recA*t host, indicating that such
rearrangements were promoted by, but not absolutely dependent on, the
host recA gene product (Chang et al., 1975; Cohen et al., 1977a; Tim-
mis et al., 1977c). One possible explanation of this phenomenon is
that in vivo recombination events over many bacterial generations may
have resulted in arrangements of DNA sequences that are optimal for
their normal functioning. In vitro reassortment of DNA sequences in
the course of cloning experiments may generate DNA arrangements that
are unfavorable for optimal expression of certain sequences and, as a
result, compensating in vivo rearrangements may be induced. Thus to
minimize sequence rearrangements it is advisable to store bacterial
clones containing recombinant DNA molecules in glycerol at -20°C after
colony purification, rather than maintain the clones by serial subcul-
ture.
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III. Characterization of Recombinant Molecules

1. Physical Analystis

Physical characterization of cloned DNA fragments is usually directed
toward answering the following questions:

- Which of the sequences of the parent DNA have been cloned?

- In which orientation relative to the cloning vector has the cloned
DNA fragment been inserted?

- What are the intrinsic physical properties of the cloned fragment?

For several types of physical analysis it is important to be able to
separate the cloned fragment from the cloning vector by cleavage at

the junction points. As indicated above, this can be easily achieved
with recombinant DNA molecules constructed by means of a single re-
striction endonuclease. However, joined DNA fragments that were gener-
ated by different restriction endonucleases or by the homopolymer tail-
ing technique can usually be separated only by the action of a third
(or third and fourth) restriction endonuclease and are not usually
cleaved precisely at the junction points. Fragments of cloned DNA re-
covered from this type of construction are likely either to be missing
some of the terminal sequences of the original cloned fragment or to
contain some of the cloning vector DNA. In the case of poly dAa-4dT
joined DNA fragments it may be possible to selectively digest the junc-
tion DNA by treatment with single strand-specific endonuclease under
mildly denaturing conditions (Hofstetter et al., 1976; Ksenzenko et al.,
1976) .

If the foreign DNA in the cloning experiment is a small molecule such
as a plasmid or phage genome, direct identification of the cloned DNA
fragment is relatively simple. The most common form of analysis is by
electrophoresis of restriction endonuclease-cleaved recombinant and
parent DNAs through agarose or acrylamide gels (see Fig. 8). Under con-
ditions where all the restriction fragments of the parent DNA are sep-—
arated, the cloned DNA fragment is identified as a specific fragment

of the parent DNA molecule. If a restriction endonuclease cleavage map
of the latter is available, the location of the cloned fragment on the
physical map of the parent molecule can be immediately deduced. How-
ever, in some instances, cleavage of the parent DNA molecule with the
restriction endonuclease used for cloning may generate several frag-
ments with similar molecular sizes. Such fragments may appear after
electrophoresis as a single DNA band of double or triple intensity
(Fig. 8), and if the cloned DNA belongs to such a group of fragments,
then it will not be possible to infer from the electrophoretic mobility
its position on the physical map of the parent molecule.

A more direct method of physical mapping is the heteroduplex technique
(Davis et al., 1971) that permits the electron microscope visualiza-
tion of single strands of the cloned DNA fragment annealed to comple-
mentary single strands of the parent molecule at the region of sequence
homology. If the parent DNA molecule contains sequence features (the
termini in linear molecules, inverted repeats in circular molecules)
that serve as internal reference markers for electron microscopy, then
the region of homology can be accurately related to the physical map

of the parent molecule (Fig. 8).

If the material for cloning consists of, or is derived from, a complex
genome, exact sequence comparisons are normally impossible, and it is
more appropriate to relate the cloned DNA fragment to a general region
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of the parental molecule (this region may represent a long or short
segment of DNA, depending upon the resolution capabilities of the
available methods). In situ hybridization of radioactive cloned Dro-
sophila melanogaster DNA fragments to squashed polytene chromosomes
has been successfully employed in the physical mapping of Drosophila
DNA fragments (Wensink et al., 1974).

It should be noted that whereas the gel electrophoresis analysis of
recombinant molecules requires their cleavage at the cloned fragment
vector junction, the two hybridization methods do not. It is never-
theless possible to use gel electrophoresis to identify a cloned DNA
fragment that cannot be precisely excised from the recombinant mole-
cule by combining gel electrophoresis with DNA-DNA hybridization. With
this method, the parental DNA is digested by the restriction endonu-
clease used for cloning and the fragments generated are subjected to
electrophoresis through an agarose or acrylamide gel. The resolved DNA
fragments are denatured in situ and are then transferred to a nitro-
cellulose filter by the method described by Southern (1975). After
immobilization of the DNA fragments the filter is used for hybridiza-
tion with denatured radioactive recombinant DNA and subsequently auto-
radiographed to detect the DNA fragment of the parental DNA that is
homologous with the cloned fragment.

After identification of the cloned DNA fragment it is often desirable
to determine its orientation within the cloning vector, particularly
if expression of the cloned fragment is required, and if such expres-
sion is dependent on the activity of an external promoter carried by
the cloning vector. Orientation determination is normally accomplished
by means of an endonuclease that cleaves the cloning vector and cloned
DNA fragment at single sites that are located asymmetrically with re-
spect to the fragment junctions. DNA fragment patterns obtained with
this enzyme alone and in combination with the cloning enzyme reveal
the orientation of the two DNA fragments. For example, the hybrid plas-
mid pSC135 was constructed from two EcoRI-generated DNA fragments. It
was subsequently determined that HindIII endonuclease cleaves both
EcoRI fragments at unique sites that are asymmetric with respect to
the EcoRI termini. Appropriate endonuclease digestion of the hybrid
plasmid revealed the specific orientation of the two component DNA
fragments relative to each other (Fig. 6; Andres and Timmis, unpub-
lished experiments).

The cloning of a particular fragment of DNA containing a function or
DNA sequence of interest may permit a detailed genetic and functional
analysis and therefore one of the first forms of characterization is
usually the determination of a physical map based on the cleavage re-

Fragments obtained:
EcoRI 85, 45

Hind IT 105, 2.5

EcoRI+ HindII 85,25, 2.0

»
EcoRI .. Biscorrect

Fig. 6. Orientation of component fragments of the pSC135 plasmid
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actions of one or more restriction endonucleases. Furthermore, a fine
structure restriction endonuclease cleavage map is an absolute prere-
quisite for the sequencing of a particular region of a cloned fragment
by the rapid DNA sequencing methods of Sanger and Coulson (1975) and
Maxam and Gilbert (1977). Such a restriction map is frequently con-
structed by starting with enzymes that cleave the fragment at only a
few sites and progressing to enzymes that cleave at many sites. If the
cloned fragment can be cleanly excised from the cloning vehicle, it is
usually prepared in quantity for subsequent analysis. If it cannot be
excised cleanly then it may be necessary to construct a restriction
endonuclease cleavage map of the complete recombinant molecule. In this
case, it is necessary to have a map of the cloning vector in order to
locate the cleavage sites specific to the cloned fragment.

Large amounts of cloned DNA fragment can be conveniently isolated by
cleavage of the recombinant molecule by the cloning enzyme, followed
by agarose gel electrophoresis to separate the vector from the cloned
fragment. After electrophoresis the region of the gel containing the
cloned fragment can be cut out, dissolved in 4 M potassium iodide, and
the DNA fragment recovered by equilibrium centrifugation of the KI so-
lution (Blin et al., 1975). During ultracentrifugation, KI solutions
form density gradients, much like those of caesium chloride, and DNA
focuses in such gradients at a position corresponding to its buoyant
density. Alternatively, DNA may be recovered from the KI solution by
adsorption on to a hydroxylapatite column equilibrated with a KI solu-
tion (Smith and Birnstiel, 1976).

Initial mapping of the cleavage sites of enzymes that cleave at only

a few locations may be accomplished by several double-digestions in-
volving different enzyme pairs. OQOrientation of the cleavage sites is
usually accomplished by relating the sites to one unique asymmetric
site on the molecule. Subsequent mapping with restriction enzymes that
cleave the molecule at many sites is usually accomplished by one of
two methods.

Method 1. Incomplete endonuclease digestions are carried out and the
partial products separated by electrophoresis through an agarose gel.
The fragments are then extracted as described above, digested to com-
pletion, and analyzed by a further agarose gel electrophoresis. In
this way a series of overlapping fragments is analyzed and the overall
fragment order may be deduced. While this method proved to be very
useful in early mapping studies, the difficulty in separating large
partially digested DNA fragments and isolating sufficient amounts for
the second restriction endonuclease digestion make it rather cumber-
some when compared with newer methods.

Method 2. Probably the simplest method for restriction mapping cur-
rently available is one described by Smith and Birnstiel (1976) that
is conceptually based on the DNA sequencing method of Maxam and Gil-
bert (1977). This method relies on the fact that when a DNA molecule
enzymatically labeled with 32p at one end is partially digested with
the restriction enzyme, labeled DNA fragments are obtained that form
an overlapping series of molecules, all with a common labeled terminus.
Analysis of the sizes of the labeled DNA fragments permits a restric-
tion map to be constructed. A major convenience of this method is that
restriction maps for a number of different restriction enzymes can be
deduced simultaneously from a single gel if the labeled fragments are
separately treated with several enzymes.



2. Functional Analystis

A functional analysis of a cloned DNA fragment involves the characteri-
zation of the gene products and the regulation of their synthesis. RNA
species transcribed from the fragment may be analyzed and any operator-
promoter sequences located within the fragment examined. Fine struc-
ture genetic analysis of the functions encoded by a recombinant mole-
cule is most conveniently accomplished by means of complementation as-
says in a collection of bacterial strains that contain mutations in
each step of a particular biochemical pathway. Gene products for which
assays are available can be readily detected and their regulation
studied. The assays may depend on the functioning of the gene product
(e.g., enzyme assays), or on the structure of the product (e.g., immu-
nodetection methods). If the host chromosome codes for a product that
is similar or identical to that specified by the cloned fragment, it
may be necessary to utilize host cells that contain mutations in, or
delections of, the chromosomal determinants in order to be able to ana-
lyze the recombinant molecule. If no assays exist for the products
coded by the cloned fragment, their detection in viable cells is ren-
dered difficult, if not impossible, due to the high levels of synthesis
of non-plasmid gene products. In such cases, it is necessary to elimi-
nate the expression of chromosomal DNA. For this purpose, the minicell
mutants of bacteria provide excellent in vivo systems for the idenfifi-
cation of plasmid-coded products. Minicell mutants are defective in

the cell division machinery such that the septum, instead of forming

in the middle of the growing cell, thus partitioning the cell into two
equal halves and resulting in equipartition of the chromosomes, forms
close to one of the cell poles and results in the production of a chro-
mosomeless minicell (Adler et al., 1967; Frazer and Curtiss, 1975).
Minicells do not receive a copy of the host chromosome, but they do
receive some of the plasmid copies present in the parent cell. Mini-
cells are easily purified from cultures of minicell-producing bacteria
and have been shown to be effective in vivo systems for the study of
plasmid macromolecule synthesis (Roozen et al., 1971; Frazer and Cur-
tiss, 1973; van Embden and Cohen, 1973). The use of minicells has made
possible the detection of synthesis of RNA from cloned fragments of
Xenopus laevis ribosomal RNA (Morrow et al., 1974) and from cloned
mouse mitochondrial DNA (Chang et al., 1975). More recent studies have
shown that some proteins can be made from cloned segments of Drosophila
DNA in E.colZ (Rambach and Hogness, 1977).

