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ABSTRACT

The viomycin-resistance derivative, Tn4560, of S. fradiae transposon Tn4556 can
insert at various sites in Streptomyces chromosomes. To introduce Tn4560 into S.
venezuelae (a producer of chloramphenicol) in which linkage can be easily analysed by
generalized transduction, a Cys™ strain of S. lividans in which Tn4560 had transposed
from plasmid pUC1169 into the host chromosome was first isolated. In that strain
Tn4560 transposed from the chromosome into a high-copy-number temperature-sensitive
plasmid pGM160 and a low copy-number plasmid pDQ101. The Tn4560-containing
plasmid pDQ201, derived from pDQ101, was transferred into S. venezuelae by
transformation to generate the VioR ThioR strain, LG206. In LG206, pDQ201 was
unstable at 43 °C.  About 40,000 colonies were screened for the ThioS phenotype after
growth at 43 °C in the presence of viomycin. Southern hybridization analysis of genomic
DNA fragments of 14 VioR ThioS isolates showed that Tn4560 had transposed to at least
four different chromosomal sites. Conjugation mapping located Q-1 between hisA6 and
pdx-4, and Q-3 between pdx-4 and lysA; SV1-mediated generalized transduction
located Q2-2 very close to pdx-4, and Q-4 within the chloramphenicol biosynthesis (cml)
gene cluster. A junction fragment containing the Q-4 insertion site was cloned for future
use as a probe to identify chloramphenicol biosynthesis genes. To demonstrate
transposition into a previously mapped gene in S. venezuelae, pDQ201 was transferred
into a homoserine-sensitive thrC mutant and plasmids were subsequently eliminated at 43
°C. Selection for homoserine resistance gave thrB thrC double mutants. Cotransduction
of vph, thr™ and lysA™ in a [ysA recipient confirmed the location of Tn4560 (Q-5) in

or very close to the thrB gene.
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INTRODUCTION

Streptomyces spp. are Gram-positive bacteria with a high G+C content (74%, Bibb et
al., 1984). These bacteria are currently the object of intense investigation at the molecular
level. Much of this interest is prompted by their complex differentiation cycle and by their
ability to produce many diverse secondary metabolites. Approximately 2/3 (more than
4,000) of the known naturally occurring antibiotics including many of those important in
medicine, such as aminoglycosides, anthracyclines, chloramphenicol, B-lactams,
macrolides and tetracyclines, are produced by this class of microorganisms (Okami &
Hotta, 1988). Greater understanding of mechanisms that regulate expression of the genes
governing antibiotic biosynthesis, including knowledge of gene locations, will permit
rational approaches to generating industrial strains of microorganisms that produce
increased antibiotic yields or that synthesize new antibiotics. Genetic recombination
techniques, including conjugation, transduction, transfection, transformation, protoplast
fusion and gene cloning have been developed in Strepromyces. The utilization of these
methods would be enhanced by the availability of selectable mutations, such as those
caused by insertion of a transposon.

Transposons are genetically and physically discrete sequences of DNA able to move
themselves (transpose) from one position on a donor chromosome or plasmid or virus
genome to another (i.e., from one replicon to another) within a cell (Craig & Kleckner,
1987). The process of transposition involves recombination that is independent of the
generalized, homologous recombination function provided by RecA or equivalent proteins
in E. coli and most, if not all other bacteria. In Streptomyces, the recA independence of
transposition has yet to be demonstrated since no confirmed recA-type mutants have yet
been isolated (Kieser et al., 1989).

Transposable elements, some of which include genes encoding properties such as drug



resistance, pathogenicity, or biosynthetic functions, which may serve as selectable markers
(Bennett et al., 1988), have been discovered in a wide variety of both Gram-positive and
Gram-negative bactcria and in eukaryotes. They have been subjected to intensive
investigation due to the considerable interest in transposition mechanisms, and because they
have become powerful tools for bacterial genetics (Berg & Berg, 1987). Transposable
elements have been used extensively in several ways that include: the identification of genes
by insertion mutation giving easily selectable or scorable markers in or adjacent to genes of
interest; the characterization of gene clusters as operons by generating pleiotropic (polar)
miutations; analysis of transcriptional and translational regulatory mechanisms; cloning large
and sma!l contiguous DNA segments in vivo; providing mobile primer binding sites that
facilitate DNA sequencing; providing " portable, regulatable promoters with which to
manipulate patterns of gene expression " (Berg et al., 1989); and facilitating restriction

mapping of adjacent host DNA (Zuber & Schumann, 1991).

Although several publications describe the discovery and characterization of
transposable elements in Streptomyces spp., reports about their practical use are few
(Chung & Crose, 1989; Davis & Chater, 1990; Schauer et al., 1991; Solenberg & Baltz,
1991; Hahn er al., 1991b). To date, no naturally occurring transposable elements have
been found in the chloramphenicol-producing Streptomyces venezuelae 1SP5230
(ATCC10712), althought this species has several advantages over other Streptomyces
spp. for exploring their use. First, phage SV1 and ocher phages (SV3, SV9, SV11 and
SV12) are capable of generalized transduction in §. venezuelae (Stuttard, 1988; 1989;
1992). Secondly, many auxotrophs have been isolated and a chromosomal linkage map
has been developed (Doull et al., 1986; Vats et al., 1987; Stuttard, 1988). Finally, much
is now known about the biochemical reactions in the secondary metabolic pathway leading
to chloramphenicol biosynthesis (Vining & Westlake, 1984), and a series of antibiotic

