CHAPTER S8

Cloning in bacteria other than
Escherichia coli

Introduction

For many experiments it is convenient to use E. coli
as a recipient for genes cloned from eukaryotes or
other prokaryotes. Transformation is easy and there
is available a wide range of easy-to-use vectors
with specialist properties, e.g. regulatable high-level
gene expression. However, use of E. coli is not always
practicable because it lacks some auxiliary biochem-
ical pathways that are essential for the phenotypic
expression of certain functions, e.g. degradation of
aromatic compounds, antibiotic synthesis, patho-
genicity, sporulation, etc. In such circumstances,
the genes have to be cloned back into species similar
to those whence they were derived.

There are three prerequisites for cloning genes
in a new host. First, there needs to be a method for
introducing the DNA of interest into the potential
recipient. The methods available include transforma-
tion, conjugation and electroporation, and these
will be discussed in more detail later. Secondly, the
introduced DNA needs to be maintained in the
new host. Either it must function as a replicon in its
new environment or it has to be integrated into the
chromosome or a pre-existing plasmid. Finally, the
uptake and maintenance of the cloned genes will
only be detected if they are expressed. Thus the
inability to detect a cloned gene in a new bacterial
host could be due to failure to introduce the gene,
to maintain it or to express it, or to a combination
of these factors. Another cause of failure could
be restriction. For example, the frequency of trans-
formation of Pseudomonas putida with plasmid
RSF1010 is 10° transformants/pug DNA, but only
if the plasmid is prepared from another P. putida
strain. Otherwise, no transformants are obtained
(Bagdasarianetal. 1 979). Wilkins et al. (1996) have
noted that conjugative transfer of promiscuous IncP
plasmids is unusually sensitive to restriction.

Introducing DNA into bacterial cells

DNA can be transferred between different strains
of E. coli by the three classical methods of conjuga-
tion, transduction and transformation, as well as
by the newer method of electroporation. For gene-
manipulation work, transformation is nearly always
used. The reasons for this are threefold. First, it is relat-
ively simple to do, particularly now that competent
cells are commercially available. Secondly, it can be
very efficient. Efficiencies of 108-10 transformants/
pg plasmid DNA are readily achievable and are more
than adequate for most applications. Thirdly, self-
transmissible cloning vectors are much larger than
their non-transmissible counterparts because they
have to carry all the genes required for conjugal
transfer.

A large number of bacteria from different taxo-
nomic groups, including archaebacteria, are known
to be transformable. For example, Lorenz and
Wackernagel (1994) listed over 40 species and the
numbers are still growing. However, transformation
in these organisms differs in a number of respects
from that in E. coli. First, transformation in these
organisms occurs naturally, whereas transformation
in E. coli is artificially induced. With the exception
of Neisseria gonorrhoeae, competence for trans-
formation is a transient phenomenon. Secondly,
transformation can be sequence-independent, as in
Bacillus subtilis and Acinetobacter calcoaceticus, but in
other species (Haemophilus influenzae, N. gonorrhoeae)
is dependent on the presence of specific uptake
sequences. Thirdly, the mechanism of natural trans-
formation involves breakage of the DNA duplex
and degradation of one of the two strands so that a
linear single strand can enter the cell (for review, see
Dubnau 1999). This mechanism is not compatible
with efficient plasmid transformation (see Box 8.1).
Geneticists working with B. subtilis and Streptomyces
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Box 8.1 Transforming Bacillus subtilis with plasmid DNA

Although it is very easy to transform B. subtilis with
fragments of chromosomal DNA, there are problems
associated with transformation by plasmid molecules.
Ehrlich (1977) first reported that competent cultures
of B. subtilis can be transformed with covalently closed
circular (CCC) plasmid DNA from Staphylococcus aureus
and that this plasmid DNA is capable of autonomous
replication and expression in its new host. The
development of competence for transformation by
plasmid and chromosomal DNA follows a similar time
course and in both cases transformation is first-order
with respect to DNA concentration, suggesting that

a single DNA molecule is sufficient for successful
transformation (Contente & Dubnau 1979). However,
transformation of B. subtilis with plasmid DNA is
very inefficient in comparison with chromosomal
transformation, for only one transformant is obtained
per 103-10% plasmid molecules.

An explanation for the poor transformability of
plasmid DNA molecules was provided by Canosi et al.
(1978). They found that the specific activity of plasmid
DNA in transformation of B. subtilis was dependent on
the degree of oligomerization of the plasmid genome.
Purified monomeric CCC forms of plasmids transform
B. subtilis several orders of magnitude less efficiently
than do unfractionated plasmid preparations or
multimers. Furthermore, the low residual transforming
activity of monomeric CCC DNA molecules can be
attributed to low-level contamination with multimers
(Mottes et al. 1979). Using a recombinant plasmid
capable of replication in both E. coli and B. subtilis
(pHV14) (see p. 149), Mottes et al. (1979) were
able to show that plasmid transformation of E. coli
occurs regardless of the degree of oligomerization,
in contrast to the situation with B. subtilis.
Oligomerization of linearized plasmid DNA by DNA
ligase resulted in a substantial increase of specific
transforming activity when assayed with B. subtilis
and caused a decrease when used to transform
E. coli. An explanation of the molecular events in
transformation which generate the requirement for
oligomers has been presented by De Vos et al.
(1981). Basically, the plasmids are cleaved into linear
molecules upon contact with competent cells, just as

chromosomal DNA is cleaved during transformation of
Bacillus. Once the linear single-stranded form of the
plasmid enters the cell, it is not reproduced unless it
can circularize; hence the need for multimers to provide
regions of homology that can recombine. Michel et al.
(1982) have shown that multimers, or even dimers,
are not required, provided that part of the plasmid
genome is duplicated. They constructed plasmids
carrying direct internal repeats 260-2000 bp long
and found that circular or linear monomers of such
plasmids were active in transformation.

Canosi et al. (1981) have shown that plasmid
monomers will transform recombination-proficient
B. subtilis if they contain an insert of B. subtilis DNA.
However, the transformation efficiency of such
monomers is still considerably less than that of
oligomers. One consequence of the requirement for
plasmid oligomers for efficient transformation of
B. subtilis is that there have been very few successes
in obtaining large numbers of clones in B. subtilis
recipients (Keggins et al. 1978, Michel et al. 1980).
The potential for generating multimers during
ligation of vector and foreign DNA is limited.

Transformation by plasmid rescue

An alternative strategy for transforming B. subtilis has
been suggested by Gryczan et al. (1980). If plasmid
DNA is linearized by restriction-endonuclease cleavage,
no transformation of B. subtilis results. However, if
the recipient carries a homologous plasmid and if the
restriction cut occurs within a homologous marker,
then this same marker transforms efficiently. Since
this rescue of donor plasmid markers by a homologous
resident plasmid requires the B. subtilis recE gene
product, it must be due to recombination between
the linear donor DNA and the resident plasmid.