In vivo studies of DNA functions are best complemented by in vitro
studies using purified RNA polymerase to examine transcription, and
the DNA-driven in vitro protein synthesis system described by Zubay

et al. (1970) to investigate translation of cloned DNA fragments. Al-
though the purified fragment may be used for such studies, the super-
coiled complete recombinant molecule seems to be a more effective sub-
strate for transcription and translation. Current studies now in pro-
gress in a number of laboratories to characterize the transcripts and
proteins determined by a number of cloning vectors will facilitate the
interpretation of RNA and protein species that are obtained with re-
combinant DNA molecules. The availability of "minimum size" vectors
that specify few or no large proteins (Inselberg, personal communica-
tion) should simplify this analysis.

The possession of a fine structure restriction map of a cloned DNA
fragment can greatly simplify a functional analysis of the fragment.
For example, it is possible to cleave the fragment into several sub-
segments with an appropriate restriction enzyme, to separate these by
gel electrophoresis, and to use them to hybridize with purified radio-
active RNA transcripts made from the recombinant plasmid in minicells
or in vitro. Thus a transcriptional map of the cloned fragment may be
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readily deduced. Furthermore, the isolated subsegments of the cloned
fragment can be used to determine more precisely the locations of the
genes coding for the proteins of the fragment. This may be done in two
ways. Firstly, the subsegments may be used directly in an in vitro
protein synthesis system. Using this approach only those fragments
that contain internal promoters will be transcribed (Herrlich, per-
sonal communication). Such an experiment should therefore permit the
mapping of certain genes and provide information as to the distribu-
tion of promoters within the cloned fragment (promoter distribution
can be subsequently confirmed by a direct mapping analysis of the RNA
polymerase binding sites). A second approach is to clone the subseg-
ments in another, cloning vector and examine the proteins made in vivo
or in vitro.

One feature of DNA cloning is that specific regulation of a structural
gene may be destroyed due to the separation of the gene from its nor-
mal promoter. This can sometimes provide information as to how regula-
tion is effected. For example, certain chromosomal mutations that af-
fect the functioning of transfer operon cistrons of the sex factor F
must act on the regulation of transcription since these mutations have
no effect on the same cistrons that have been cloned and are under the
control of the cloning vector promoter, instead of their natural pro-
moter (Achtman, personal communication).

IV. Cloning Systems

Although cloning systems based on host cells other than E.colZ are cur-
rently receiving widespread attention, significant progress in the
cloning technology has thus far been limited to the E.coli? system. For
this reason, most of the following discussion will focus on develop-
ments within this system.

1. Vector Requirements

Vectors suitable for cloning fragments of foreign DNA should be small,
genetically and physically well defined autonomous replicons that can
be easily purified in large quantities. They must code for a property
that can be used to select bacteria which have taken up the DNA during
transformation or transfection, and neither this selectable property
nor the vector's replication functions must be inactivated when foreign
DNA is inserted. The vector should contain unique cleavage sites for

as many of the commonly used cloning enzymes as possible and should
have properties that permit detection or selection of recombinant mole-
cules. Preferably, the vector should contain one or more strong pro-
moters that can be used for the transcription of inserted DNA. The fol-
lowing are some of the available plasmid and phage vectors analyzed
according to how these different requirements are satisfied in the two
types of system.

2. Plasmid Vectors

Plasmids are autonomous covalently closed circular extrachromosomal
genetic elements that have been found in a wide variety of microorga-
nisms (for reviews see Helinski, 1973; Falkow, 1975). They range in
size from about 1 to 100 mega Daltons (mD) and are present in host bac-
teria at cellular levels of between 1 and 100 copies per chromosome.
Plasmids code for a range of different properties (Table 4) that are
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non-essential for normal survival of the host, although may confer cer-
tain selective advantages that contribute to the successful coloniza-
tion of a particular ecological niche (e.g., plasmids that code for
resistance to antibiotics and for factors that increase the overall
pathogenicity of certain pathogenic organisms) .

Many small plasmids are maintained at a high cellular copy number:
e.g., ColE1l is normally maintained at about 20 copies per chromosome.
This means that not only are they relatively easy to isolate in large
quantities, but also via a gene dosage mechanism they may induce the
synthesis of large amounts of plasmid-coded products (Hershfield et
al., 1974; Cabello et al., 1976). Some small plasmids, unlike the host
chromosome, replicate in the absence of protein synthesis such that,
after incubation of plasmid-containing cells for several hours in the
presence of chloramphenicol, the cellular plasmid level may reach sev-
eral thousand copies per chromosome. This method for plasmid amplifica-
tion is obviously very convenient, and most recently developed vehicles
have this property.

As indicated above, cloning vectors must specify a property for which
there is a powerful selection, and which is not inactivated as a result
of DNA insertion during the cloning procedure. In addition, because it
is desirable to analyze the behavior of many types of cloned fragments
in a number of different genetic backgrounds, it is advantageous if
the selectable function can be employed in a range of different mutant
strains of the bacterial host used. It has been demonstrated that cer-
tain chromosomal biosynthesis genes (e.g., trp: Hershfield et al.,
1974) can be used as selective markers for cloning vectors. Although
such markers are adequate for some purposes, especially for the clon-
ing of fragments that are not to be subjected to a genetic and func-
tional analysis, they do restrict the use of the cloning vector to
certain host bacteria. This is because the host must be chromosomally
defective for the particular gene present on the vector in order for
the selection procedure to function and, additionally, must either be
recombination deficient or contain a deletion for the whole of the
segment of chromosomal DNA contained on the plasmid, to prevent recom-—
binational interactions of the plasmid and the chromosome.

One of the most convenient and powerful types of selection that can be
used for transformation of bacteria with DNA is resistance to an anti-
biotic. Plasmid-specified antibiotic resistances are mediated largely
by antibiotic-inactivating enzymes and are functionally distinct from
those specified by the chromosome. In most cases no homology exists
between chromosome and plasmid-carried antibiotic resistance genes.
Cloning vectors containing antibiotic resistance markers, therefore,
have greater flexibility than those containing chromosomal genes, and
they may be used in almost all host strains of interest. On the other
hand, because effective chemotherapy of bacterial infections is some-
times compromised by the presence of antibiotic-resistant bacteria,

it is necessary to handle antibiotic-resistant laboratory strains of
bacteria with more caution than is usually employed for antibiotic-
sensitive strains.

Where possible, plasmid vectors should also code for a product that

is easily assayed and that is inactivated by insertion of DNA frag-
ments during cloning (i.e., that is subject to insertional inactiva-
tion). There are three levels of usefulness for insertional inactiva-
tion, according to whether inactivation permits the detection, the en-
richment, or the direct selection of recombinant molecules. We have
already described how cells carrying ColE1 molecules containing DNA
fragments inserted at the EcoRI cleavage site, and pML21 molecules
containing DNA fragments inserted at the HindIII cleavage site can be
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detected by their failure to produce colicin E1 and their sensitivity
to kanamycin, respectively (Timmis et al., 1974a; Timmis et al., 1977a).
Enrichment may be accomplished by ampicillin or cycloserine treatment
if inactivation of the property leads to bacteriostasis (e.g., inacti-
vation of the trp gene in bacteria grown without tryptophan, or inacti-
vation of the Tc gene in bacteria grown in the presence of Tc¢: Bolivar
et al., 1977a). The possibility of using insertional inactivation for
the direct selection of recombinant molecules is currently being ex-
plored (Collins, 1977) and is based on the fact that chromosome-medi-
ated resistance to certain antibiotics, such as nalidixic acid or ri-
fampicin, is recessive to the sensitive allele. In cells diploid for
such a gene, if the wild type allele is present on the cloning vector
and the resistance allele is present on the chromosome, the cell will
be antibiotic-sensitive. However, if the wild type allele on the clon-
ing vector is inactivated by the insertion of DNA, the cell should become
antibiotic-resistant. Thus in principle it should be possible to select
directly bacteria carrying recombinant DNA molecules.

Are there any naturally occurring plasmids that have all the require-
ments of a cloning vector? Probably not. All the recently developed
vectors have been constructed in vitro from segments of different plas-
mids. Table 2 lists some of the original and some of the more recently
developed plasmid cloning vectors. The pSC101 plasmid was the first
vector used (Cohen et al., 1973), specifies resistance to tetracycline,
and has a single cleavage site for the EcQRI endonuclease. The use of
ColE1 for EcoRI endonuclease cloning was described soon after (Hersh-
field et al., 1974), and whereas the selectable property of the vector,
colicin E1 immunity, is not very effective due to the high frequency
of generation of chromosomal mutations to colicin resistance, the high
copy number of the ColE1 plasmid, and the fact that it can be ampli-
fied in chloramphenicol, are definite advantages over the pSC101 vec-
tor. However, there are some indications that, under normal conditions,
cloned DNA segments which lack an internal promotor are expressed more
efficiently in the pSC101 vector than in the ColE1 vector (Achtman,
personal communication). This is almost certainly due to the fact that
the tetracycline gene promoter located close to the EcoRI site of
pSC101 is considerably more active than the corresponding colicin E1
promotor of ColE1. However, the activity of this latter promoter can
be dramatically increased by mitomycin C induction, resulting in high
levels of transcription/translation of cloned DNA. Such induction how-
ever does result in cell death (Selker et al., 1977).

Insertional inactivation of a vector gene by a cloned DNA fragment was
first employed with the ColE1 plasmid (Timmis et al., 1974a). In this
case, insertion of DNA into the EcoRI site of ColE1 prevents the syn-
thesis of colicin E1, a property that can be readily scored. Subse-
quently, an ampicillin transposon was translocated to ColE1, creating
RSF2124, to provide a more effective selection marker than E1 immunity
(So et al., 1975). However, as noted previously, the instability of
some types of recombinant molecule is a problem and several investi-
gators have expressed doubts as to the advisability of having on clon-
ing vectors DNA sequences that are known to be promiscuous in recom-
bination.