nonproducing mutants has been identified (Doull et al., 1985). The organization and
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regulation of genes controlling secondary metabolism and switches from primary to
secondary metabolism in Streptomyces are major areas of biological and practical interest,

and provide the focus for most research with these bacteria.
Tn4560, a class I Tn3-like transposon from the neomycin-producing S. fradiae, has

shown some potential for mutagenesis (Chung & Crose, 1989). It can transpose from
plasmid to chromosome, plasmid to plasmid, and chromosome to plasmid in S. lividans
and other Streptomyces spp. (Chung, 1987; 1988; Yagi, 1990). A primary objective of
the present work was to introduce Tn4560 into S. venezuelae and then determine whether
Tn4560 could transpose from the plasmid into chromosomal DNA. If it could, then
transposon insertional mutants would be mapped by conjugation and transduction to see
whether the insertion sites were randomly distributed on the chromosome, and whether
useful insertions could be obtained in genes concerned with secondary metabolism

(chloramphenicol biosynthesis) and associated primary metabolisr:: (chorismate synthesis

and utilization).



LITERATURE REVIEW

This -section consists of three parts giving general information about transposable
elements in prokaryotes, then describing investigations on transposable elements,
especially Tn4560, in Streptomyces spp. and finally summarizing several aspects of

genetic studies in S. venezuelae as a background for the work described in this thesis.

I. TRANSPOSABLE ELEMENTS IN PROKARYOTES

Transposable elements were first discovered and characterized genetically in maize by
McClintock 40 years ago (McClintock, 1951). Nowadays, with the development of
genetic engineering, their detection, characterization, and study is much easier and many
different transposable elements have been found in both prokaryotes and eukaryotes.
Based upon whether DNA or RNA mediates the transposition, transposable elements can
be classified into two broad categories. Retrotransposable elements exemplified by the Tyl
element of yeast (Boeke et al., 1985) and the copia element of Drosophila (Bingham &
Zachar, 1989) transpose through an RNA intermediate. The second category are the
bacterial transposons and the P element of Drosophila, which either transpose directly or
through a DNA intermediate (Berg et al., 1989; Rio, 1991).

Bacterial transposable elements vary greatly in their gene organization, DNA sequence,
and mechanisms of transposition (Berg, 1989). Most elements contain short (8-40 bp)
inverted repeats (IR) bracketing a unique DNA segment (Bennett et al., 1988). Some
including TnS and phage Mu, can insert almost anywhere in a bacterial genome, although
none has totally random targei sites (Berg er al., 1989). Other transposons (e.g., Tn7,
and TnS54) insert into one preferred site in the chromosome (Berg et al., 1989). Most
transposons are flanked by directly repeated sequences of target DNA which are generated

during transposition and have lengths characteristic of the transposon. Thus, Mu, Tn7,



and the Tn3 family generate 5 bp flanking repeats, whereas TnS, Tn9, and Tnl0
generate 9 bp repeats (Berg ez al.,1989). Some transposons, such as Tn554 and Tn916
generate no duplication of the target DNA when they insert (Berg et al., 1989; Caparon &
Scott, 1989). Some bacterial transposable elements, namely the Tn3 family, Tn7 and
Mu, show transpositional immunity, meaning that the presence of a copy of the transposon
(or even a single transposon end) in a target replicon greatly reduces the frequency of

subsequent transposition to that replicon (Robinson et al., 1977; Huang et al., 1986).

A. Examples of Transposable Elements

Bacterial transposable elements, in general, can be assigned to one of three main classes
(Craig & Kleckner, 1987). Fig. 1-1 shows the structures of representative transposable

elements in each of these classes.

1. IS elements and composite transposons

Class I transposons include insertion sequence (IS) elements and composite
transposons (Craig & Kleckner, 1987). Most IS elements are 0.7 to 2 kb in length
(Bennett et al., 1988) and generally encode only one or two small proteins required for
transposition; they contain no genes encoding non-transposition-related functions (Craig &
Kleckner, 1987). Each element has short (15-25 bp) terminal inverted repeats containing
the specific sites where transposition proteins (transposase) act, and generates a 5 bp (e.g.,
1S50) or 9 bp (e.g., ISI) duplication at the target site upon insertion. IS elements not
only transpose as individual modules (e.g., IS, and 1IS5), but frequently cooperate to
form composite transposons, in which a DNA fragment is flanked by two copies of direct

(e.g., Tn9) or inverted (e.g., Tn5 and Tnl0) IS repeats so that the whole segment can
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FIG. 1-1, Three classes of representative transposable elements (modified from Berg
et al., 1989). Symbols: l, the sites of action of transposition proteins; B , the sites of
action (res) of resolution proteins (TnpR); [__], genes involved in transposition and
resolution: Mu, A (and B); Tn5, tnp/inh; I1SI, A and B; Tn3, tnpA and tnpR; and Tn501,
tnpA tnpM and tnpR (Sherratt, 1989). Other symbols: O. and I, outside and inside IS50
ends, respectively, of Tn3; inh, inhibitor of TnS transposition. IS50 L of Tn5 contains an
ochre allele of the tnp/inh gene. Curved arrows indicate the site of action of the
transposition repressor. The resistance genes are: amp, ampicillin; kan, kanamycin; ble ,

bleomycin; mer, mercury; str, streptomycin; tet, tetracycline.



transpose as a single unit (Craig & Kleckner, 1987). A common feature among composite
transposons is that only one of the two IS insertion sequences is active, presumably
favoring transposition of the transposon as a whole over that of the single IS.