Since DNA linearized by restriction-endonuclease
cleavage at a unique site is monomeric, this rescue
system (plasmid rescue) bypasses the requirement
for a multimeric vector. The model presented by

De Vos et al. (1981) to explain the requirement for
oligomers (see above) can be adapted to account for
transformation by monomers by means of plasmid

continued
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Box 8.1 continued

rescue. In practice, foreign DNA is ligated to monomeric
vector DNA and the in vitro recombinants are used to
transform B. subtilis cells carrying a homologous
plasmid. Using such a ‘plasmid-rescue’ system,
Gryczan et al. (1980) were able to clone various
genes from B. licheniformis in B. subtilis.

One disadvantage of the plasmid-rescue method
is that transformants contain both the recombinant
molecule and the resident plasmid. Incompatibility
will result in segregation of the two plasmids. This
may require several subculture steps, although
Haima et al. (1990) observed very rapid segregation.
Alternatively, the recombinant plasmids can be
transformed into plasmid-free cells.

Transformation of protoplasts

A third method for plasmid DNA transformation in

B. subtilis involves polyethylene glycol (PEG) induction
of DNA uptake in protoplasts and subsequent
regeneration of the bacterial cell wall (Chang & Cohen
1979). The procedure is highly efficient and yields up
to 80% transformants, making the method suitable

for the introduction even of cryptic plasmids. In
addition to its much higher yield of plasmid-containing
transformants, the protoplast transformation system
differs in two respects from the ‘traditional’ system
using physiologically competent cells. First, linear
plasmid DNA and non-supercoiled circular plasmid
DNA molecules constructed by ligation in vitro can
be introduced at high efficiency into B. subtilis by
the protoplast transformation system, albeit at a
frequency 10-1000 lower than the frequency
observed for CCC plasmid DNA. However, the
efficiency of shotgun cloning is much lower with
protoplasts than with competent cells (Haima et al.
1988). Secondly, while competent cells can be
transformed easily for genetic determinants located
on the B. subtilis chromosome, no detectable
transformation with chromosomal DNA is seen using
the protoplast assay. Until recently, a disadvantage
of the protoplast system was that the regeneration
medium was nutritionally complex, necessitating

a two-step selection procedure for auxotrophic
markers. Details have been presented of a defined
regeneration medium by Puyet et al. 1987.

Table B8.1 Comparison of the different methods of transforming B. subtilis.

Efficiency
System (transformants/ g DNA) Advantages Disadvantages
Competent Unfractionated plasmid 2x10*  Competent cells readily prepared Requires plasmid oligomers or
cells Linear 0 Transformants can be selected internally duplicated plasmids,
CCC monomer 4x10%  readily on any medium which makes shotgun experiments
CCC dimer 8x10° Recipient can be Rec™ difficult unless high DNA
CCC multimer 26x10° concentrations and high vector/
donor DNA ratios are used
Not possible to use phosphatase-
treated vector
Plasmid Unfractionated plasmid 2x10%  Oligomers not required Transformants contain resident
rescue Can transform with linear DNA plasmid and incoming plasmid and
Transformants can be selected on these have to be separated by
any medium segregation or retransformation
Recipient must be Rec*
Protoplasts Unfractionated plasmid 3.8x10° Most efficient system Efficiency lower with molecules
Linear 2x10*  Gives up to 80% transformants which have been cut and religated
CCC monomer 3x10%  Does not require competent cells Efficiency also very size-dependent,
CCC dimer 2x10%  Can transform with linear DNAand ~ and declines steeply as size increases
CCC multimer 2x10%  canuse phosphatase-treated vector
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sp. have developed specialized methods for over-
coming these problems. For work with other species,
electroporation (see p. 18) offers a much simpler
alternative, although the efficiency may not be
high e.g. in Methanococcus voltae, it was only 102
transformants/ug plasmid DNA (Tumbula & Whit-
man 1999).

Given that plasmid transformation is difficult in
many non-enteric bacteria, conjugation represents
an acceptable alternative. The term promiscuous
plasmids was originally coined for those plasmids
which are self-transmissible to a wide range of
other Gram-negative bacteria (see p. 45), where
they are stably maintained. The best examples are
the IncP alpha plasmids RP4. RP1, RK2, etc., which
are about 60 kb in size, but the IncW plasmid Sa
(29.6 kb) has been used extensively in Agrobacterium
tumefaciens. Self-transmissible plasmids carry tra
(transfer) genes encoding the conjugative apparatus.
IncP plasmids are able to promote the transfer of
other compatible plasmids, as well as themselves.
For example, they can mobilize IncQ plasmids,
such as RSF1010. More important, transfer can be
mediated between E. coli and Gram-positive bacteria
(Trieu-Cuot et al. 1987, Gormley & Davies 1991), as
well as to yeasts and fungi (Heinemann & Sprague
1989, Hayman & Bolen 1993, Bates et al. 1998).
However, the transfer range of a plasmid may be
greater than its replication maintenance or host
range (Mazodier & Davies 1991).

Self-transmissible plasmids have been identified in
many different Gram-positive genera. The transfer
regions of these plasmids are much smaller than
those for plasmids from Gram-negative bacteria. One
reason for this difference may be the much simpler
cell-wall structure in Gram-positive bacteria. As
well as being self-transmissible, many of these Gram-
positive plasmids are promiscuous. For example,
plasmid pAMB1 was originally isolated from Enter-
ococcus faecalis but can transfer to staphylococci,
streptococci, bacilli and lactic acid bacteria (De Vos
et al. 1997), as well as to Gram-negative bacteria,
such as E. coli (Trieu-Cuot et al. 1988). The self-
transmissible plasmids of Gram-positive bacteria, like
their counterparts in the Gram-negative bacteria,
can also mobilize other plasmids between different
genera (Projan & Archer 1989, Charpentier et al.
1999). Non-self-transmissible plasmids can also be

mobilized within and between genera by conjugat-
ive transposons (Salyers et al. 1995, Charpentier
etal. 1999).

It should be noted that conjugation is not a
replacement for transformation or electroporation.
If DNA is manipulated in vitro, then it has to be
transferred into a host cell at some stage. In many
cases, this will be E. coli and transformation is a
suitable procedure. Once in E. coli, or any other
organism for that matter, it may be moved to other
bacteria directly by conjugation, as an alternative to
purifying the DNA and moving it by transformation
or electroporation.