The next development was to join various vectors together. Of partic-
ular importance was the fact that pSC101 has single cleavage sites for
the HindIII, BamHI, and Sall restriction endonucleases close to or with-
in the tetracycline resistance gene, whereas ColE1 is insusceptible

to these enzymes. Linkage of ColE1 to pSC101 thus created a plasmid,
termed pSC134 (Timmis et al., 1974a), that had all the advantages of
ColE1 plus the ability to use insertional inactivation of Tc-resis-
tance for cloning with HindIII, BamHI, and Sall. Because the pSC134
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plasmid when used for cloning with these latter enzymes could only be
selected on the basis of its immunity to colicin E1, recombinant plas-
mids were constructed from pSC101 and ColE1 derivatives that contained
additional antibiotic resistances (e.g., pGM16 and pGM706; Hamer and
Thomas, 1976).

Although ColE1 and pSC101 are small plasmids (4.2 and 6.0 mD respec-
tively), the derivative vectors are all greater than 10 mD in size.
Large cloning vectors are less convenient than smaller vectors because
they are less efficient in ligation reactions and because their increased
genetic content complicates structural and functional analysis of re-
combinant molecules. Subsequent efforts to improve vectors have there-
fore focused on size reduction. One of the latest vectors, pBR322, that
is derived from ColE1 and pSC101 and an ampicillin transposition unit,
has a molecular weight of 2.6 mD, a single EcoRI cleavage site, and
single HindITII, BamHI, and SalIl cleavage sites in or near the Tc gene
derived from pSC101 that permit insertional inactivation enrichment of
recombinants obtained by cloning with these last three enzymes (Bolivar
et al., 1977b). In this vector, the ampicillin transposition unit has
been partially deleted such that the unit no longer transposes. The
vector has a high copy number and is amplifiable in chloramphenicol. In
another new vector, termed pAC181, insertional inactivation can also

be accomplished with EcoRI cloning (Chang and Cohen, in preparation;
Cohen et al., 1977a). This vector contains the Cm resistance gene from
R6-5 which had previously been shown to be cut with EcoRI (Timmis et
al., 1977c).

Because the current cloning vectors already have most of the basic re-
quirements, except perhaps the ability to permit direct selection of
recombinant molecules, it is anticipated that the next generation of
vehicles will not necessarily be more sophisticated but rather will be
based on other plasmids that contain unique cleavage sites for enzymes
less commonly used for cloning, which either do not cleave current
vehicles or cleave them in essential regions. However, one recent de-
velopment, the isolation or synthesis of so-called adapter fragments
(see above), will endow a great deal of flexibility on a variety of
available cloning vectors.

Having discussed the properties required for general plasmid vectors
and examined some of those currently available, it is now appropriate
to consider some of the particular properties required for special-
purpose cloning vectors and probes (Table 3). As noted in the Intro-
duction, certain types of cloning experiments are considered to be
potentially biohazardous. Such experiments must be performed under lab-
oratory conditions that provide a specific degree of physical contain-
ment (Williams Report, 1976; NIH Guidelines, 1976). In addition to
physical containment, it is possible to arrange the cloning system so
that it has a specific degree of inherent biological containment, i.e.,
if cells carrying recombinant plasmids were released into the environ-
ment, less than one in 10® recombinant-carrying cells would survive
(the so-called EK2 cloning system: NIH Guidelines, 1976). Biological
containment may be effected through modification of the vector or the
bacterial host (see below), or both. Modifications of the vector that
have been suggested are: temperature sensitivity of vector replication;
host dependence of vector replication; vectors carrying restriction-
modefication systems in which the modification genes are temperature-
sensitive (so-called self-destroying vectors). To date, there have
been no reports of substantial advances in the isolation of a biosafe
plasmid cloning vector, although temperature-sensitive ColE1 plasmids
have been described (Collins et al., 1977). One such plasmid is shown
in Table 3.
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Although it is usually most convenient to clone DNA fragments using
E.coli systems, it is often desired to study the function and expres-
sion of cloned DNA fragments in another host. For this purpose it is
necessary that the cloning vector can propagate itself in the alterna-
tive host. This may be the case if the replication functions of the
vector do not have a very limited host specificity, or if the vector

is composed of two replicons, one of which can function in E.col? and
the other of which can function in the alternate host. The latter sit-
uation is inherently the most flexible, and the first in vitro con-
struction of a bifunctional replicon demonstrated its potential feasi-
bility (Timmis et al., 1974a). In this study it was shown that a hybrid
replicon composed of ColE1 and pSC101 could be propagated by either
replication system according to the host functions that were available.
More recently, plasmid replicons from less related hosts have been
linked in vitro although, because of the lack of suitable transforma-
tion systems, replication in the alternative host has so far not been
demonstrated (Chang et al., 1975; Hollenberg et al., 1976). Less flex-
ible but nevertheless of considerable value are the naturally occurring
broad host range plasmids, such as RP4 and RK2, that belong to the P
incompatibility group (Jacob and Grinter, 1975). These plasmids can
transfer among, and be propagated in, a wide range of gram-negative
bacteria. They have high molecular weights (about 40 mD) however and
are proving. to be difficult to reduce in size (Figurski et al., 1976;
Helinski et al., 1977). Such plasmids nevertheless have been used as
cloning vectors (Meyer et al., 1975; Jacob et al., 1976) and more con-
venient derivatives are expected to be generated in the near future.

When large quantities of cloned DNA fragment are required, a plasmid
that has a high copy number and that is amplifiable with chlorampheni-
col is the usual choice for a cloning vector. When large quantities

of cloned DNA fragment product are required, it is advantageous to
have both a high fragment cellular copy level (gene dosage) and a high
frequency of fragment transcription. Recently considerable effort has
been directed toward the construction of high copy number cloning ve-
hicles that contain efficient promoters proximal to their cloning site
(s). By inserting into the RSF2124 vector a fragment from lambda plach
containing the lac operator, promoter, and betagalactosidase gene,
Polisky et al., (1976) were able to derive a cloning vector, pGB120,
in which the level of transcription of the cloned DNA fragment in-
creased 9-fold after lac operon induction. A similar rationale is the
basis for current attempts to construct a ColEl1-itrp vector that en-
ables utilization of the A leftward promoter plus the antiterminator
function of the A N gene product for inducible high level expression
of cloned DNA (Helinski et al., 1977). Apparently transcription of DNA
inserted at the EcoRI site of pSC101 is controlled by the promoter of
the tetracycline resistance gene. Since tetracycline resistance of
pSC101 is inducible (Cabello et al., 1976), it should be possible to
increase transcription of cloned DNA fragments by induction with tetra-
cycline (see however Tait et al., 1977).

For studies of function or regulation involving a gene product that is
normally present to the extent of a few molecules per cell, and that
may be lethal for the cell if synthesized in larger amounts, a cloning
vector with a low copy number is required. Two such low copy vectors
currently available, pKT020 and pMF3 (Manis and Kline, 1977; Timmis,
unpublished experiments; see Table 3), contain the replication func-
tions of the low copy large plasmids R6-5 and F'lac respectively, and
were derived in a similar fashion from the mini R6-5 (pSC135) and mini
F'lac (pSC138) constructed by Timmis et al. (1975).

Recently, it has become possible to test DNA fragments for the presence
of transcription initiation and termination sequences. Because the
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HindIII site is located within or close to the promoter of the tetracyc-
line resistance gene of plasmid pSC101, insertion of DNA at this site
ordinarily inactivates the expression of tetracycline resistance. How-
ever, if the cloned fragment contains a promoter sequence in the correct
orientation, tetracycline resistance is restored (Rambach, personal
communication). A more sophisticated vector than pSC101 is the pMC81
plasmid which contains the lac genes of E.coli under control of the

ara operon promoter (Casadaban and Cohen, in preparation; Cohen et al.,
1977a) . Separating the ara promoter from the lac genes is a DNA frag-
ment that contains a HindIII cleavage site. In this system, expression
of lac requires induction with arabinose. Insertion at the HindIII

site of this plasmid of a DNA fragment carrying a promoter region re-
sults in lac expression in the absence of arabinose induction. Alter-
natively, insertion of a DNA fragment with a transcription termination
signal prevents arabinose-induced expression of lac. Thus far, the

pMC81 plasmid has been employed for the isolation and study of promo-
ter regions of complex plasmid replicons such as R6-5 (M. Casadaban,
personal communication).

It was recently demonstrated for two large plasmids that essential
plasmid-specific replication functions are clustered together in the
region of the plasmid origin of replication (Timmis et al., 1975). The
main difficulty associated with the cloning of DNA fragments that carry
the replication functions of a particular replicon is the inability

to select such fragments d<rectly. These fragments could however be
selected Zndirectly by means of a specific probe that contains a se-
lectable property, resistance to ampicillin (Ap), and that is incapable
of self-replication. In vitro linkage of the probe fragment to a DNA
fragment capable of self-replication leads to the formation of a repli-
con that can be selected in transformation. The original probe fragment
was an EcoRI-generated DNA fragment from a Staphylococcus penicillin re-
sistance plasmid, but more recently a variety of probes from the anti-
biotic resistance plasmid R6 have been generated (Table 3; Timmis et
al., 1977b; Andres et al., 1978).

When the cloning and properties of the ColE1-pSC101 hybrid replicon
were described, it was pointed out that such a replicon would allow
the isolation of mutants that are absolutely defective in replication
(that is, non-conditional mutants having mutations in essential repli-
cation genes, or in DNA sequences essential for replication, for in-
stance, the origin of replication) of one of the component plasmids
(Cabello et al., 1976). This was due to two features of the recombi-
nant replicon: firstly, the inability of one replicon to function would
not prevent perpetuation of the plasmid, and secondly, the two compo-
nent replicons are dissimilar and the replication of each one could be
individually inhibited (low levels of DNA polymerase I prevent replica-
tion of ColE1; chloramphenicol treatment prevents the replication of
pSC101). Thus, defective mutants of one component are detected by the
inability of the plasmid to replicate under conditions where the second
component is temporarily inhibited. ColE1 is a good candidate as one

of the components of a bifunctional replicon because when this plasmid
is resident in polAts host cells its replication can be halted by a
temperature shift (see Table 3). In principle, absolute defective re-
plication mutants of a replicon that can replicate with low levels of
DNA polymerase I can be generated after linkage to ColE1. Recently,
absolute defective mutants (in this case, origin of replication mu-
tants) of Adv have been isolated by this method (G. Hobom, personal
communication) .
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3. Bacteriophage Vectors

Parallel to the development of a series of plasmid cloning vectors
there was a development of a series of lambda phage cloning vectors.
Because ) contains multiple target sites for the EcoRI and HindIII re-
striction endonucleases, some of these sites had to be removed by muta-
tioh or in vitro construction, before the A genomes could be suitable
as cloning vectors. Phages currently available for cloning have genomes
that either are reduced in size and contain a single EcoRI site, or
contain two EcoRI sites bracketing a replaceable DNA fragment (Murray
and Murray, 1974; Murray and Murray, 1975; Rambach and Tiollais, 1974;
Thomas et al., 1974). One feature of the lambda system is that only A
DNA molecules within a certain size range can be packaged into mature
phage particles. This feature can be an advantage and a disadvantage

of ) vectors. The disadvantage is that only DNA fragments within cer-
tain size ranges appropriate for the different A vectors can be cloned.
The advantage is that in the case of A vectors containing two EcoRI
cleavage sites, if the replaceable DNA fragment is removed prior to
cloning, the remaining essential fragments cannot form viable lambda
unless ligated to a foreign DNA fragment, such that the overall size

of the genome is large enough for packaging into phage particles. This
procedure provides a powerful selection for recombinant X molecules.