Transposon TnS is a representative of class I transposons and was found on an R-
plasmid of Klebsiella (Berg, 1989). It has now been introduced into more than 55 Gram-
negative bacterial species and has become one of the most intensively studied and widely
used of the bacterial transposons (Berg, 1989). The 5.82 kb transposon is composed of
1.5 kb terminal inverted repeats of the insertion element IS50 bracketing a 2.8 kb unique
region encoding resistance to kanamycin, neomycin, bleomycin, and streptomycin
(Mazodier et al., 1985). TnS can move {rom phage A to the E. coli chromosome at
frequencies of about 10 /CFU and inserts into many different sites in any typical gene
(Berg, 1989). In many genes, Tn5 insertion sites are randomly distributed, but preferred
sites are used in other genes. For example, the insertions in pBR322 are nearly random in
amp, but in tet there are five strongly preferred sites (" hot spots")(Berg et al., 1983;
Lodge et al., 1988). High negative supercoiling and GC pairs at the ends of the target
sites were found to facilitate transposition of Tn5 into various preferred sites (Lodge &

Berg, 1990).
2. Tn3 and related transposons

Class II transposons, exemplified by Tn3, are all related to one-another, and
characteristically have short (35 to 48 bp) terminal inverted repeats (IRs) which, unlike one
or both ends of composite transposons, are not capable of independent transposition (Fig.
1-1). They generate 5-bp target sequence duplications upon insertion; encode a transposase
(tnpA gene product) and a resolvase (tnpR) which also regulates expression of tnpA and

itself; and they contain an internal resolution site (res) where resolvase-mediated



recomoination and regulation occur (Grinsted et al., 1990). In all class II transposons
except the S. fradiae transposon Tn4556, the 3' end of ¢tnpA is in or near one IR, and
tnpR and res are immediately "upstream" of tnpA (Fig. 1-2)(Grinsted et al., 1990).
Class II transposons also show transposition immunity (Craig & Kleckner, 1987).

The organization of tnpA, tnpR, res, and the IRs allows class II transposons to be
divided into several subclasses (Fig.1-2)(Grinsted ez al., 1990): 1) the Tn3 subclass
including Tn3 and close relatives such as Tnl, Tn2, Tnl000 (y3), and Tn951; 2) the
Tn2I subclass which is divisible into the Tn2/ branch ( Tn21 itself and Tr3926 )
and the Tn1722 branch (including TnS01, Tnl721, and Tn4653); 3) Tn2501 from
Yersinia enterocolitica; 4) Tn917 and Tn551 from Gram-positive bacteria; 5)
Tnd4430 also from Gram-positive bacteria; 6) Tn4556 from S. fradiae; and 7) other
elements such as Tn4651 from Pseudomonas putida. Within the Tn3 and Tn2501
subclasses, the tnpA and tpR genes are generally transcribed divergently, while in the
Tn4560, Tn21, Tn917 and Tn4430 subclasses these genes are transcribed in the same
direction. Amino acid sequences of the TnpA and TnpR proteins among members in a
specific subclass have at least 70% similarity. There is, however, only 30% similarity in
the aa sequences of transposition proteins and less than 26/38 bp identity in IRs between
the subclasses. Finally, the location of res differs for each subclass: it is between tnpA
and tnpR in Tn3, Tn4556, and Tn2501 subclasses, and upstream from both genes in
members of the Tn2/ and Tn917 subclasses (Grinsted et al., 1990).

Class II transposons usually transpose in a two-step process by using two trans-acting
factors (Seifert et al., 1986). Firstly the tnpA product, transposase, binds to bp12-38
(domain B) of each 38 bp IR (Amemura-Maekawa & Ohtsubo, 1991) and catalyzes
formation of a cointegrate in which two direct repeats of the transposon, one at each of the
two fusion junctions, connect the donor and target DNAs. The second step resolves the

cointegrate into two smaller DNAS, a genetically unchanged donor molecule and a target
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molecule which now contains a single copy of the transposon. This recombination is
catalyzed by the highly efficient site-specific resolvase protein (Kleckner, 1990).

More than 25 Class II transposons have been found in both Gram-positive and Gram-
negative species of at least 50 different genera (Heffron, i983). They carry a variety of
antibiotic resistance genes: Tn3 encodes a B-lactamas» responsible for the ampicillin
resistance of many pathogenic bacteria; and several transposons carrying erythromycin
resistance determinants have been isolated from Streptococcus faecalis and
Staphylococcus aureus; including Tn917, Tn551, and Tn554 (Fig. 1-2). The
transposition rate of Class II transposons ranges from 107 to 1077 per cell generation, and
some'imes can be more then 100 times higher (Sherratt, 1989).