Maintenance of recombinant
DNA in new hosts

For recombinant DNA to be maintained in a
new host cell, either it must be capable of replica-
tion or it must integrate into the chromosome or a
plasmid. In most instances, the recombinant will
be introduced as a covalently closed circle (CCC)
plasmid and maintenance will depend on the host
range of the plasmid. As noted in Chapter 4 (p. 45),
the host range of a plasmid is dependent on the
number of proteins required for its replication which
it encodes. Some plasmids have a very narrow host
range, whereas others can be maintained in a wide
range of Gram-negative or Gram-positive genera.
Some, such as the plasmids from Staphylococcus
aureus and RSF1010, can replicate in both Gram-
negative and Gram-positive species (Lacks et al.
1986, Gormley & Davies 1991, Leenhouts et al.
1991).

As noted in Chapter 5, there is a very wide range
of specialist vectors for use in E. coli. However, most
of these vectors have a very narrow host range and
can be maintained only in enteric bacteria. A com-
mon way of extending the host range of these vec-
tors is to form hybrids with plasmids from the target
species. The first such shuttle vectors to be described
were fusions between the E. coli vector pBR322 and
the S. aureus/B. subtilis plasmids pC194 and pUB110
(Ehrlich 1978). The advantage of shuttle plasmids is
that E. coli can be used as an efficient intermediate
host for cloning. This is particularly important if
transformation or electroporation of the alternative
host is very inefficient.
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Integration of recombinant DNA

When a recombinant plasmid is transferred to an
unrelated host cell, there are a number of possible
outcomes:

It may be stably maintained as a plasmid.

» It may be lost.

It may integrate into another replicon, usually the
chromosome.

e A gene on the plasmid may recombine with a
homologous gene elsewhere in the cell.

Under normal circumstances, a plasmid will be
maintained ifit can replicate in the new host and will
be lost if it cannot. Plasmids which will be lost in
their new host are particularly useful for delivering
transposons (Saint et al. 1995, Maguin et al. 1996).
If the plasmid carries a cloned insert with homology

to a region of the chromosome, then the outcome
is quite different. The homologous region may be
excised and incorporated into the chromosome by
the normal recombination process, i.e. substitution
occurs via a double crossover event. If only a single
crossover occurs, the entire recombinant plasmid is
integrated into the chromosome.

It is possible to favour integration by transferring
aplasmid into a host in which it cannot replicate and
selecting for a plasmid-borne marker. For example,
Stoss et al. (1997) have constructed an integrative
vector by cloning a neomycin resistance gene and
part of the amyE (alpha amylase) gene of B. subtilisin
plasmid pBR322. When this plasmid is transferred
to B. subtilis, it is unable to replicate, but, if selection
is made for neomycin resistance, then integration
of the plasmid occurs at the amyE locus (Fig. 8.1).
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Fig. 8.1 Cloning DNA sequences
flanking the site of insertion. The red
bar on the plasmid represents a BarmHI
fragment of B. subtilis chromosomal
DNA carrying the amyE gene. Note that
the plasmid has no BgllI sites. (See text
for details.)
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Fig. 8.2 Insertion of plasmid DNA into the chromosome by
adouble crossover event. The B. subtilis DNA is shown in
grey and the letters A to D represent different chromosomal
sequences. Vector DNA is shown in white and other
vector-borne genes in pink.

This technique is particularly useful if one wishes
to construct a recombinant carrying a single copy of
a foreign gene.

Once a recombinant plasmid has integrated into
the chromosome, it is relatively easy to clone adja-
cent sequences. Suppose, for example, that a vector
carrying B. subtilis DNA in the BamHI site (Fig. 8.1)
has recombined into the chromosome. If the recom-
binant plasmid has no BglII sites, it can be recovered
by digesting the chromosomal DNA with BgllI, ligat-
ing the resulting fragments and transforming E. coli
to ApR. However, the plasmid which is isolated will
be larger than the original one, because DNA flank-
ing the site of insertion will also have been cloned.
In this way, Niaudet et al. (1982) used a plasmid
carrying a portion of the B. subtilis ilvA gene to clone
the adjacent thyA gene.

Genes cloned into a plasmid and flanked by regions
homologous to the chromosome can also integrate

without tandem duplication of the chromosomal
segments. In this case, the plasmid DNA is linearized
before transformation, as shown in Fig. 8.2. The
same technique can be used to generate deletions.
The gene of interest is cloned, a portion of the gene
replaced in vitro with a fragment bearing an anti-
biotic marker and the linearized plasmid trans-
formed into B. subtilis, with selection made for
antibiotic resistance.

Cloning in Gram-negative bacteria
other than E. coli

To clone DNA in non-enteric bacteria, a plasmid
cloning vehicle is required which can replicate in the
selected organism(s). Under normal circumstances,
E. coli will be used as an intermediate host for trans-
formation of the ligation mix and screening for
recombinant plasmids. Therefore, the vector must
be able to replicate in E. coli as well. The options
which are available are to generate a shuttle vector
or to use a broad-host-range plasmid as a vector. If
a small plasmid can be isolated from the bacterium
of interest, then it is easy to splice it into an existing
E. coli vector to generate a shuttle vector. Recent
examples of this approach are the construction
of vectors for use in Pasteurella (Bills et al. 1993),
Desulfovibrio (Rousset et al. 1998) and Thermus (De
Grado et al. 1999). This approach is particularly
useful if the selectable markers used in E. coli
also function in the new host. Then one can take
advantage of the many different specialist vectors
(see Chapter 5) which already exist, e.g. expres-
sion vectors, secretion vectors, etc. If the selectable
markers are not expressed in the new host, then
extensive manipulations may be necessary just to
enable transformants to be detected.

With broad-host-range plasmids, there is a high
probability that the selectable markers will be ex-
pressed in the new host and confirming that this is
indeed the case is easy to do. However, the naturally
occurring plasmids do not fulfil all the criteria for an
ideal vector, which are:

* small size;

¢ having multiple selectable markers;

¢ having unique sites for a large number of restric-
tion enzymes, preferably in genes with readily
scorable phenotypes.
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Consequently the natural plasmids have been ex-
tensively modified, but few approach the degree of
sophistication found in the standard E. coli vectors.

Vectors derived from the IncQ-group
plasmid RSF1010

Plasmid RSF1010 is a multicopy replicon which
specifies resistance to two antimicrobial agents,
sulphonamide and streptomycin. The plasmid DNA,
which is 8684 bp long, has been completely
sequenced (Scholz et al. 1989). A detailed physical
and functional map has been constructed (Bag-
dasarian et al. 1981, Scherzinger et al. 1984). The
features mapped are the restriction-endonuclease
recognition sites, RNA polymerase binding sites,
resistance determinants, genes for plasmid mobiliza-
tion (mob), three replication proteins (Rep A, B and
C) and the origins of vegetative (ori) and transfer
(nic) replication.