Finally it should be mentioned that another type of phage vector for
cloning in E.coli has recently been described. Filamentous phages are
cylindrical phages without morphological heads or tails that contain
single-stranded circular DNA. They have been extensively characterized
genetically and biochemically. Filamentous phages frequently occur as
dimers and trimers and thus apparently do not have precisely defined
size limits for DNA that can be packaged into phage particles. Fila-
mentous phages fd and M13 have been modified so that they now contain
in non-essential regions of the genome, DNA sequences containing ap-
propriate restriction endonuclease cleavage sites that can be used for
cloning (H. Shaller, personal communication; P.H. Hofschneider, per-
sonal communication). Because DNA isolated from the virion is single-
stranded, the vector DNA per se is the double-stranded circular RFI
form that is isolated from phage-infected bacteria.

For the majority of cloning experiments involving EcoRI or HindIII-
generated DNA fragments, plasmid or A genomes are equally suitable as
vectors and the decision to use one or other system is a matter of per-
sonal choice. However, in some cases, one particular cloning system
may be more appropriate than the other and therefore we will try to
identify salient characteristics of each system that may influence the
decision. Firstly, the X genome is a large molecule and contains a
large number of targets for most restriction endonucleases (see review
by Roberts, 1976a, and Table 1). The manipulation of these targets to
produce suitable vector genomes is difficult for enzymes that are not
of E.coli origin. Thus at present, the rapid development of new clon-
ing vectors for a wide range of restriction enzymes is limited to plas-
mids. Secondly, it is sometimes necessary to clone a DNA fragment with
a molecular weight in excess of 11 mD (e.g., cloning of the F factor
genes required for pilus synthesis; Skurray et al., 1976), currently
the upper limit of a DNA fragment to be cloned in A. In principle, DNA
fragments of a much larger size can be incorporated into plasmids, and
fragments with molecular weights of 40 mD have been cloned in pSC101
(Timmis, unpublished experiments). Thirdly, 2 is the most intensively
investigated and best characterized of all genomes, and the extensive
knowledge of its genetics and biochemistry can be very effectively
utilized for a variety of purposes in the gene cloning technology. Al-
though much simpler, the small plasmids are genetically and biochemi-
cally poorly understood. Probably one of the potential advantages of
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A that is immediately identified is the combination of the powerful
leftward promoter Pp and the N gene antiterminator product. These two
properties should in principle allow efficient transcription of cloned
DNA sequences due to "read-through" from the Pp, promoter. Another im-
portant advantage of extensive knowledge of X genetics is the construc-
tion of "crippled" X derivatives suitable as high containment vectors.
Thus A cloning vectors now exist that contain several amber-suppres-
sible mutations in phage assembly genes, that are defective in lysogeny
and integration, and that are lysis-defective (Enquist et al., 1976;
Tiemeier et al., 1976; Donoghue and Sharp, in press, 1977; Blattner,
personal communication). This last property improves phage yields and
additionally facilitates the physical containment of the phage. In con-
clusion, it should be stressed that the use of adaptor fragments, as
described above, will increase considerably the flexibility of current
) vectors, and the cloning of A DNA sequences in plasmid vectors will
introduce into plasmid vectors many of the advantages of the X system.
Indeed, the Adv plasmid would appear to have many of the advantages of
both systems (Matsubara et al., 1975; Mukai et al., 1976).

4. Bacterial Hosts

Because the initial cloning experiments were performed using E.coltz
plasmids as cloning vectors, the host organism employed was E.coltz.
For those experiments that involved the cloning of E.coli DNA, the
host strain used was the K-12 derivative C600. The restriction/modifi-
cation negative mutant of this strain was subsequently used for ex-
periments involving the cloning of non-E.colZ DNA. Currently a variety
of strains are used, many of them being recombination-deficient in or-
der to reduce recombinational activity of the cloned fragment. Recently
certain crippled E.coli strains that require diamino pimelic acid and
thymine and that can grow only under very stringent laboratory condi-
tions have been developed for the biological containment of recombi-
nant DNA molecules judged to be potentially biohazardous (Curtiss,
1976).

At present other bacterial systems potentially suitable for recombi-
nant DNA experiments are receiving considerable attention, in particu-
lar Baetillus subtilis (Ehrlich et al., 1976; Lovett et al., 1976;
Duncan et al., 1977; Graham et al., 1977) and some Pseudomonas strains
(Chakrabarty, 1976).

D. Analysis of Plasmid Structure and Function

Plasmids are autonomous extrachromosomal elements that code for func-
tions generally not essential for the survival of the host cell. They
are very important to society in general and to molecular biologists

in particular. Of clinical importance are plasmid-specified multiple
resistance to antibiotics, enterotoxins, hemolysins, and other factors
that contribute to the pathogenicity of pathogenic bacteria and that
are appearing increasingly in clinical isolates. Certain plasmids are
capable of transfer among bacteria by the process of conjugation. Plas-
mid-specified functions also appear to be essential for the pathogenic-
ity of Agrobacterium tumefaciens, a bacterium that causes tumor forma-
tion in plants. On the other hand, some plasmids code for functions

of potential benefit to society, for example, the ability to catabolize
a variety of complex organic compounds such as toluene and camphor. It
is already proposed that oil spills may be combated with bacteria con-
taining such plasmids, and even that single cell protein might be made
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from oil wastes (Chakrabarty, 1976). For the molecular biologist, plas-
mids serve as excellent model systems for the study of chromosomal be-
havior, in particular its duplication since, like the chromosome, their
replication is tightly coupled to cell division but, unlike the chromo-
some, they are small and easily isolated intact for various forms of

analysis. Plasmids have the advantage over phage model systems that

they have an entirely intracellular life cycle and their behavior does
not appear to be subject to the influence of any morphogenesis signals.

Table 4. Some plasmid-coded properties

Properties Examples
Resistance to antibiotics R1, R6
Resistance to heavy metals (Cd++, Hgt+) pI258, R6
Enterotoxin Ent
Virulence factors, hemolysin, K88 antigens Colv, Hly

Fertility

F, R1, Coll

Bacteriocins ColEl, CloDFi3

Restriction/modification R1 plasmid of RY13

Resistance to UV, irradiation ColIb, R46
Tumorogenicity in plants Ti
Metabolism of camphor, toluene, etc. Cam, Tol

Given that plasmids are extremely important entities, it is at first
sight surprizing that their basic functions, with the exception of
fertility, are still poorly characterized genetically. The main problem
in plasmid genetics is the difficulty of performing genetic complemen-
tation tests, which depend on creating cells diploid for the allele
under investigation. This difficulty is due in part to the phenomenon
of plasmid incompatibility, which prevents the coexistence in a single
cell of two closely related plasmids.

Since the development of the DNA cloning technology there have been
dramatic advances in the analysis of basic plasmid functions, such as
replication and fertility. There are three main reasons for these ad-
vances. Firstly, DNA cloning makes possible the sequestering of genes
derived from one plasmid on to another of different incompatibility
type, thus permitting the construction of cells diploid for genes under
investigation. Secondly, this technology has allowed the development

of conceptually novel approaches to the analysis of DNA structure and
function. Lastly, the specific use of plasmids as cloning vectors has
focused interest on a wide range of plasmid properties.

I. Plasmid DNA Replication

Although plasmids consist of covalently closed circular molecules of
DNA, in all cases thus far examined, replication is initiated at one
(in some cases two) point on the molecule, the replication origin. Syn-
thesis of progeny DNA strands upon the parental template strands pro-
ceeds unidirectionally or bi-directionally away from the origin causing
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the parental strands progressively to unwind (Inselburg, 1974; Lovett
et al., 1974; Tomizawa et al., 1974; Cabello et al., 1976; Crosa et
al., 1976). When the parental strands have been unwound completely,

the newly formed daughter molecules separate and are converted to
covalently closed circles lacking superhelical turns. Superhelical
turns are then introduced, probably in step-wise fashion, by the action
of the recently described DNA gyrase enzyme (Crosa et al., 1976; Gel-
lert et al., 1976; Timmis et al., 1976).

Although available data on plasmid DNA synthesis requirements are in-
complete, they suggest that plasmid replication is largely dependent
upon host-coded DNA synthesis functions. Thus far, the products of the
dnaC (initiation of replication), and the dnaB and dnaG genes (progeny
chain elongation) have been shown to be required for plasmid replica-
tion, as have DNA polymerase III, RNA polymerase, and the DNA gyrase
enzyme (Clewell et al., 1972; Goebel, 1973; Collins et al., 1975;
Goebel and Bonewald, 1975; Staudenbauer, 1975; Gellert et al., 1976a,b).
The ColE1 plasmid, but not some larger plasmids, requires high cellular
levels of DNA polymerase I (Kingsbury and Helinski, 1970) and may also
be dependent on the initiation product coded by the dnaA gene (Goebel,
1973). On the other hand, some of the large plasmids are dependent on

a chloramphenicol-sensitive protein that either is not required for
ColE1 replication or is present in a more stable form in the ColE1 re-
plisome. The role of several other host-specified DNA replication pro-
ducts in plasmid DNA synthesis has not been investigated in detail.