Despite the similarities in sequence, organization, and terminal repeats, members of
Class II display signiticant differences in insertion specificity. Where there is a choice
between chromosornal and other plasmid DNA, Tn55/ transposes more frequently into
chromosomal DNA (Luchansky & Pattee, 1984). Tn917 can insert into both plasmid and
chromosomal DNA, but occasionally inserts preferentially into plasmid (Weaver &
Clewell, 1987). Transposition of Tn3 and the Tn2] subclass into plasmids is nearly
random, but they rarely go into the E. coli chromosome (Kretschmer & Cohen, 1977,
Grinsted et al., 1990). Tnl000(yd) and Tn3 insert preferentially into A+T-rich sites,
with a weak consensus sequence of ATATT (Liv et al.,1987), especially near regions that

resemble the end of Tn3 (Tu & Cohen, 1980).
3. Phage Mu and relatives
Class IIT transposable elements are exemplified by phage Mu, the first transposon for

which an in vitro system mediating transposition was developed (reviewed by Groisman,

1991). Itis a temperate phage able to enter either the lytic cycle or the lysogenic state, but
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both require transposition. Mu undergoes conservative (" cut-and-patch") transposition to
insert its genome into the host chromosome, and replicative transposition via repeated
cointegrdte formation duriug lytic growth (Pato, 1989; Kleckner, 1990). Genes involved
in Mu transposition are situated on the leftmost 5 kb of the Mu genome. A large protein
(MuA) and a smaller protein (Mu B) control the transposition of Mu: Mu A is required for
both conservative and replicative transposition reactions and Mu B is involved in the initial
insertion into target DNA (Kleckner, 1990; Groisman, 1991). Mature phage particles are
made by packaging from the cointegrate structures with the ends of each phage genome still
attached to short pieces of bacterial DNA.

Bacteriophage Mu can transpose randomly into any chromosomal gene (Berg et al.,
1989). For example, phage MudIIPR13, a derivative of Mu carrying a selectable cat
marker and able to generate lacZ transcriptional fusions, inserted into the chromosome of
Erwinia amylovora CFBP1430 and resulted in 6900 independent CmR mutants (Barny et
al., 1990). The frequency of auxotrophs (2.3%) in this population indicated that
MudIIPR13 had inserted randomly in E. amylovora. Mu has the most random insertion
specificity of known transposons when insertions in specific regions are mapped, although
hot spots are found (Chaconas, 1987; Castilho & Casadaban, 1991). Mu transposes
preferentially into the sites having a G/C in the center of 5-bp duplication (Berg et al.,
1989). About 100 different Mu derivatives have been described (Groisman, 1991) and
have become the most effective tools for studying regulation of transcription in bacteria.
For example, Mud-/ac phages containing a promoterless /ac gene and a kanamycin
resistance (kan) gene, have been used to investigate the complex regulation of the flagellin
structural genes in Salmonella typhimurium (Gillen & Hughes, 1991). Like the Tn3
family, phage Mu also exhibits transposition immunity, the mechanism of which is

understood better than Tn3 (or Tn7) immunity (Adzuma & Mizuuchi, 1988).
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4. Other transposons

Although the majority of transposons can be included in one of the categories above,
some cannot. One example is Tn7 which has the structure of a class II transposon but is
otherwise unrelated (Lichtenstein & Brenner, 1982; Berg et al., 1989).

Another example is a group of Gram-positive transposons which can excise from host
DNA and circularize but not replicate (Clewell et al., 1988), and apparently mediate
conjugation (in the absence of any plasmid or phage) between strains of the same or
different genera. They include Tn916 and related elements from Enterococcus faecalis
and Streptococcus sanguis, Tnl1545 from Streptococcus pneumoniae, Tn3951 from
Streptococcus agalactiae (Berg, 1989) and Tn3701 {Le Bouguenec et al., 1988). These
elements range in size from 16 kb to more than 65 kb. These elements can be transferred
from Streptococci to S. aureus, Listeria monocytogenes, Bacillus :ubtilis, Bacillus
anthracis, several species of mycoplasma (Berg, 1989; Dybvig é Cassell, 1987; Roberts
& Kenny, 1987), Streptococcus bovis JB1 (Hespell & Whitehead, 1991b), Butyrivibrio
fibrisolvens (Hespell & Whitehead, 1991a ). Transposition of Tn916 into the B. subtilis
chromosome gives the host competence for conjugation with group A Streptococci (Berg,
1989). These elements are different from the three classes of transposable elements
described above in that they have no IR sequence and do not duplicate target sequences of
DNA upon insertion (Caparon & Scott, 1989). Therefore, the molecular mechanisms
proposed for movement of other transposons cannot apply to these conjugative

transposons.

B. Strategies for Promoting Transposition

To produce insertion mutants at an experimentally useful frequency, transposons must
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be delivered efficiently to an appropriate recipient strain. A delivery system would consist
of a counter-selectable vector to carry the transposon, and a mechanism to transfer the
vector into the desired recipient bacteria. Conjugation, transduction, and transformation
could be used for this purpose, and several different methods are available to measure

transposition.

1. Transposition from plasmid to plasmid

Transposition from one plasmid to another can be detected by different strategies.
Bacterial matings provide the simplest tests for transposition (Bennett et al., 1988) and
were used to discover the first bacterial transposon, Tnl (originally called TnA and
identical to Tn3). The conjugative plasmid R64 (TetR) was transferred into E. coli J53
containing the Tra~ plasmid, Sa-1, which carried the ampictiiin-resistance transposon Tn/
(ApR). Cells containing both plasmids (Sa-1 and R64) were then mated with recipient J62
cells, and TetR ApR transconjugants were selected. Tnl was found to have transposed
from Sa-i to R64 (Hedges & Jacob, 1974).