Plasmid RSF1010 has unique cleavage sites for
EcoRI, BstEIl, Hpal, Drall, Nsil and Sacl and, from
the nucleotide sequence data, is predicted to have
unique sites for AfIII, Banll, Notl, Sacll, Sfil and
Spll. There are two Pstl sites, about 750 bp apart,
which flank the sulphonamide-resistance determin-
ant (Fig. 8.3). None of the unique cleavage sites is

Hpal EcoRI
Pstl
Pstl

e

0

BstEIl

RSF 1010
(8.68 kb)

Fig. 8.3 The structure of plasmid RSFI010. The pink tinted
areas show the positions of the Sm® and Su® genes. The region
marked ori indicates the location of the origin of replication.
The mob function is required for conjugal mobilization by a
compatible self-transmissible plasmid. A, B and C are the
regions encoding the three replication proteins.

located within the antibiotic-resistance determin-
ants and none is particularly useful for cloning.
Before the Bst, Eco and Pst sites can be used, another
selective marker must be introduced into the
RSF1010 genome. This need arises because the Sm®
and SuR genes are transcribed from the same pro-
moter (Bagdasarian et al. 1981). Insertion of a DNA
fragment between the Pst sites inactivates both
resistance determinants. Although the Eco and Bst
sites lie outside the coding regions of the Sm® gene,
streptomycin resistance is lost if a DNA fragment is
inserted at these sites unless the fragment provides a
new promoter. Furthermore, the SuR determinant
which remains is a poor selective marker.

A whole series of improved vectors has been
derived from RSF1010 but only a few are mentioned
here. The earliest vectors contained additional
unique cleavage sites and more useful antibiotic-
resistance determinants. For example, plasmids
KT230 and KT231 encode Km® and Sm® and have
unique sites for HindIII, Xmal, XhoRI and SstI which
can be used for insertional inactivation. These two
vectors have been used to clone in P. putida genes
involved in the catabolism of aromatic compounds
(Franklin et al. 1981). Vectors for the regulated
expression of cloned genes have also been described.
Some of these make use of the tac promoter
(Bagdasarian et al. 1983, Deretic et al. 1987) or the
phage T7 promoter (Davison et al. 1989), which will
function in P. putida as well as E. coli. Another makes
use of positively activated twin promoters from a
plasmid specifying catabolism of toluene and xylenes
(Mermod et al. 1986). Expression of cloned genes
can be obtained in a wide range of Gram-negative
bacteria following induction with micromolar quan-
tities of benzoate, and the product of the cloned gene
can account for 5% of total cell protein.

Vectors derived from the
IncP-group plasmids

Both the IncP alpha plasmids (R18, R68, RK2, RP1
and RP4), which are 60 kb in size, and the smaller
(52 kb) IncP beta plasmid R751 have been com-
pletely sequenced (Pansegrau et al. 1994, Thorsted
et al. 1998). As a result, much is known about the
genes carried, the location of restriction sites, etc.
Despite this, the P-group plasmids are not widely
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used as vectors because their large size makes
manipulations difficult.

A number of groups have developed mini-IncP
plasmids as vectors and good examples are those
of Blatny et al. (1997). Their vectors are only 4.8—
7.1 kb in size but can still be maintained in a wide
range of Gram-negative bacteria. All the vectors
share a common polylinker and lacZ ‘region, thereby
simplifying cloning procedures and identification of
inserts by blue/white screening (see p. 35) and most
carry two antibiotic-resistance determinants. All the
vectors retain the oriT (origin of transfer) locus,
enabling them to be conjugally transferred in those
cases where the recipient cannot be successfully
transformed or electroporated. Two other features
of these vectors deserve mention. First, the parDE
region from the parent plasmid has been included in
some of the vectors, since this greatly enhances their
segregative stability in certain hosts. Secondly, the
trfA locus on the vectors contains unique sites for
the restriction enzymes Ndel and Sfil. Removal of
the Ndel-Sfil fragment results in an increased copy
number. Expression vectors have also been devel-

pJB3Tc20

7069 bp

lacZ’

Fig. 8.4 Map and construction of
general-purpose broad-host-range
cloning vectors derived from plasmid
RP4. The restriction sites in the
polylinker downstream of the lacZ
promoter are marked (V¥), and the sites
are, in the counterclockwise direction,

Bgill HindIIL SphL, PstL, Sall/HincIl/ Accl,

pkq
e
oriT

& 5594 bp

Pneo oriV

Xbal, BamHI, Xmal/Smal, Kpnl, Sacl and
EcoRI. Sites in the polylinker that are
not unique are indicated elsewhere

on each vector. Note that the sites for
Ndel and Sfil are unique for all of the
vectors except pJB321. Pneo, promoter
from the neomycin resistance gene;
bla, kan, tet and cat, genes encoding
ampicillin, kanamycin, tetracycline
and chloramphenicol resistance,
respectively. (Figure modified from
Blatny etal. 1997.)

oped by the inclusion of controllable promoters.
Representative examples of these vectors are shown
in Fig. 8.4.

An alternative way of using P-group plasmids as
cloning vectors has been described by Kok et al.
(1994). Their method combines the advantages
of high-copy-number pBR 322 vectors with the con-
venience of conjugative plasmids. This is achieved
by converting the pBR322 vector into a transpos-
able element. Most pPBR322 derivatives contain the
B-lactamase gene and one of two 38 bp inverted
repeats of transposon Tn2. By adding a second
inverted repeat, a transposable element is created
(Fig. 8.5). All that is missing is transposase activity
and this is provided by another plasmid, which is a
pSC101 derivative carrying the tnpA gene. To use
this system, the desired DNA sequence is cloned into
the transposition vector. The recombinant molecules
are transformed into an E. coli strain carrying the
P-group plasmid (e.g. R751) and the pSC101 tnpA
derivative and selection is made for the desired char-
acteristics. Once a suitable transformant has been
selected, it is conjugated with other Gram-negative
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Fig. 8.5 A transposable vector derived from pBR322. The
solid arrowheads indicate the inverted repeats required for
transposition. Insertion of a DNA fragment in the multiple-
cloning site results in inactivation of the lacZo gene and
regulated gene expression from the wild-type lac promoter.
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bacteria and selection made for the ampicillin-
resistance marker carried on the transposon.