Although plasmids are dependent on a number of host functions for their
replication, they do retain overall control of this process, as evi-
denced by the following observations. Firstly, each plasmid is main-
tained at a constant cellular level during exponential growth of host
bacteria, which indicates the existence of a precise mechanism for con-
trolling the frequency of initiation of plasmid replication. Plasmid
mutants (copy number mutants) have been described in which this mecha-
nism is disturbed, resulting in an alteration in the cellular plasmid
concentration, i.e., the plasmid copy number (Nordstr&m et al., 1972).
Thus a specific plasmid function is responsible, at least in part, for
the control of initiation of plasmid replication. Secondly, whereas

two or more unrelated plasmids can stably coexist in the same cell,

two different but closely related plasmids cannot: such plasmids are
termed incompatible. One plausible explanation for this phenomenon is
that the mechanism responsible for restricting the frequency of initia-
tion of replication of one plasmid will also restrict the initiation

of replication of an incompatible plasmid resident in the same cell.
This would then tend to make coexistence of the two plasmids unstable.
Supporting the notion that the plasmid function that regulates plas-
mid copy number is involved in the incompatibility phenomenon is the
finding that some copy number mutants have altered incompatibility
properties (Uhlin and Nordstr®6m, 1975). Thirdly, not only do many plas-
mids seem to be independent of the host dnaA initiation product, but
also their presence in a dnaA-defective host bacterium can allow the
host chromosome to replicate under certain circumstances (the pheno-
menon of suppressive integration: Nishimura et al., 1971). Thus, such
plasmids possibly code for a dnaA-like initiation product or remove

the need for the dnaA product. Fourthly, supercoiled covalently closed
circular plasmid DNA may be isolated from plasmid-containing cells in
two forms: as a protein-free molecule and as a protein-DNA complex
(Clewell and Helinski, 1969). Because treatment of the protein-DNA com-
plex with agents known to affect protein conformation, such as SDS,
causes the supercoiled DNA to relax due to the introduction of a nick
(subsequently shown to be near the origin of replication: Lovett et
al., 1975), into a specific polynucleotide strand it was postulated
that these so-called relaxation complexes are involved in the initia-
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tion of plasmid DNA replication (Helinski and Clewell, 1971) Consistent
with this suggestion was the finding that some plasmid mutants that

are temperature-sensitive for replication have temperature-sensitive
relaxation complexes (Collins et al., 1977). Whether these four dif-
ferent plasmid-specified phenotypes reflect the activity of four dif-
ferent plasmid genes or whether some phenotypes represent different
aspects of a single gene, and whether other plasmid-specified replica-
tion functions exist, remains to be determined.

The initiation of chromosomal DNA replication is one of the most funda-
mental events in the bacterial life cycle. The frequency of initiation
determines the overall rate of DNA synthesis, the amount of DNA per
cell, and the frequency of cell division. Elucidation of the mechanism
of regulation of initiation of DNA synthesis is therefore of paramount
importance for an understanding of these basic cellular processes. Sev-
eral models for the regulation of initiation have been proposed. Models
for positive control suggested that the time of initiation could be
determined by the position on the genome of a gene coding for an ini-
tiation protein, or that initiation occurs when an initiation protein
is accumulated above a threshold concentration. Models of negative con-
trol of initiation proposed the involvement of an inhibitor of initia-
tion. Such models envisage the initiation of DNA replication occurring
when the inhibitor is diluted below a specific threshold concentration
by the increase in cell volume during cellular growth. Because DNA re-
plication begins by the synthesis of a primer RNA at the replication
origin, regulation of initiation of replication may well take place at
the level of synthesis of origin RNA. Messer has recently presented
evidence that the synthesis of the origin RNA of the E.col? chromosome
may indeed be negatively regulated (Messer et al., 1975). The diffi-
culty of handling DNA molecules as large as the E.colZ chromosome how-
ever has thus far prevented a definitive molecular analysis of this
system. Even if the negative control of origin RNA synthesis is con-
firmed, this information alone does not demonstrate conclusively that
regulation of DNA replication is effected by a negatively acting mecha-
nism and it will still be necessary to characterise the mechanism that
exerts overall control of the process of initiation.

Plasmids are convenient tools for the study of DNA mechanisms at the
molecular level, and bacause their replication seems to be regulated
in a fashion similar to that of the bacterial chromosome, they are
ideal models for investigations of the control of DNA replication. Al-
though DNA synthesis is usually initiated at single specific locations
on a molecule, in the past few years there have been a number of re-
ports describing replicons that contain and may utilize multiple ori-
gins of replication (for example plasmids RSF1040 and NR1, and Dro-
sophila chromosomal DNA: (Kriegstein and Hogness, 1974; Crosa et al.,
1976; Perlman and Rownd, 1976). The additional complexity of regula-
tion of initiation of DNA synthesis in multiorigin replicons poses
problems of great interest. Multiorigin plasmids therefore constitute
attractive model systems for the study of regulation of origin usage.

DNA cloning methods have been and are currently being used to:

a) locate the replication origins of large multiorigin plasmids;

b) analyze the mode of replication of these large plasmids;

c) identify and analyze plasmid-specific replication genes;

d) analyze the spatial arrangement of replication genes in relation
to the replication origin (s):;

e) identify silent replication origins and functions not ordinarily
used;

f) test certain aspects of models for the control or initiation of DNA
replication;
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g) obtain plasmid mutants that are absolutely defective in DNA repli-
cation.

1. In Vitro Reduction of Replicon Size

Large replicons are difficult to analyze genetically and to character-
ize physically as intact structures, and the deletion of DNA sequences
not carrying replication functions greatly facilitates these types of
analysis. Furthermore, in multiorigin replicons, the use of individual
origins within the molecules often cannot be distinguished because of
the paucity of information available on the replication properties of
the individual components. A characterization of the component repli-
cation systems on a multiorigin plasmid is considerably simplified by
their physical separation and their individual analysis. The deletion
of DNA sequences not responsible for replication, and the separation
of component replication systems of multiorigin replicons can, in prin-
ciple, be conveniently accomplished by DNA cloning methods. Two types
of cloning approach can be employed according to the two types of DNA
fragment to be cloned. One type of fragment must contain a replication
origin and all the essential plasmid replication genes; such a DNA
fragment, if circularized, should be capable of autonomous replication.
The other type of DNA fragment may contain a replication origin or
some replication genes or both, but in any case lacks at least one es-
sential replication component and hence is incapable of self-replica-
tion. An important consideration in the cloning of a DNA fragment that
is capable of self-replication is the distribution of essential repli-
cation genes relative to the homologous replication origin. It has
been shown that such genes are clustered about the origin in the case
of the bacteriophage A (Stevens et al., 1970), but that they are ran-
domly distributed around the genome in the case of the E.coli chromo-
some (Gross, 1972).

In order to clone fragments of DNA containing individual replication
origins from a multiorigin plasmid and to determine whether a replica-
tion origin and its essential plasmid-coded replication genes are clus-
tered together on a small segment of DNA, it was considered whether it
would be possible to clone in vitro from the large plasmids R6-5 (mole-
cular weight 65 x 10%) and F'lac (molecular weight 90 x 108) individual
EcoRI restriction endonuclease-generated fragments capable of self-re-
plication. To isolate such fragments, an EcoRI-generated DNA fragment
that codes for ampicillin resistance but which is incapable of self-
replication was employed as a selection probe (see Table 3). Ligation
of this fragment to the unfractionated EcoRI fragments R6-5 and F'lac
and subsequent transformation of the ligation mixture into E.coli per-
mitted the isolation of Ap-resistant clones of E.coli. Because the Ap
fragment is incapable of self-replication, Ap-resistant transformants
can be obtained only if this fragment becomes a functional Ap-resis-
tance replicon by linkage to EcoRI fragments of R6-5 of F'lac that are
capable of self-replication (see Fig. 7). Figure 8 shows that by this
method it was possible to isolate miniplasmids that are composed of

the Ap-EcoRI fragment and either the second largest EcoRI fragment of
R6-5 (molecular weight 8.5 x 10%) or the sixth largest fragment of
F'lac (molecular weight 6 x 108: Timmis et al., 1975). This result in-
dicates that for at least one replication origin of R6-5 and one ori-
gin of F'lac, the essential homologous plasmid-specified replication
genes are clustered in a very small region of the plasmid in the neigh-
borhood of the replication origin. Such a sequence of DNA was termed

a replication region. An identical replication region fragment from
F'lac has also been isolated using as a cloning probe a kanamycin re-
sistance DNA fragment (Lovett and Helinski, 1976; Skurray et al.,
1976). Heteroduplex analysis of the miniplasmids (e.g., see Fig. 8)



36

pSC122

Non-replicating

s _»p |7m} [~ iny
Ap o \ ‘.‘\ (\ jl":g EcoRI fragment
e | 1 1"z
EcoRI 2 N‘\ jm; Ap
— H e ; —
Digestion H ; v \ el
PSC101’ 8 | L
[6) { \
e | Pt
o 0 30
FRACTION NUMBER
EcoRT digest

of complex replicon

Rep

Ap w I - .
§ ; + &: Ligation and
Transformation
2 Rep g

Fig. 7. Isolation of replication regions of complex plasmid genomes. In the experi-
ment shown, the pSC122 plasmid, which carries a non-replicating Ap-resistance segment,
was cleaved by the EcoRI restriction endonuclease, and the Ap resistance "probe"
fragment was separated from its replication region. The probe was then added to a
mixture of DNA fragments from an EcoRI cleaved complex replicon, and ligation and
transformation were carried out. Since the probe fragment is incapable of replica-
tion its propagation in transformants requires linkage to a DNA segment carrying
replication functions
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has confirmed that the cloned DNA fragments are specifically derived
from R6-5 and F'lac and furthermore locate the cloned fragment on the
physical maps of the parent plasmids. The mini R6-5 contains the EcoRI
fragment of R6-5, having EcoRI termini with coordinates 87 and 1.0 kb
on the R6-5 physical map. This means that the replication origin and
functions cloned in the mini R6-5 are those of the resistance transfer
factor (RTF) component segment of the R6-5 plasmid (Cohen and Miller,
1970) . The mini F'lac contains the EcoRI fragment of F that has ter-
mini with coordinates of 40.3 and 49.3 kb on the F physical map (Guyer
et al., 1976). Table 5 compares the replication-related properties of
the miniplasmids with their parent replicons. In all properties exam-—
ined (copy number, incompatibility reactions, ability to suppress the
host dnaA defect), the miniplasmids behaved in a manner identical to
that of their parent plasmids. It was therefore concluded that the
miniplasmids not only contain the genes for copy number regulation,
incompatibility, and a dnaA-like activity, but also that the replica-
tion region isolated in each type of miniplasmid is the one that is
functionally predomonant in determining the replication phenotype of
the parent plasmid. Recently it was demonstrated that all functions es-
sential for regulated autonomous replication of R6-5 are clustered in
a 1.8x10% Dalton DNA segment within EcoRI fragment 2 (Andres et al.,
1978).

The miniplasmids contain cloned fragments of DNA that are greater than
one order of magnitude smaller than the parent plasmids, and are there-
fore very convenient molecules for the analysis of replication functions
and origins of the parent plasmids. They are also convenient sources

of DNA for the further cloning of individual plasmid replication genes.