Another strategy depends on an increase in gene copy number (Bennett et al., 1988).
The overall level of gene expression generally increases with the gene copy number. In
cells with a drug-tesistance gene carried by a iransposon, the level of resistance is expected
to rise as the transposon copy number increases. After a small multicopy plasmid such as
pBR322 is introduced into the same cell as a low-copy, transposon-containing plasmid,
transposition from low to high copy plasmid can be assessed by selecting colonies growing
at a higher antibiotic concentration. Transposition of TnA was demonstrated again by this
strategy (Dodd & Bennett, 1983). However, this approach would be inappropriate for
some transposons. For example, with Tnl0 the higher the number of copies in the cell,

the lower the resistance conferred to tetracycline (Bennett et al., 1989).
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2. Transpesition from plasmid to chromosome

Trans$posons do not replicate autonomously, that is, they only replicate in the process
of transposition or as part of the host replicon, or both. Therefore, common strategies for
using them involve selection for transposition from a non-replicating molecule to a
functional replicon such as the host chromosome. "Suicide" strategies involve the use of
plasmid vectors which are unstable in the recipient cell because of a deficiency in the vector
or host, or through incompatibility between plasmids or between plasmid ard host
functions (Berg & Berg, 1987). For example, plasmids unable to replicate at elevated
temperatures (#s) are lost when the host is grown at the higher temperature (Chung, 1987);
or a transposon vector may be expelled by introducing a selectable incompatible plasmid

into the same cell line (Schauer et al., 1991).

3. Transposition from chromosome to plasmid

If a plasmid is introduced into a cell which has a transposon in its chromosome,
transposition from chromosome to plasmid can be detected in different ways. If the
plasmid is conjugative, transposition could be assessed by crossing the donor strain
carrying the plasmid with a suitable recipient strain and selecting for recipients with the
donor plasmid and transposon (Kleckner et al., 1991). If the plasmid is nonconjugative,
total plasmid DNA can be isolated from a derivative of the donor strain carrying the test
plasmid and used to transform a suitable recipient strain (Yagi, 1990). Transconjugants
and transformants are selected on medium containing the antibiotic to which the transposon

confers resistance.
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4. Transposition from phage vector to chromosome

The principle of this strategy which uses phage vectors to donate transposons is to
infect a recipient cell with phage which carries the transposon, under conditions where the
phage cannot lysogenize or grow lytically. Wild-type temperate bacteriophage, especially
those with a cos system of DNA packaging, are not always suitable transposon delivery
vehicles because enlargement of the bacteriophage genome beyond a certain limit can
prevent packaging. Larger insertions can only be accommodated if there is a compensating
deletion elsewhere on the phage genome. Several special derivatives of phage A (cos) or
P22 (headful packaging) have been successfully used for transposon mutagenesis in E.
coli and Salmonella typhimurium (Kleckner et al., 1977; Berg & Berg, 1987). The best
derivatives for donating TnS5 and Tnl0 have mutations which have removed the phage
attachment site (a#f) and the integrase gene (inf). For example, insertions of mini-Tn/0
(KmR) into the E. coli K-12 chromosome were made from A phage 11D5 (mini-kan)
(Way er al., 1984). Since the vector phage with excessive DNA will be eliminated soon
after infection because it cannot be maintained as a stable prophage, selection for the
transposon-encoded drug resistance guarantees that the transposon has inserted into the
host DNA.

Bacteriophage P1 has a plasmid prophage and has been used as a vector for transposon
insertion mutagenesis. The prophage of P1CM, a chloramphenicol resistance derivative of
P1, is also a plasmid and is strongly incompatible with another derivative, P1::Tn5.
Different kinds of TnJ insertion mutants were obtained by infection of Klebsiella
aerogenes KB895 containing PICM prophage with P1::Tn5 (KmR) followed by
simultaneous selection for both CmR and KmR (Quinto & Bender, 1984). This procedure

produced null mutations while avoiding additional mutations elsewhere in the genome.



16

Generalized transducing phage could be used to identify the transposition of transposon
into a site near the gene of interest. For example, phage ¢Cr30, was used to infect the
pools of Tn5 insertion mutants of Caulobacter crescentus. The phage lysates were then
used to transduce a lysine auxotroph to prototrophy with simultaneous selection for KmR.
Tn5 insertions along with [yst, with cotransduction frequency of 10 to 60% , were
obtained in this way (Ely & Croft, 1982). Generalized transducing phages such as SF1

and SV1 could offer this possibility in Streptomyces.

5. Transposition from plasmid to phage

Bacillus subtilis can be infected by a large (130-kb) temperate phage, SP. This phage
is known to contain relatively large regions of "nonessential" DNA, which should be able
to receive a transposon without inactivating the phage, and it easily accommodates extra
DNA of at least transposon size without causing a packaging problem. Youngzman et al.
(1983) introduced the Streptococ:cus faecalis transposon Tn917, conferring the pleiotropic
MLSR phenotype ( resistance to macrolide, lincosamide, and streptogramin B antibiotics)
into a B. subtilis SPP lysogen by transforming competent cells with the plasmid
pAMa1::Tn917. The SPP lysogen containing pAMo1::Tn917 was induced and the lysate
was used to superinfect another lysogen, with a selection for MLSR. This allowed phage-

borne transposition products to be identified.