Vectors derived from the IncW plasmid Sa

Although a group-W plasmid, such as plasmid pSa
(Fig. 8.6) can infect a wide range of Gram-negative
bacteria, it has been developed mainly as a vector
for use with the oncogenic bacterium A. tumefaciens
(see p. 224). Two regions of the plasmid have been
identified as involved in conjugal transfer of the plas-
mid and one of them has the unexpected property
of suppressing oncogenicity by A. tumefaciens (Tait
et al. 1982). Information encoding the replication of
the plasmid in E. coli and A. tumefaciens is contained
within a 4 kb DNA fragment. Leemans et al. (1982b)
have described four small (5.6—7.2 MDa), multiply
marked derivatives of pSa. The derivatives contain
single-target sites for a number of the common
restriction endonucleases and at least one marker in
each is subject to insertional inactivation. Although
these Sa derivatives are non-conjugative, they can
be mobilized by other conjugative plasmids. Tait
et al. (1983) have also constructed a set of broad-
host-range vectors from pSa. The properties of their

EcoRI
Sstll

Smal
Bg/TI FcoR1

Fig. 8.6 The structure of plasmid Sa. The grey area encodes
the functions essential for plasmid replication. The dark red
areas represent the regions containing functions essential for
self-transmission, the one between the Sst and Sal sites being
responsible for suppression of tumour induction by
Agrobacterium tumefaciens.

derivatives are similar to those of Leemans et al.
(1982b), but one of them also contains the bacterio-
phage A cos sequence and hence functions as a
cosmid. Specialist vectors for use in Agrobacterium
and which are derived from a natural Agrobacterium
plasmid have been described by Gallie et al. (1988).

Vectors derived from pBBR1

Plasmid BBR1 is a broad-host-range plasmid origin-
ally isolated from Bordatella bronchiseptica that is
compatible with IncP, IncQ and IncW plasmids and
replicates in a wide range of bacteria. Kovach et al.
(1995) have developed a series of vectors from
pBBR1 that are relatively small (< 5.3 kb), possess
multiple cloning sites, allow direct selection of
recombinants in E. coli by blue/white screening and
are mobilizable by IncP plasmids. Newman and
Fuqua (1999) have developed an expression vector
from one of these pBBR1 derivatives by incorporat-
ing the araBAD/araC cassette from E. coli (see p. 76)
and shown that the promoter is controllable in
Agrobacterium. Sukchawalit et al. (1999), using a
similar vector, have shown that the promoter is also
controllable in Xanthomonas.
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Cloning in Gram-positive bacteria

In Gram-positive bacteria, the base composition of
the different genomes ranges from < 30% GC to
> 70% GC. Given this disparity in GC content, the
preferred codons and regulatory signals used by
organisms at one end of the % GC spectrum will not
be recognized by organisms at the other end. This
in turn means that there are no universal cloning
vehicles for use with all Gram-positive bacteria.
Rather, one set of systems has been developed for
high-GC organisms (e.g. streptomycetes) and another
for low-GC organisms. This latter group comprises
bacteria from the unrelated genera Bacillus, Clostrid-
ium and Staphylococcus and the lactic acid bacteria
Streptococcus, Lactococcus and Lactobacillus.

Vectors for cloning in Bacillus subtilis
and other low-GC organisms

The development of B. subtilis vectors began with
the observation (Ehrlich 1977) that plasmids from
S. aureus (Table 8.1) can be transformed into B.
subtilis, where they replicate and express antibiotic
resistance normally.

As can be seen from Table 8.1, none of the natural
S. aureus plasmids carries more than one selectable
marker and so improved vectors have been con-
structed by gene manipulation, e.g. pHV11is pC194
carrying the TcR gene of pT127 (Ehrlich 1978). In
general, these plasmids are stable in B. subtilis, but
segregative stability is greatly reduced following
insertion of exogenous DNA (Bron & Luxen 1985).
Reasoning that stable host-vector systems in B.

subtilis are more likely if endogenous plasmids are
used, Bron and colleagues have developed the cryp-
tic Bacillus plasmid pTA1060 as a vector (Haima
etal. 1987, Bronetal. 1989).

Because of the difficulties experienced in direct
cloning in B. subtilis, hybrid plasmids were con-
structed which can replicate in both E. coli and
B. subtilis. Originally most of these were constructed
as fusions between pBR322 and pC194 or pUB110.
With such plasmids, E. coli can be used as an efficient
intermediate host for cloning. Plasmid preparations
extracted from E. coli clones are subsequently used
to transform competent B. subtilis cells. Such pre-
parations contain sufficient amounts of multimeric
plasmid molecules to be efficient in B. subtilis-
competent cell transformation (see p. 140).

Table 8.2 lists some of the commonly used shuttle
plasmids. Note that some of them carry some of the
features described earlier for E. coli plasmids, e.g. the
E. coli lacZo-complementation fragment, multiple
cloning sites (MCS) (see p. 53) and the phage f1
origin for subsequent production of single-stranded
DNA in a suitable E. coli host (see p. 70).

The influence of mode of replication:
vectors derived from pAMB1

Early in the development of B. subtilis cloning vectors,
it was noted that only short DNA fragments could be
efficiently cloned (Michel et al. 1980) and that longer
DNA segments often undergo rearrangements (Ehrlich
et al. 1986). This structural instability is independ-
ent of the host recombination systems, for it still
occurs in Rec™ strains (Peijnenburg et al. 1987).

Table 8.1 Properties of some S. aureus plasmids used as vectors in B. subtilis.

Phenotype conferred

Plasmid on host cell Size  Copy no. Other comments

pC194 Chloramphenicol 2906 bp 15 Generates large amount of high-molecular-weight DNA when carrying
resistance heterologous inserts

pE194 Erythromycin 3728 bp 10 cop-6 derivative has copy number of 100.
resistance Plasmid is naturally temperature-sensitive for replication

pUB110 Kanamycin 4548 bp 50 Virtually the complete sequence is involved in replication maintenance,
resistance site-specific plasmid recombination or conjugal transfer
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Table 8.2 B. subtilis—E. coli shuttle plasmids.
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Replicon Markers
Size

Plasmid (kbp) E.coli B.subtilis E.coli  B. subtilis Comments

pHV14 46 PpBR322 pCl94 Ap, Cm Cm pBR322/pC194 fusion. Sites: Pstl, BamHI, Sall, Ncol
(Ehrlich 1978)

pHV15 4.6 pBR322 pCl194 Ap, Cm Cm pHV14, reversed orientation of pC194 relative to pBR322

pHV33 4.6 pBR322 pCl194 Ap, Tc, Cm Cm Revertant of pHV14 (Primrose & Ehrlich 1981)

pEB10 89 pBR322 pUBTI10 Ap, Km Km pBR322/pUB110 fusion (Bron et al. 1988)

pLB5 58 pBR322 pUB110  Ap,Cm,Km  Cm,Km Deletion of pBR322/pUB110 fusion, CmR gene of pCI94
Segregationally unstable (Bron & Luxen 1985). Sites:
BamHl|, EcoRl, Bq/lll (in KmR gene), Ncol (in Cm" gene)

pHP3 48 pBR322 pTA1060 Em,Cm Em, Cm Segregationally stable pTA1060 replicon (Peeters et al.
1988). Copy number c. 5. Sites: Ncol (CmR gene), Bcll
and Hpal (both Em® gene)