Fig. 8A and B. Electrophoretic and heteroduplex analysis of mini R6-5 and mini
F'lac. (A) Covalently closed circular plasmid DNA preparations were cleaved to com-
pletion with EcoRI endonuclease and subjected to electrophoresis through a borate-
buffered 0.8% agarose slab gel as described by Timmis et al. (1977a). 1 and 3 are
two mini F'lac plasmids; 2 is the F'lac plasmid; 4 and 6 are two mini R6-5 plasmids;
5 is the R6-5 plasmid. (B) Heteroduplexes between R6-5 and the mini R6-5, pSC135
(upper heteroduplex), and F'lac and the mini F'lac, pSC138 (lower heteroduplex),
were prepared as described by Davis et al. (1971). Regions of sequence homology are
indicated by the arrows. Direct physical mapping of the DNA fragment cloned in
pSC135 is possible from the R6-5/pSC135 heteroduplex due to the presence of refer-
ence features on the R6-5 molecule: the two inverted repeat structures indicated
by the symbol r

The physical separation of replication genes will demonstrate which
phenotypes derive from different genes and which derive from the same
gene.
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Table 5. Properties of mini plasmids cloned from R6-5 and F'lac

Suppressive
Molecular Copy Incompati- integration of Sensitivity to
Plasmid weight x 10% number bility type dnaAts mutants acridine orange
R6-5 65 2-3 F II + -
mini R6-5 13 2-3 F II + -
(pSC135)
F'lac 90 0.5-0.8 F I + +
mini F'lac 10.5 0.6-1.0 F I + +
(pSC138)

The ability to clone miniplasmids from R6-5 and F'lac indicates, at
least in these plasmids, that replication genes are clustered around

a replication origin, as has been shown for the bacterial phage X. A
variety of probes for the EcoRI and HindIII cloning of self-replicat-
ing DNA fragments from R6-5 have been used (Timmis et al., 1977c). In
all these experiments only one type of replication region fragment ca-
pable of autonomous replication could be isolated. Since R6-5, which

is very closely related to plasmid NR1, is presumed to contain at least
two structural replication origins, it may be that the replication
genes essential for the functioning of a second origin are not en-
tirely contained on the restriction endonuclease fragments carrying

the second origin, or are not even clustered at all around this partic-
ular origin (Timmis et al., 1977b). In this connection it should be
noted that an attempt to isolate a small DNA fragment capable of auto-
nomous replication from the 40 mD RK2 plasmid was unsuccessful (Helinski
et al., 1977) and a subsequent cloning analysis of the DNA replication
functions and origin of this plasmid indicated a lack of clustering of
essential replication genes and replication origin (Figurski et al.,
1976) . Furthermore, Chandler et al (1977) were able to generate in vivo
miniplasmids that contain the R-determinant part of plasmid R100.1 from
dnaA mutant bacteria integratively suppressed by this plasmid. The au-
thors could not however observe replication of the miniplasmids in
cells other than those in which they were generated, indicating that
these plasmids lack essential replication functions specified by the
parent plasmid.

In order to clone from plasmid R6-5 other restriction endonuclease-gen-
erated DNA fragments that carry replication functions or origins but
that are incapable of self-replication, it was necessary to use a nor-
mal cloning vehicle that could replicate the inserted DNA fragments.
For this purpose we used ColE1l for cloning EcoRI-generated DNA frag-
ments and pML21 for cloning HindIII-generated fragments (see Table 2).
Table 7 lists the DNA fragments that were cloned and their phenotypes.
A specific advantage of the ColEl1-based cloning vehicles is that when
they are resident in a polAig host their replication activity can be
switched off by a temperature shift. Thus one method to test for the
presence of replication functions on a DNA fragment cloned on a ColEl1-
type vector is to determine whether temperature-resistant replication
of the hybrid molecule occurs in a polAtg host. By this method, EcoRI
fragments 1 and 4 were shown to carry functions that permitted replica-
tion under such conditions (Timmis et al., 1977; Timmis et al., 1977c).
The nature of these functions is not yet established, nor indeed is it
known whether such functions simply suppress the temperature-sensitive
polA mutation or whether they provide an alternate replication mecha-
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nism. Studies are currently in progress to analyze the nature of the
replication of these hybrid molecules in a polAtg host at high temper-
ature to distinguish the above possibilities.

In vitro or in vivo deletion of DNA segments that are not required for
replication of the plasmid can provide useful information on the essen-
tiality of certain genes that have been implicated in plasmid replica-
tion. Although it has been suggested that plasmid DNA-relaxation com-
plexes play a role in plasmid replication, it has been shown that ColE1
can replicate in cell-free extracts prepared from plasmid-negative bac-
teria, i.e., under conditions in which the plasmid-specified component
of the relaxation complex is not available (Tomizawa et al.,, 1975), sug-
gesting that if the complex is involved in plasmid replication, it is
not an absolute requirement for such replication. This implication was
confirmed by the isolation of mini ColE1 plasmids. Such plasmids have a
molecular weight of about 2 mD, code for colicin E1 immunity but not
colicin E1 synthesis, and are generated spontaneously in vivo from ColE1
recombinant molecules. Mini ColE1 plasmids cannot be isolated as re-
laxation complexes, even though they carry the DNA sequence at which
the relaxation event occurs. However, loss of the relaxation complex

is correlated with the loss of another plasmid-specific property: its
ability to be conjugally transferred by a sex factor. Furthermore,
these mini ColE1 plasmids have a very high copy number, indicating

that the copy number control gene has also been deleted (Hershfield

et al., 1976; Avni et al., 1977). In vitro manipulation of the ColE1
plasmid has resulted in a further reduction in its size to about 700
nucleotide pairs without loss of its ability to replicate (R.L. Rodri-
guez, personal communication; Inselberg, personal communication).

Miniplasmids have also been isolated in vivo from copy number mu-
tants of the large antibiotic resistance plasmids R1 and NR1 (Goebel
and Bonewald, 1975; Mickel and Bauer, 1976). With these derivatives,

it also appears that the copy number regulating factor and the relaxa-
tion complex are dispensible. However, in addition, some of them fail
to show incompatibility reactions with their parent plasmids, and hence
it appears that the incompatibility function is dispensible (Boidol

et al., 1977). Thus, the overall picture that emerges is that the mini-
mal plasmid replication requirements are a DNA replication origin (but
see below) and perhaps one gene product that has yet to be identified.
However, it is apparent that several other products are necessary for
the type of controlled DNA replication that is observed in vivo with
non-mutant plasmids.

2. Characterization of Origins of Replication

The electron microscopic mapping of replication origins of large mole-
cules has been hampered by their physical fragility and their lack of
convenient reference points. Denaturation mapping has been used to ex-
amine replicating molecules of NR1 and R100 (Perlman and Rownd, 1976;
L. Silver, M. Chandler, and L. Caro, personal communication) but the
imprecision inherent in comparing denatured molecules restricts the
accuracy and hence the usefulness of this particular method. Restric-
tion endonuclease cleavage of replicating molecules of large plasmids
has also been utilized for origin mapping (Warren et al., 1977), but
the large number of DNA fragments thereby generated, the similarity in
size of some fragments, and ambiguities in fragment orientation in the
parent molecule, may in some instances lead to difficulties in the in-
terpretation of origin data. In contrast, small molecules are readily
analyzed because of their ease of handling and because there is nor-
mally a restriction endonuclease available that cleaves the molecule
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at a unique location, thus providing a convenient reference point for
electron microscopic analyses.

Miniplasmids constructed in vitro such as pSC135, are not only of a
convenient size but also contain appropriate reference points, the two
restriction endonuclease cleavage sites that were utilized in their
construction. Replicating molecules isolated by conventional methods
are mounted for electron microscopy prior to cleavage with a restric-
tion endonuclease, in order to determine whether more than one replica-
tion origin per molecule is used, and after cleavage in order to locate
the origin(s) relative to the endonuclease cleavage sites (for example,
see Fig. 10). Using these methods, the replication origin of the mini
F plasmid, pML31, was shown to be located 1.6 mD from one ECORI ter-
minus, or at 42.6 kb on the F physical map. The mode of replication of
mini F was found to be bidirectional (Eichenlaub et al., 1977). Inter-
estingly, the proposed location of the replication origin of mini F is
3-5 kb distance from the proposed location of the FI incompatibility
gene (Palchaudhury and Maas, 1977). Recent data indicate that the ori-
gin of the mini R6-5 plasmid, pSC135, is located 1.5 mD from the EcoRI
terminus that is proximal to the R-determinant segment of R6-5 (Timmis
at al., in press, 1977d), and close to, but distinguishable from, the
FII incompatibility gene (Andres et al., 1978; Timmis et al., 1978).

In the discussion above as to what constitute the essential plasmid-
specified requirements for plasmid replication, we concluded that an
origin of replication and perhaps a plasmid-encoded function are neces-
sary. However, the considerable amount of origin mapping that has been
performed in the past few years would indicate that the origin normally
used in replication may also be dispensible, provided another DNA se-
quence that can function as an origin is present on the plasmid. Manis
and Kline (1977) were able to delete from the mini F plasmid pML31 the
small BamHI fragment that Eichenlaub et al. (1977) have shown to con-
tain the replication origin normally used in the replication of pML31.
The deletion derivative, pMF21, apparently replicates normally. That
other DNA sequences, capable of acting as replication origins, are
present in plasmids is suggested by the recent work of Warren et al.
(1977), which shows that several different DNA sequences in plasmid
NR1 are capable of acting as replication origins, under experimen-

tal conditions in which regulation of plasmid replication is prob-
ably disturbed. Whether these DNA sequences are bona fide replication
origins that are not normally used (silent origins), or whether they
represent sequences that have a different function, remains to be de-
termined. Although DNA synthesis normally begins at a unique location
on a DNA molecule, once replication has begun initiation of synthesis
of the small Okazaki fragments occurs at a number of different sites
on unpaired regions of the parental DNA strands. Perhaps such initia-
tion sites can be used in the absence of the normal origin of replica-
tion. Alternatively, it has been suggested that DNA replication may be
started with any appropriate RNA primer, and hence alternative DNA re-
plication origins may simply be sites located close to functional pro-
moters (Eichenlaub, personal communication).