C. Use of Transposable Elements in the Genetic Analysis of Bacteria

Although transposable elements are of intrinsic interest, they have also come into

increasing prominence as tools for genetic analysis in bacteria. They were initially used in
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E. coli and Salmonella, but are already proving valuable in analysis of other species of
bacteria (Berg et al., 1989). Here I will discuss transposon mutagenesis whick seems to
have general applicability and to be a particularly powerful addition te the practice of

bacterial genetics.
1. Mutagehesis by transposition

The most common effect of transposition is inactivation of the target gene. This can be
due to interruption of the coding sequence, to genetic rearrangements, or to negative polar
effects when a transposon carrying a transcription terminator inserts between the promoter
of a gene and its coding sequence. A disadvantage of chemical mutagenesis with agents
such as N-methy-N'-nitro-N-nitrosoguanidine or ethyl methane sulfonate is that they
often generate multiple (often cryptic) mutations in the genome especially when low
survival frequencies are used (e.g., < 5%) (see Hopwood et al., 1985). In contrast,
transposon-mutagenesis is a fast, easy, and reliable method for isolating large numbers of
mutations. Insertion mutants can be recovered at high frequency without high levels of cell
death (Seifert et al., 1986). Insertion of a drug-resistance transposon into a gene
guarantees that the mutation generated represents the null state of the gene: the absence of
gene product rather than an altered form of gene product. Furthermore, many transposons
are strongly polar, blocking expression of all the genes of an operon that lie promoter distal
to the inserted transposon. Silent mutations caused by insertion of the transposon in a
second site can be checked by hybridization, using a probe containing the transposon.

Not every mutation has an easily selectable or scorable phenotype. For example, most
auxotrophs and deficiencies in secondary metabolism cannot be selected directly.
However, the drug resistance encoded by a transposon not only provides powerful

selection for the mutant form of the gene, but also gives a readily scoreable phenotype that
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can be used for replacement of the wild-type allele by the mutant or vice-versa.

Transposon mutagenesis could be implemented in two different ways: either direct or
indirect.  In direct mutagenesis the transposon is introduced into the organism to
mutagenize the genomic DNA. In indirect mutagenesis a plasmid containing a cloned DNA
fragment to be mutagenized is first introduced into a host organism containing the
transposon. After the transposon has inserted into the plasmid, the mutagenized DNA is

returned to an appropriate host (Berg et al.,1989).

1.1. Direct transposon mutagenesis

Direct mutagenesis is only used in those organisms in which transposition can occur.
However, it has the advantage that the entire genome rather than cloned fragments can be
subjected to mutagenesis (Chung & Crose, 1989). Two.general approaches are used:
either the transposon is introduced into cells that lack the element, or the transposon is
moved from one replicon to another within the cell (Berg ez al., 1989). Thus, Tn5 was
used directly to mutate several virulence genes in Bordetella pertussis (Weiss et al.,
1983); Tnl0 has been employed to isolate mutants of S. typhimurium which gave altered
survival rates in macrophages (Fields et al., 1986). Okada et al.(1991) isolated 50
independent Tn5 insertion mutants with reduced virulence from a virulent strain of

Shigella flexneri.

1.2. Indirect transposon mutagenesis

Indirect (shuttle) mutagenesis could be suitable for any microorganism, but the DNA

fragment to be mutagenized first must be cloned (Chung & Crose, 1989). The effect of the
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transposon insertion into a cloned DNA sequence is determined by screening for a
selectable phenotype or the loss of function of a specific gene. The " shuttle " vector
carrying mutagenized DNA is transferred by any convenient method back into the parental
strain where homologous recombination between cloned and resident alleles via a single
crossover on one side of the transposon can integrate the vector to yield an unstable
duplication (heterogenote) containing cne mutant and one wild-type allele. A second
crossover on the other side excises the vector DNA and either restores the wild type or
replaces it with the mutant allele (Berg et al., 1989). This process is called marker
exchange or gene replacement (Berg et al., 1989). Indirect TnS mutagenesis was used to
determine whether Streptomyces DNA could be a target for Tnj transposition in E. coli.
After a C31::pBR322 shuttle plasmid vector was introduced by transformation into an E.
coli strain containing a chromosomal copy of Tn5, TnS was found to transpose from the
chromosome to several positions on the Streptomyces ¢C31 DNA but did not transpose
from a similar shuttle plasmid after reintroduction into Strep:omyces cells (Foster cited in

Chater, 1986).

2. Use of transposon mutagenesis to cione genes with phenotypes that

are not selectable or easily recognizable

Transposon mutagenesis has been used to facilitate the cloning of genes with
phenotypes that are not selectable or easily recognizable. Transposon-inactivated
sequences can be cloned by using the antibiotic resistance determinant of the transposon as
a selective marker and subsequently can be used to probe gene banks to isolate wild-type

functional sequences. By using such a cloning strategy genes responsible for flagellum
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formation were isolated (Purucker et al., 1982) and DNA fragments containing genes

involved in the development of Myxococcus xanthus were cloned (Furuichi et al. 1985,