pHP3Ff 53 pBR322 pTA1060 Em,Cm Em, Cm Like pHP3; phage f1 replication origin and packaging
signal

pGPA14 58 pBR322 pTA1060 Em Em Stable pTA1060 replicon. Copy number c. 5.
a-Amylase-based selection vector for protein export
functions (Smith et al. 1987). MCS of M13mp11 in lacZa

pGPB14 57 pBR322 pTA1060 Em Em As pGPA14, probe gene TEM-B-lactamase

pHP13 49 pBR322 pTA1060 Em,Cm Em, Cm Stable pTA1060 replicon. Copy number c. 5. Efficient
(shotgun) cloning vector (Haima et al. 1987). MCS of
M13mp9 in lacZa
LacZa not expressed in B. subtilis. Additional sites: Bc/l
and Hpal (both Em® gene)

pHV1431 109 pBR322 pAMpBI Ap, Tc,Cm Cm Efficient cloning vector based on segregationally stable
pAMB1 (Janniere et al. 1990). Copy number c. 200. Sites:
BgmHl, Sall, Pstl, Ncol. Structurally unstable in E. coli

pHV1432 88 pBR322 pAMpPI Ap, Tc,Cm Cm pHV1431 lacking stability fragment orfH. Structurally
stable in E. coli

pHV1436 82 pBR322 pTB19 Ap, Tc,Cm Cm Low-copy-number cloning vector (Janniére et al. 1990)

Structurally stable

A major contributing factor to structural instabil-
ity of recombinant DNA in B. subtilis appears to be
the mode of replication of the plasmid vector (Gruss
& Ehrlich 1989, Janniere et al. 1990). All the B. sub-
tilis vectors described above replicate by a rolling-
circle mechanism (see Box 8.2). Nearly every step in
the process digresses or could digress from its usual
function, thus effecting rearrangements. Also, single-
stranded DNA is known to be a reactive intermediate

in every recombination process, and single-stranded
DNA is generated during rolling-circle replication.

If structural instability is a consequence of rolling-
circle replication, then vectors which replicate by
the alternative theta mechanism could be more
stable. Janniére et al. (1990) have studied two poten-
tially useful plasmids, pAMB1 and pTB19, which
are large (26.5 kb) natural plasmids derived from
Streptococcus (Enterococcus) faecalis and B. subtilis,



Box 8.2 The two modes of replication of circular DNA molecules

There are two modes of replication of circular DNA
molecules: via theta-like structures or by a rolling-
circle type of mechanism. Visualization by electron
microscopy of the replicating intermediates of many
circular DNA molecules reveals that they retain a ring
structure throughout replication. They always possess
a theta-like shape that comes into existence by the
initiation of a replicating bubble at the origin of
replication (Fig. B8.1). Replication can proceed either
uni- or bidirectionally. As long as each chain remains
intact, even minor untwisting of a section of the
circular double helix results in the creation of positive
supercoils in the other direction. This supercoiling is
relaxed by the action of topoisomerases (see Fig. 4.1),
which create single-stranded breaks (relaxed
molecules) and then reseal them.

sCertele

Fig. B8.1 Theta replication of a circular DNA molecule.
The original DNA is shown in black and the newly-
synthesized DNA in red. @ represents the origin of
replication and the arrow shows the direction of
replication.

An alternative way to replicate circular DNA is the
rolling-circle mechanism (Fig. B8.2). DNA synthesis
starts with a cut in one strand at the origin of
replication. The 5" end of the cut strand is displaced
from the duplex, permitting the addition of
deoxyribonucleotides at the free 3" end. As
replication proceeds, the 5' end of the cut strand is
rolled out as a free tail of increasing length. When a
full-length tail is produced, the replicating machinery
cuts it off and ligates the two ends together. The
double-stranded progeny can reinitiate replication,
whereas the single-stranded progeny must first be
converted to a double-stranded form. Gruss and
Ehrlich (1989) have suggested how deletants and
defective molecules can be produced at each step in
the rolling-circle process.

|
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T

Fig. B8.2 Rolling-circle replication of a circular DNA
molecule. The original DNA is shown in black and the
newly synthesized DNA in red. The solid and open circles
represent the positions of the replication origins of the
outer (+) and inner () circles, respectively.
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respectively. Replication of these plasmids does not
lead to accumulation of detectable amounts of single-
stranded DNA, whereas the rolling-circle mode
of replication does. Also, the replication regions of
these two large plasmids share no sequence homo-
logy with the corresponding highly conserved regions
of the rolling-circle-type plasmids. It is worth noting
that the classical E. coli vectors, which are derived
from plasmid ColEl, all replicate via theta-like
structures.

Renault et al. (1996) have developed a series of
cloning vectors from pAMp1. All the vectors carry a
gene essential for replication, repE, and its regulator,
copF. The latter gene can be inactivated by inserting
a linker into its unique Kpnl site. Since copF down-
regulates the expression of repE, its inactivation
leads to an increase in the plasmid copy number
per cell. The original low-copy-number state can be
restored by removal of the linker by cleavage and
religation. This new replicon has been used to build
vectors for making transcriptional and translational
fusions and for expression of native proteins. Poyart
and Trieu-Cuot (1997) have constructed a shuttle
vector based on pAMP1 for the construction of tran-
scriptional fusions; it can be conjugally transferred
between E. coli and a wide range of Gram-positive
bacteria.

Transcription and translation

The composition of the core RNA polymerase in
B. subtilis and other low-GC hosts resembles that of
E. coli. The number of sigma factors is different in each
of the various genera but the principal sigma factor
is sigma A. Analysis of many sigma A-dependent
Bacillus promoters shows that they contain the
canonical —35 and —10 sequences found in E. coli
promoters. In B. subtilis, at least, many promoters con-
tain an essential TGTG motif (—16 region) upstream
of the —10 region. Mutations of this region signific-
antly reduce promoter strength (Helmann 1995,
Voskuil & Chambliss 1998). The promoters also have
conserved polyA and polyT tracts upstream of the
—35region. Although the —16 region is found in some
E. coli promoters, such promoters often lack the —35
region, whereas this never occurs in B. subtilis.

The translation apparatus of B. subtilis differs
significantly from that of E. coli (for review, see

Vellanoweth 1993). This is demonstrated by the
observation that E. coli ribosomes can support pro-
tein synthesis when directed by mRNA from a range
of Gram-positive and Gram-negative organisms,
whereas ribosomes from B. subtilis recognize only
homologous mRNA (Stallcup et al. 1974). The
explanation for the selectivity of B. subtilis ribosomes
is that they lack a counterpart of the largest E. coli
ribosomal protein, S1 (Higo et al. 1982, Roberts &
Rabinowitz 1989). Other Gram-positive bacteria,
such as Staphylococcus, Streptococcus, Clostridium and
Lactobacillus, also lack an S1-equivalent protein and
they too exhibit mRNA selectivity. The role of S1 is
believed to be to bind RNA non-specifically and bring
it to the decoding site of the 30S subunit, where proper
positioning of the Shine-Dalgarno (S-D) sequence
and initiation codon signals can take place. This
is reflected in a more extensive complementarity
between the S-D sequences and the 3" end of the
168 ribosomal RNA (rRNA) than found in bacteria
which have ribosomal protein S1.