3. Bifunctional Replicons

Whilst one approach to the study of the regulation of initiation of
replication in a multiorigin replicon is first to characterize the
component replicons and then to analyze the behavior of the complete
replicon, an alternative approach is to synthesize a small model bior-
igin replicon from two different well-characterized plasmids. Such a
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model replicon was constructed by in vitro linkage of the ColE1 and
pSC101 plasmids at their unique EcoRI restriction endonuclease cleav-
age sites. ColE1l, but not pSC101, can replicate in the absence of de
novo protein synthesis whereas pSC101, but not ColE1, can replicate

in mutant bacteria deficient in DNA polymerase I. Furthermore, the two
plasmids are maintained at different copy levels in the cell: pSC101

is maintained at about 6 copies per chromosome DNA equivalent, whereas
ColE1 is maintained at about 18 copies. The two plasmids are thus fune-
tionally distinct with respect to their replication properties. The
component replicons of the hybrid are also structurally distinct and
can be isolated as separate units following cleavage of the composite
molecule by the EcORI enzyme. The molecular weights of ColE1 and pSC101
are 4.2 mD and 6 mD respectively, and the origin of replication of
ColE1 lies 18% of the molecule length from its unique EcoRI cleavage
site, whereas that of pSC101 lies 50% of the molecule length from its
EcORI cleavage site. Thus replicating forms of the two molecules can
be easily distinguished in the electron microscope (see Fig. 10). The
composite plasmid, termed pSC134, was shown to be of considerable val-
ue in testing predictions of models for the control of initiation of
DNA replication (Timmis et al., 1974a; Cabello et al., 1976).

The replicon model of Jacob et al. (1963) postulates that replication
and maintenance of replicons takes place on membrane attachment sites.
Replication is initiated when the sites are duplicated, and after DNA
synthesis has been completed newly replicated progeny molcules are
distributed among daughter bacteria at cell division. According to
this model, compatible plasmids have different membrane attachment
sites, whereas incompatible plasmids compete for the same sites; in-
compatible plasmids initially present in the same cell thus segregate
when the cell divides. This model postulates that the initiation of
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Fig. 9. Construction of a hybrid plasmid replicon. The pSC101 and ColEl plasmids,
which carry functionally distinguishable replication systems, are joined to each
other at their EcoRI cleavage sites, and the hybrid plasmid is inserted into a bac-
terial cell by transformation. Since the pSC10!1 component does not replicate in the
presence of chloramphenicol, and the ColEl plasmid component requires the function
of E.coli DNA polymerase I, it could be shown that either component of this hybrid
replicon can accomplish propagation of the composite plasmid. Hybrid plasmids such
as pSCl134 have been useful for study of control of plasmid copy number and incom-
patability functions (see text)
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DNA replication is controlled by a cis-dominant positively acting ele-
mert and that this element is responsible for the phenomenon of incom-
patibility. The repressor dilution model of Pritchard et al. (1969)
postulates that the initiation of DNA replication is inhibited by a
trans-dominant freely diffusible repressor substance. The cellular
amount of this element remains constant and therefore its cellular con-
centration falls during bacterial growth. When the cellular repressor
concentration falls below a certain threshold level, initiation of re-
plication occurs. Coupled with a new round of DNA synthesis is the syn-
thesis of a burst of repressor such that further initiations are in-
hibited. Two replicons that specify similar repressor elements will

not be able to coexist in a cell, i.e., will be incompatible, because
the combined copy number of the two replicons cannot exceed the normal
copy number of one of them when it exists alone in the cell.

This model predicts that a composite replicon composed of a high copy
number plasmid and a low copy number plasmid will direct the synthesis
of both types of repressor, and hence will be incompatible with both
parent plasmids, but will be regulated only by the high copy number
plasmid component. In contrast, the replicon model predicts that the
composite replicon will utilize both types of attachment site, both
sets of replication functions, and hence will have a copy number that
is the sum of the copy numbers of both parent plasmids, and will be
incompatible with both parents. Alternatively it predicts that the com-
posite replicon will utilize only one type of attachment site, one com-
ponent replication system, and hence will have a copy number typical

of one parent, and will be compatible with the other parent.

We have been able to show that the composite plasmid can replicate
either in chloramphenicol-treated cells or in mutant bacteria defec-
tive in DNA polymerase I, but not when these two restrictive condi-
tions are combined. Thus, both component replicons of the pSC134 plas-
mid are completely functional and either can separately accomplish re-
plication of the entire composite molecule (Fig. 9). However, when
ColE1 and pSC101 exist as separate replicons in the same cell, ColE1
cannot provide in trans the chloramphenicol-sensitive product required
for pSC101 replication, nor can pSC101 provide in trans a function
that enables ColE1 to replicate under conditions of low DNA polymerase
I activity.

Under non-restrictive conditions of growth it was found that the pSC134
composite plasmid was maintained at a level of about 16 copies per
chromosome (Table 6), indicating that the ColE1 replication functions
are used predominantly. This was confirmed by examining EcoRI endonu-
clease-cleaved replicative intermediates of pSC134 by electron micro-
scopy. All EcoRI fragments containing a replication "eye" were the

Table 6. Replication properties of the pSC134 composite replicon and its parent
plasmids

Plasmid Replication Origin used Incompatible
Host strain Plasmid copy number ColEl pSclol with
CR34 E}A‘* pSCi134 16 36 o ColEl; psciol
W3110 polal pSC134 6 o 14 -
CR341 polat  ColEl 18 - - ColEl
CR34 polat psclol 7 - - psciol

CR34 pola* ColEl, psciol 18,6 - - ColEl; pSCl01l
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Fig. 10A-C. Replication origin usage by the pSC134 composite plasmid. Replicating
molecules of the pSC134 plasmid were prepared from bacteria that contained normal
(B) or low (C) levels of DNA polymerase I and either "nicked" with X-rays (A), to
reveal the possible usage of two origins on individual molecules, or cleaved with
EcoRI restriction endonuclease to genereate linear ColEl and pSCl10l component seg-
ments (B and C) prior to mounting for electron microscopy. EcoRI-cleaved molecules
containing replication "eyes" or forks were photographed and measured and the frac-
tional lengths of replicated and unreplicated segments calculated and displayed

size of ColE1 and contained replication forks that had originated from
a position 18% of the molecule length from an EcoRI terminus. Thus,
only the ColE1 replication origin and functions are ordinarily used
for the replication of the pSC134 composite plasmid. The pSC101 origin
is, however, functional in the pSC134 plasmid because it is used ex-
clusively under conditions of low cellular levels of DNA polymerase I
when the ColE1 origin functions cannot be used (Table 6).

Under normal conditions of growth, when the pSC134 plasmid is replicat-
ing exclusively by means of its ColE1 replication origin and functions,
the composite plasmid nevertheless is incompatible with both ColE1 and
pSC101 derivative plasmids. Expression of incompatibility between a
pSC101 derivative and the pSC134 plasmid therefore does not require

use of the pSC101 replication origin on the composite plasmid.



1.0

06 % =

04 =

02

RELATIVE LENGTH UNREPLICATED ARM

100 pig, 10B (legend see p, 43)
B % REPLICATION

Since the pS134 composite plasmid has the copy number of ColE1 alone,
and since it replicates solely by means of the ColE1 origin and func-
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controlled only at the ColE1 attachment site. Thus, the pSC101 membrane
attachment site should be available for the replication of concurrently
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present pSC101 molecules and hence pSC101 derivatives should be com-
patible with the pSC134 composite plasmid. The data obtained with the
pSC134 plasmid are inconsistent with this prediction of the replicon
model and are more consistent with predictions of the repressor dilu-
tion model. Therefore, although plasmid replication may well take place
on defined membrane sites, the. control of such replication is unlikely
to be effected by a cis-acting cellular site or territory mechanism
and is much more probably achieved by means of an origin-specific,
freely diffusible, trans-dominant plasmid gene product. Whether or not
this element effects a negative type of control, as seems likely from
these and other experiments (K. Nordstr®m, personal communication),
has yet to be rigorously proved. Furthermore, recent experiments sug-
gest the possibility that incompatibility may result from the activity
of more than one gene product (Novick and Schwesinger, 1976). Experi-
ments to isolate the plasmid replication controlling element and to
study its activity in in vitro DNA synthesis systems are in progress.

The DNA cloning approaches for the study of plasmid DNA replication
outlined above should facilitate the identification and mapping of DNA
sequences and genes involved in plasmid replication and should further
permit the isolation and characterization of DNA replication gene pro-
ducts. Small DNA segments containing origins of replication from large,
low copy number plasmids may be cloned on to vectors that can be ampli-
fied in chloramphenicol in order to produce large quantities of origin
DNA for sequence studies. Replication genes from plasmids of one incom=
patibility type will be cloned on to high copy number vectors that are
of a different incompatibility type in order to isolate the gene pro-
ducts in quantity and in order that in vivo complementation studies
may be performed (e.g. see Timmis et al., 1978)

ITI. Plasmid Fertility

Conjugation appears to be a major mechanism for the transfer of DNA
from one bacterium to another, especially among Gram negative bacteria,
and hence is of profound importance for the process of genetic recom-
bination. This mechanism for DNA transfer is highly complex requiring,
in the case of F factor promoted conjugation, the activity of probably
more than 17 gene products and involving a cell surface appendage
termed a sex pilus (for reviews see Willetts, 1972; Achtman, 1973) DNA
transfer appears to require cell-cell contact and the sex pilus may
play a role in promoting such contacts. Conjugation systems appear to
be widely distributed among enteric bacteria and are almost always
plasmid specified. Their presence in bacteria carrying plasmids that
code for multiple drug resistance permits, under appropriate selective
conditions, the epidemic spread of such plasmids among populations of
bacteria and frequently compromises effective clinical therapy of bac-
terial infections.

Although the genetics of most plasmid-coded functions have not been
well characterized, the genetics of fertility, as specified by the
archtype sex factor F and some of the large antibiotic resistance plas-
mids like R100, have been extensively investigated. One reason for

this is that such studies have not been greatly hindered by the prob-
lem of incompatibility that has restricted the study of other plasmid
functions. Complementation tests involving fertility genes requires
that the diploid state need only be established for a brief period of
time (less than a cell doubling) during which incompatibility does
present experimental difficulties. Fourteen of the transfer (tra) genes
of F (tra A-tra I) are known to constitute a single operon, greater
than 15 mD in size, that is under the positive control of tra J (Hel-
muth and Achtman, 1975). Nine of the genes of the tra operon, tra 3,

L, E, XK, B, C, F, H, and G, are required for the formation of the sex
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pilus which is the product of tra A. All these genes plus tra D, M,
and I are necessary for transfer proficiency. A region within the tra
operon, previously termed tra S, is required for the expression of sur-
face exclusion, a function that reduces DNA transfer from one F plas-
mid-carrying cell to another. tra J, a regulatory gene, which exerts
positive control of the tra operon, is itself part of a second operon
and is subject to negative control by plasmids specifying the f£in OP
system of fertility inhibition (e.g., R100). These latter plasmids
seem to have a similar transfer system in that they can complement
most F tra mutants and have DNA sequences that are homologous with the
tra region of F (Willetts, 1972; Sharp et al., 1973). However, unlike
the F plasmid, most naturally occurring conjugative R plasmids are
repressed for transfer.