II. TRANSPOSABLE ELEMENTS IN STREPTOMYCES SPP.

Transposable elements such as Tn3, Tn5 and phage Mu have been used in a wide
variety of bacteria. Although some transposons from one species of Gram-positive bacteria
were reported to transpose in other Gram-positive bacteria (Youngman et al., 1983;
Vandeyar & Zahler, 1986), no transposable elements from Gram-negative or other Gram-
positive bacteria have been found to function in Streptomyces spp.. This might be due to
the very high G+C content (74%) which is shunned by many transposons that prefer
[A+T]-rich targets (Chater et al., 1988). Although TnS mutagenesis was successfully
employed to map the Streptomyces replication functions of a Streptomyces-E. coli
shuttle plasmid pSG5 (Muth et al., 1988), the observation of Gil and Hopwood (1983)
indicated that Streptomyces DNA seems to be a poor target. Although shuttle mutagenesis
can generate defined mutations, this process is time- consuming. Therefore, searches for
streptomycete transposons able to insert into different chromosomal sites have been
pursued and, along with pure chance, have yielded several transposable elements from
various Streptomyces spp. (Chater et al., 1988; Hutter & Eckhardt, 1988)). As shown in
Table 1-1, most transposable elements in Streptomyces are insertion sequences and one of

them is related to Tn3.

A. IS Elements in Streptomyces spp.

Several IS elements have been discovered in Streptomyces by chance. For example, a

1.4-kb insertion sequence, IS116, was observed to transpose from the chromosomal DNA



w!—mﬁ;‘

[IEUISI T S,

N

21

TABLE 1-1 Naturally occurring transposable elements in Streptomiyces spp.

Designation  Size (kb) Host References
IS110 1.6 S. coelicolor Chater et al., 1985
1S112 0.88 S. albus G Rodicio et al., 1991
IS116 1.4 S. clavuligerus Leskiw er al., 1990
1S117 2.6 S. coelicolorA3(2) Lydiate et al., 1986
18281 1.4 S. lividans 803 Sladkova 1986
IS456 5.4 S. lividans Chen et al., 1991
1S466 1.9 S. coelicolorA3(2) Kinashi & Shimaji, 1991
18493 1.6 S. lividans Solenberg & Burgett 1989
Tn4556 6.6 S. fradiae Chung 1587

to plasmid DNA when plJ702 was used to transform protoplasts of S. clavuligerus
(Leskiw et al., 1990).

Direct DNA sequence analysis was used as one way to identify potential transposable
elements in Streptomyces spp. (Hutter & Eckhardt, 1988). Most transposable elements
contain terminal inverted repeats which can form stem-loop structures by annealing within
single strands of the DNA (Sladkova, 1986; Hutter & Eckhardt, 1988). This approach
seems promising with relatively small DNA elements, but may be difficult with
chromosomes (Hutter & Eckhardt, 1988). Another strategy used insertional activation of a
repressor gene that functions in E. coli. Plasmid pCZA126, a shuttle vector for
Streptomyces and E. coli, carries two genes: one encoding the lambda cI857 repressor

which controls another encoding apramycin resistance (ApmR). At 30 °C E. coli cells
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carrying pCZA126 were apramycin sensitive. Apramycin resistance developed when the
c/857 repressor gene was nonfunctional. Therefore, pCZA126 was used to select for
insertion -of transposable elements from Streptomyces spp. into the cI857 gene. A 1.6 kb
insertion sequence, 1S493, was found by screening ApmR E. coli transformants with
plasmids propagated in S. lividans CT2 (Solenberg & Burgett, 1989).

Another method involved inactivation of the Sall restriction and modification (RM)
genes of Streptomyces albus G to give the R M™ phenotype (Chater et al., 1988) and
yield IS112 (Rodicio er al., 1991).

Among reported Streptomyces 1S elements, the single large open reading frame (ORF)
of each of the insertion sequences, I1S/10 from S. coelicolor A3(2) and 1S116 from S.
clavuligerus specify proteins similar to ORF1 of IS117 from S. coelicolor A3(2)

(Leskiw et al.,1990).

B. Larger transposons in Streptomyces spp.

Only two groups of larger transposons have been reported from Streptomyces spp. so
far. Tn4556 was first discovered by chance in S. fradiae: its derivatives such as Tn4560
transpose from one replicon to another (Chung, 1987). Another group of transposons,
represented by Tn5096, Tn5097, and Tn5099, has been constructed either by inserting
the ApmR gene aac(3)IV in either orientation into the Sty site between two open reading
frames in the insertion element IS493, or by inserting a promoterless xy/E gene from
Pseudomonas putida and a hygromycin resistance gene from S. hygroscopicus into

1S493 (Solenberg & Baltz, 1991; McHenney &Baltz, 1991; Hahn et al.,1991b).
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1. Tn4556 and its derivatives Tn4560 and Tn4563

1.1. Discovery of Tn4556

The existence of a 6.6 kb transposon Tn4556 in 2 neomycin-producing strain of §.
fradiae was first reported by Chung (1987). In seeking the minimal replicon of pUC13
(also known as pSF1, the plasmid prophage of the temperate, generalized transducing
phage, SF1) one Bcll fragment (22.5 kb), containing the origin of replication was ligated
to a 1.0-kb Bcll fragment of pIJ702 carrying the thiostrepton resistance gene (tsr), and
then the ligation mixture was used to transform protoplasts of S. fradiae (Fig. 1-3). The
resulting plasmid pUC1210 was highly unstable, possibly because it lacked a partition
function. However, continued selection for ThioR eventually yielded stable strains
carrying unexpected plasmids. Each stable plasmid had an insertion of a 6.6-kb DNA
element which was subsequently designated Tn4556; this element probably contributed its
resolvase activity as a substitute for the absent par function. Southern blot hybridization
confirmed that Tn4556 came from the S. fradiae chromosome. When plasmids lacking
Tn4556 were introduced into S. fradiae UC8592 which contains a chromosomally
inserted copy of Tn4556, the 6.6-kb element transposed again from the chromosome into
the plasmid at numerous new locations and with two orientations, one orientation being

preferred to the other. (Chung, 1987; Olson & Chung, 1988).