The additional sequence requirements for efficient
transcription and translation in B. subtilis and other
low-GC organisms probably explain why many E. coli
genes are not expressed in these hosts.

Controlled expression in B. subtilis and
other low-GC hosts

The first controlled expression system to be used in
B. subtilis was the Spac system (Yansura & Henner
1984). This consists of the E. coli lacI gene and the
promoter of phage SPO-1 coupled to the lac operator.
More recently, the E. coli T7 system (see p. 74) has
been successfully implemented in B. subtilis (Conrad
et al. 1996). This was achieved by inserting the T7
RNA polymerase gene (rpoT7) into the chromosome
under the control of a xylose-inducible promoter
and cloning the gene of interest, coupled to a T7 pro-
moter, on a B. subtilis vector. Of course, expression
of the heterologous gene can be made simpler by
putting it directly under the control of the xylose-
inducible promoter (Kim et al. 1996). A similar
xylose-inducible system has been developed in
staphylococci (Sizemore et al. 1991, Peschel et al.
1996) and Lactobacillus (Lokman et al. 1997). Many
different controllable promoters are available in
Lactococcus lactis (for reviews see Kuipers et al. 1995,



152 CHAPTER 8

Table 8.3 Some inducible systems in L. lactis.

Promoter Inducer

lacA or lacR Lactose

dnaJ High temperature

sodA Aeration

PA170 Low pH, low temperature
trpE Absence of tryptophan
®31 and ori ®31 infection

nisA or nisF Nisin

De Vos et al. 1997) and some representative ex-
amples are shown in Table 8.3.

In the $31 system of L. lactis, the gene of interest is
placed under the control of a phage middle promoter
inserted in a low-copy-number vector carrying the
phage ori region. Following infection of the host cell
with ¢31, the plasmid copy number rapidly increases
and this is followed by expression from the phage
promoter. Following induction in this manner, the
level of expression of the cloned gene can increase
over 1000-fold (O’Sullivan et al. 1996). Similar
levels of expression can be achieved by using the
nisA and nisF systems but with the added advantage
that the exact level of expression depends on the
amount of nisin added to the medium (Kuipers et al.
1995, De Ruyteretal. 1996).

Secretion vectors for low-GC bacteria

The export mechanism in Bacillus and other low-GC
bacteria resembles that of E. coli (for review, see
Tjalsma et al. 2000). However, there are differences
in the signal peptides compared with those found
in E. coli and eukaryotes. The NH, termini are
more positively charged. The signal peptides are also
larger and the extra length is distributed among all
three regions of the signal peptide. Hols et al. (1992)
developed two probe vectors for the identification
of Gram-positive secretion signals. These vectors
made use of a silent reporter gene encoding the
mature o-amylase from Bacillus licheniformis. The dis-
advantage of this system is that detection of secreted
amylase involves flooding starch-containing media
with iodine and this kills the bacteria in the colonies.

Consequently, replica plates must be made before
iodine addition.

Poquet et al. (1998) have developed an alterna-
tive probe system which uses the S. aureus-secreted
nuclease as a reporter. This nuclease is a small (168
amino acid), stable, monomeric enzyme that is devoid
of cysteine residues and the enzymatic test is non-
toxic to bacterial colonies. The probe vectors have the
nuclease gene, lacking its signal sequence, located
downstream from an MCS. Cloning DNA in the vec-
tors results in the synthesis of fusion proteins and
those containing signal sequences are detected by
nuclease activity in the growth medium. Le Loir et al.
(1998) have noted that inclusion of a nine-residue
synthetic propeptide immediately downstream of
the signal-peptide cleavage site significantly enhances
secretion.

Vectors for systematic gene inactivation

With the advent of mass sequencing of genomes
(see p. 2), many genes have been discovered whose
function is unknown. One way of determining
function is to inactivate the gene and then monitor
the effect of this on cell fitness under different growth
conditions. To study the functions of uncharacter-
ized open reading frames in B. subtilis, Vagner et al.
(1998) constructed a series of vectors to perform
directed insertional mutagenesis in the chromo-
some. These vectors, which have been given the
designation pMUTIN, have the following properties:
¢ an inability to replicate in B. subtilis, which allows
insertional mutagenesis;

* areporter lacZ gene to facilitate the measurement
of expression of the target gene;

¢ the inducible Pspac promoter to allow controlled
expression of genes downstream of and found in the
same operon as the target gene.

A typical pMUTIN vector is shown in Fig. 8.7 and
their mode of use is as follows. An internal fragment
of the target gene is amplified by polymerase chain
reaction (PCR) and cloned in a pMUTIN vector and
the resulting plasmid is used to transform B. subtilis.
Upon integration, the target gene is interrupted and
a transcriptional fusion is generated between its
promoter and the reporter lacZ gene (Fig. 8.8). If the
targeted gene is part of an operon, then any genes
downstream of it are placed under the control of the
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HindIIl
Ter Pspac EcoRI
MCS Notl
Sacll
BamHI

pMUTIN

Fig. 8.7 A typical pMUTIN vector. The Em®, lacI and lacZ
genes are expressed in B. subtilis and the Ap® gene is expressed
in E. coli. ‘Ter’ indicates the presence of a terminator to
prevent run-through transcription from the Em® gene.

‘Op’ represents the Lacl operator.

Pspac promoter. It should be noted that the pro-
cedure shown in Fig. 8.8 simultaneously generates
two types of mutants: an absolute (null) mutation in
orf2 through gene inactivation, and a conditional
mutation in orf3, which can be relieved by induction
with isopropyl-B-p-thiogalactoside (IPTG).

Fig. 8.8 Integration of pMUTIN into

atarget gene. Genes of the orf1-orf3

operon are indicated as white boxes.

Red box corresponds to the internal

segment of the target gene. The vector is

integrated in orf2 by a single crossing-

over event. (Figure reproduced for

Microbiology courtesy of Dr S.D. Ehrlich r’

Cloning in streptomycetes

Cloning in Streptomyces has attracted a lot of interest
because of the large number of antibiotics that are
made by members of this genus. Although Strep-
tomyces coelicolor is the model species for genetic
studies (Hopwood 1999), many other species are the
subject of intensive study and methods developed
for one species may not work particularly well in
another.