The precise function of only a few tra gene products is known and no
tra product, with the exception of the pilin protein (tra A product),
has been isolated and characterized. Thus, the cloning of individual
tra genes on high copy number vectors should greatly promote the bio-
chemical analysis of conjugal transfer. Recently Skurray et al. (1976)
reported the cloning of F DNA fragments generated by partial digestion
with EcoRI restriction endonuclease. using the pSC101 plasmid vector.
This study has made possible a more precise ordering of the tra genes
on the F physical map and has provided convenient sources of tra op-
eron DNA for the subsequent cloning of individual restriction endonu-
clease-generated fragments (Achtman et al., 1977) and ultimately in-
dividual genes. A similar cloning study with the plasmid R6-5, a plas-
mid closely related to R100, is currently in progress (Timmis and Acht-
man, unpublished experiments).

The extensive genetic knowledge of the tra region of F and the avail-
ability of amber mutations in most identified genes permits the intro-
duction of such mutations into hybrid molecules containing cloned frag-
ments of F. Comparisons of proteins made in vivo in minicells and in
vitro from wild type cloned fragments with those proteins made from
cloned fragments containing amber mutations in specific genes permit
the identification of certain proteins with particular tra genes (Acht-
man and Herrlich, personal communication). The identification of in-
dividual gene products facilitates both their purification and studies
to determine their cellular location. This is exemplified by recent
progress relating to the phenomenon of surface exclusion. The cloning
of the surface exclusion region of the tra operon in conjunction with
genetic studies has resulted in the resolution of this region into two
cistrons, tra S, and T, both of which are involved in surface exclusion,
and the subdivision of the surface exclusion phenomenon into two dis-
tinct mechanisms. The product of the tra T gene has been shown to be
involved in the inhibition of the formation of stable contacts between
F-carrying cells and to be located in the bacterial outer membrane.
Some pSC101 hybrid plasmids carrying tra T manifest a degree of surface
exclusion greatly exceeding that exhibited by the parent F plasmid and
concurrently an increased level of tra T protein in the outer membrane
(Achtman, personal communication).

The availability of several hybrid plasmids that are compatible with

F and carry DNA fragments that collectively span the tra operon, and
the introduction of mutations into specific genes carried by these
plasmids, has permitted the construction of a "tra operon mapping kit"
that can be used for the mapping and identification of fertility func-
tions on plasmids (Achtman et al., 1977).



48

III. Other Plasmid Coded Functions

A wide variety of other important plasmid coded functions has been and
is being subjected to analysis using cloning methods for gene purifica-
tion and amplification and gene product identification and characteri-
zation. Receiving particular interest are the tumor-inducing principle
on the Ti plasmid of Agrobacterium tumefaciens that is involved in
crown gall formation in plants, clinically important functions 1like
antibiotic resistance, enterotoxins, and virulance factors, and the
functions involved in the catabolism of organic compounds such as tol-
uene, camphor etc.

In order to map the genes and identify the products of a number of R
plasmid-specified functions, almost all the EcoRI and HindIII fragments
of the multiple antibiotic resistance plasmid R6é and its tetracycline-
sensitive derivative R6-5 have been cloned (Timmis et al., 1977a,c).
Insertional inactivation was employed to detect hybrid molecules con-
taining non-selectable functions (see Table 2). Table 7 lists the plas-
mid fragments cloned and the functions thus far identified. It may be
seen that fragments coding for all of the known antibiotic resistances,
namely Cm, Km, Tc, Sm, and Su, have been cloned, although only frag-
ments containing resistance to Sm and Su were generated by both re-
striction enzymes. Resistances to Cm, Tc, Sm, Su, and mercury salts,
were detected on HindIII. fragments. Resistances to Km, Sm, and Su, were
detected on EcoRI fragments. This finding allows a more accurate map-
ping of these resistances on the R6 and R6-5 physical maps since the
Cm, Tc, and Hg resistance genes must contain, or must be located close
to, EcoRI cleavage sites and the Km resistance gene must be close to

a HindIII cleavage site. None of the fragments coding for antibiotic
resistances that were cloned from R6 and R6-5 is capable of self-repli-
cation and therefore constitute specific probes for the in vitro clon-
ing of EcoRI and HindIII-generated DNA fragments that are capable of
self-replication (see Table 3).

The availability of a "bank" of high copy number hybrid plasmids that
contain restriction endonuclease-generated fragments representing the
whole of the R6/R6-5 plasmid genome will permit detailed studies of a
variety of plasmid DNA sequences and functions, including the many
plasmid segments that code for proteins to which no function has yet
been ascribed. Although we and others have previously shown that sev-
eral plasmid-specified functions may respond to gene dosage effects
(e.g., bacteriocin production: Timmis and Winkler, 1973; ampicillin
resistance: NordstrOm et al., 1972; tetracycline resistance: Cabello

et al., 1976), such effects are dependent on the presence of the same
promoter or one of equivalent activity. This is not always the situa-
tion for cloned DNA fragments that are separated from their normal
promoter and in such cases the activity of the vector promoter involved
in transcription of the cloned fragments may partly reinforce or cancel
effects due to gene dosage (Tait et al., 1977; Timmis et al., 1977c).

The R6 and R6-5 plasmids have been shown to contain several DNA seg-
ments that are known to be aggressive in recombination: insertion se-
gquences IS1, IS2, and IS3, and the sequences that flank the Km gene.
How these DNA sequences insert into receptor DNA, which enzymes are in-
volved in their insertion, and which sequences are present at their
termini, are all questions that are currently receiving great atten-
tion. Because they can be amplified in chloramphenicol, the hybrid
plasmids of R6 and R6-5 that contain these DNA sequences are good
sources of such sequences. For similar reasons, the hybrid plasmids
containing antibiotic resistance genes serve as convenient DNA hybridi-
zation probes for epidemiological studies of antibiotic resistance
plasmids.
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Table 7. Properties of cloned DNA fragments of plasmid R6-5

R6-5 R6-5
EcoRI Molec. Functions HindIII Molec. Functions
E;;gment weight identified? fragment weight? identified®
1 15.4 Rep B 1 22.2 Rep A, Fin O, Tra
2 8.7 Rep A, Fin O 2 16.1 Cm¥, Rep B
3 8.6 Tra 3 10.3 Tra
4 8.6 Rep C 4 7.2 HgY
5 5.2 Tra 5 3.7
6 4.6 Km¥ 6 n.c
7 4.0 Sfx 7 2.3 Sm¥
8 3.4 Sm¥ Sul 8 1 suf
9 n.c. 9 1.0
10 2.7 10 0.2
11 1.9
12 1.1
13 0.8

aExpressed in megadaltons and determined by electron microscopy.

bRep: replication functions; Sfx: surface exclusion; Fin0: fertility inhibition;
Tra: transfer functions; Hg: mercury; n.c,: not cloned.

Although not so extensively investigated as plasmid-specified anti-
biotic resistance, various plasmid-coded virulence factors such as en-
terotoxins, hemolysins, and the adhesion antigens like K88 and K99, are
also of great clinical importance. However, studies of their genetics
and mode of action have been greatly inhibited by the lack of means to
manipulate the genes involved. The DNA cloning procedure will obviously
simplify some of these problems, and recently the cloning of a 5.7 mD
DNA fragment containing the heat-stable enterotoxin gene of a plasmid
from an enterotoxigenic strain of E.coli from calves was reported (So
et al., 1976). The increased levels of enterotoxin synthesized in bac-
teria carrying the cloned fragment should greatly aid the purification
of the toxin and the determination of its mode of action. Although

this particular toxin is non-antigenic, the cloning of the heat-labile
enterotoxin genes and other genes for antigenic virulence factors
should achieve the same ends and, in addition, may facilitate the de-
velopment of specific vaccines in those instances where vaccines can

be effective means of prophylaxis. Furthermore, as is the case with
cloned antibiotic resistance genes, cloned virilance genes will pro-
vide useful DNA hybridization probes for epidemiological studies.

The cloning of genes for virulence factors may involve some hazard,
and in such cases the use of appropriate physical or biological con-
tainment is warranted. In this connection, the availability of a self-
destroying (biosafe) vector as discussed above would be very useful.

The recent findings that antibiotic-producing Streptomyces species
contain plasmids (Schrempf et al., 1975), and that at least in two
cases the antibiotic biosynthesis genes are plasmid-located (Kirby
et al., 1975; Akagawa et al., 1975) indicate that the in vitro mani-
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pulation of these very important genes for scientific and commercial
purposes may be achieved in the near future.

Two experiments involving plasmids relevant to plants have been re-
ported. A 10.9 mD fragment carrying the nitrogen fixation (nif) genes
from Klebsiella pneumoniae was recently cloned on the pMBY9 vector
(Ausubel et al., 1978). This achievement is another major step forward
toward the long-term goal of introducing the nif genes into a system
that can achieve nitrogen fixation in or in association with non-legu-
menous plants. Secondly, DNA segments of the Ti plasmid that appear to
be involved in tumor induction have been identified (Chilton et al.,
1978; Schell et al., 1978). The cloning of such segments will greatly
simplify the analysis of their sequences and of the plasmid functions
involved in the transfer of these segments into plant chromosomes,
which results in crown gall formation.

E. Concluding Remarks

The past few years have seen the development of an entirely new form
of genetic analysis: an analysis that attempts to relate, and occa-
sionally succeeds in relating, genotype and phenotype to the primary
structure of DNA. Whereas this type of analysis had previously been
restricted to a few special genetic systems the new developments now
permit similar investigations of a variety of different systems. Cru-
cial to this new-style genetic analysis has been the discovery of a
wide range of restriction enzymes that allow detailed molecular ana-
lyses of large complex molecules of DNA, the development of rapid se-
quencing techniques for DNA, and the development of the DNA cloning
technology. Because these methods are conceptually and technically
simple compared with methods previously used for the same purpose,
they will permit genetic and molecular analyses of complex chromo-
somes to proceed at a greatly accelerated pace. We have tried to pres-
ent an overview of the current methods in use in the in vitro cloning
of plasmid DNA fragments and their subsequent analysis. Although we
have indicated the availability of a variety of experimental approaches,
we have nevertheless attempted to stress the kinds of consideration
that are important in deciding on an optimum strategy for particular
cloning problems. Furthermore, we have emphasized novel approaches
that have been developed to study a number of different aspects of
plasmid structure and function, in the belief that such approaches are
widely applicable.
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