Streptomycete DNA has a G+C content of 70-75%
and this affects the frequency of restriction sites.
As might be expected, AT-rich recognition sites are
rare and this can be useful if large-sized fragments
of DNA are wanted. For the construction of gene
libraries, the most commonly used enzymes are
ones with a high GC content in their recognition
sequence, e.g. BamH1 (G'GATCC), BglIl (A’GATCT),
and Bell (T'"GATCA).

In Streptomyces, promoters may be several hund-
red base pairs upstream of the start of the gene and
so can be lost during gene cloning. Also, many
Streptomyces promoters are complex and may
include tandem sites for recognition by different
sigma factors. Streptomycetes are good at express-
ing genes (promoters, ribosome binding sites, etc.)
from low-G+C organisms, but Streptomyces genes
are usually difficult to express in E. coli because most
promoters do not function, and translation may be
inefficient unless the initial amino acid codons are
changed to lower-G+C alternatives.
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There are several ways in which DNA can be
introduced into streptomycetes, including transfor-
mation, transfection and conjugation. Transforma-
tion is achieved by using protoplasts, rather than
competent cells, and high frequencies of plasmid DNA
uptake can be achieved in the presence of poly-
ethylene glycol (Bibb et al. 1978). Plasmid mono-
mers that are covalently closed will yield 10°-107
transformants/ug of DNA, even with plasmids up to
60 kb in size. Open circular and linearized molecules
with sticky ends transform with 10-100-fold lower
efficiency (Bibb et al. 1980). The number of trans-
formants obtained with non-replicating plasmids
that integrate by homologous recombination into
the recipient chromosome is greatly stimulated by
simple denaturation of the donor DNA (Oh & Chater
1997). This stimulation reflects an increased fre-
quency of recombination rather than an increased
frequency of DNA uptake. Electroporation has been
used to transform streptomycetes, since it bypasses
the need to develop protoplast regeneration pro-
cedures (Pigac & Schrempf 1995, Tyurin et al.
1995). For electroporation, limited non-protoplasting
lysozyme treatment is used to weaken the cell wall
and improve DNA uptake. Intergeneric conjugation
of mobilizable plasmids from E. coli into strepto-
mycetes (see p. 142) is increasingly being used,
because the required constructs can be made easily
in E. coli and the conjugation protocols are simple.
For intergeneric conjugation to occur, the vectors
have to carry the oriT locus from RP4 and the E. coli
strain needs to supply the transfer functions in trans
(Mazodier etal. 1989).

Transformants are generally identified by the
selection of appropriate phenotypes. However, anti-
biotic resistance has much less utility than in other
organisms, because many streptomycetes produce
antibiotics and hence have innate resistance to
them. One particularly useful phenomenon is that
clones harbouring conjugative plasmids can be
detected by the visualization of pocks. The property
of pock formation, also known as lethal zygosis, is
exhibited if a strain containing a conjugative plasmid
is replica-plated on to a lawn of the corresponding
plasmid-free strain. Under these conditions, clones
containing plasmids are surrounded by a narrow
zone in which the growth of the plasmid-free strain
isretarded (Chater & Hopwood 1983).

Table 8.4 Streptomyces plasmids that have been used
in the development of vectors.

Mode of Copy Host

Plasmid Size replication number range

plJ101 8.8kb Rollingcircle 300

pIV1 11.1kb  Rolling circle Broad
pSG5 12.2kb Rolling circle ~ 20-50 Broad
SCP2* 31kb  Theta 1-4

SLP1 17.2kb Rolling circle Integrating Limited
pSAM2 10.9kb Rolling circle Integrating Broad

Vectors for streptomycetes

With the exception of RSF1010 (see p. 145), no plas-
mid from any other organism has been found to
replicate in Streptomyces. For this reason, all the
cloning vectors used in streptomycetes are derived
from plasmids and phages that occur naturally in
them. The different replicons that have been sub-
jugated as vectors are listed in Table 8.4. Nearly all
Streptomyces plasmids carry transfer functions that
permit conjugative plasmid transfer and provide
different levels of chromosome-mobilizing activity.
These transfer functions are very simple, consisting
of a single transfer gene and a repressor of gene
function.

Plasmid SCP2*is a deriviative (Lydiate etal. 1985)
of the sex plasmid SCP2. Both plasmids have a size
of 31.4kb and are physically indistinguishable,
although SCP2* exhibits a much more pronounced
lethal zygosis reaction. SCP2* is important because
it is the progenitor of many very low-copy-number,
stable vectors. High-copy-number derivatives have
also been isolated with the exact copy number (10 or
1000) being dependent on the sequences from the
replication region that are present. SLP1 and pSAM2
are examples of Streptomyces plasmids that normally
reside integrated into a specific highly conserved
chromosomal transfer RNA (tRNA) sequence (Kieser
& Hopwood 1991). Many different specialist vectors
have been derived from these plasmids, including
cosmids, expression vectors, vectors with promo-
terless reporter genes, positive-selection vectors,
temperature-sensitive vectors, etc., and full details
can be found in Kieser et al. (2000).



Cloning in bacteria other than E. coli 155

The temperate phage ¢C31 is the streptomycete
equivalent of phage A and has been subjugated as a
vector. 0C3 1-derived vectors have upper and lower
size limits for clonable fragments with an average
insert size of 8 kb. In contrast, there are no such size
constraints on plasmid cloning, although recombin-
ant plasmids of a size greater than 35 kb are rare with
the usual vectors. However, phage vectors do have
one important advantage: plaques can be obtained
overnight, whereas plasmid transformants can take
up to 1 week to sporulate. Plasmid-integrating vectors
can be generated by incorporating the integration
functions of §C3 1.

As noted earlier, a major reason for cloning in
streptomycetes is to analyse the genetics and regula-
tion of antibiotic synthesis. Although all the genes
for a few complete biosynthetic pathways have been
cloned (Malpartida & Hopwood 1985, Kao et al.
1994, Schwecke et al. 1995), some gene clusters may
be too large to be cloned in the standard vectors. For

this reason, Sosio et al. (2000) generated bacterial
artificial chromosomes (BACs) that can accommodate
up to 100 kb of streptomycete DNA. These vectors
can be shuttled between E. coli, where they replic-
ate autonomously, and Streptomyces, where they
integrate site-specifically into the chromosome.

Homoeologous recombination

Homoeologous recombination is the recombina-
tion between DNA sequences that are only partially
homologous. In most bacteria, homoeologous re-
combination fails to occur because of mismatch
repair, but it does occur in streptomycetes, although
the frequency of recombination is about 10°-fold
lower than for homologous recombination. The
significance of homoeologous recombination is that
it permits the formation of hybrid genes, gene clus-
ters or even species and can lead to the formation of
new antibiotics (Baltz 1998).