1.2. Characteristics of Tn4556

Nucleotide sequence information from the ends of Tn4556 revealed that it contained
terminal inverted repeat sequences (IRs) of 38 base pairs (bp) with a single mismatched
pair (Olson & Chung, 1988). The Tn4556 IRs are 70% homologous with those of Tn3.

Insertion of Tn4556 generates a 5-bp duplication of the target sequence (Olson & Chung,
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FIG. 1-3 Isolation of pUC1214 carrying Tn4556 (Chung, 1989)
Modified from Kieser & Hopwood, 1991. pUC13 is the plasmid prophage of
SF1, also called pSF1. Bc, Bcll site.
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1988), and fortuitously in one isolate the duplicated target sequence was a BamHI site
(Fig. 1-3). Computer-aided analysis revealed that the Tn4556 sequence includes nine
possible open reading frames (ORFs), each of which has the translation start codon ATG
and encodes at least 120 amino acids before a termination codon, TAG, is reached in the
same frame, but only ORF1, ORF2, ORF3, and ORFS5 were considered likely to encode
proteins (Chung & Crose, 1989). ORF1 is 2,676 bp long and potentially encodes an 892
aa protein starting at nucleotide 505, which is just inside an IR, and ending at nucleotide
3181. This makes ORF]1 slightly shorter than Tn3 transposase which contains 3,045 bp
encoding 1,015 aas (Chung & Crose, 1989). About 61% of the aas encoded in ORFI are
identical to those of the transposase encoded by tnpA of Tn3. At the nt level these genes
share about 55% identity. The ORF2 sequence (429 bp) would encode 143 aas, slightly
shorter than, and about 50% identical to, Tn3 resolvase (555 bp encoding 185 aas)
(Chung & Crose, 1989). Two pairs of indirect repeats located between ORF1 and ORF2
closely match the res consensus sequence (5-TGTCYNNTA-3"} of Tn3-related
transposons (Siemieniak ez al., 1990). DNA molecules containing Tn4556 are likely to
be immune to further insertions by Tn4556, although an incoming transposon often

replaces a preexisting homologous transposon (Chung & Crose, 1989).

1.3. Construction of plasmid pUC1169 containing Tn4560

Since Tn4556 had transposed from the S. fradiae chromosome into one of the
BamHI sites on pUC1210, generating pUC1214 (Fig. 1-3), it was possible to cut was cut
pUC1214 with BamHI and ligate it with pMT660, a temperature-sensitive derivative of
plJ702, to form the recombinant plasmid pUC1165 (Fig. 1-4A). A previously-cloned 2.0-
kb BamHI fragment containing the promoterless viomycin-resistance gene (vph) was
inserted into Tn4556 by blunt-end ligation to BglII-cleaved pUC1165 DNA to form
pUC1169 (Fig. 1-4). Expression of vph to give viomycin resistance was apparently by
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FIG. 1-4 A) Construction of Tn4560 in pUC1169; B) Restriction map of Tn4560.
Modified from Kieser & Hopwood, 1991. Symbols: vph, promoterless viomycin
resistance gene previously cloned from S. vinaceous; tsr, thiostrepton resistance; mel,
melanin pigment; ORF, open reading frame; kb, kilobase pair. tnpA, transposase; tnpR,
resolvase; res, the site of action of resolution protein; IR, inverted repeats.
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readthrough from an internal transposon promoter. Tn4560 contains no sites for BamHI,
EcoRl, Hindlll, SnaB1, and Xbal; one site for EcoRV, Kpnl, Scal, Xhol and
BglIl; two sites for Sphl, Pstl and Clal; three sites for Bcll and Sstl (Fig 1-4)
(Chung, 1988).

1.4. Mutagenesis using transposon Tn4560

Transposon Tn4560 (Tn4556::vph) was shown to transpose from plasmid to
chromosome, plasmid to plasmid, and chromosome to plasmid in S. lividans and other
strains of Streptomyces spp.(Chung, 1987). The transposition frequency of Tn4560
from plasmid to chromosome was 1.3 x 10 -3 per spore in S. lividans (Chung & Crose,
1989). To see whether Tn4560 could be used for transposon mutagenesis, attempts were
made to mutagenize the entire genomic DNA with Tn4560. Chung and Crose (1989)
found seven auxotrophs among 1,500 Thio® Vio® mutants of S. lividans. They also
found two lincomycin nonproducers and three melanin nonproducers from about 4,000
Thio® VioR transposants from lincomycin-producing S. lincolnensis cultures. These data
and the results of Southern hybridization were the basis for the claim that Tn4560 could
transpose randomly from plasmid to chromosome (Chung, 1987; 1988). Transposition of
Tn4560 from plasmid to chromosome was also demonstrated in S. avermitilis, but no
auxotroph was found among 7,000 Tn4560 insertional mutants. This could mean that
Tn4560 has a high specificity of insertion in S. avermitilis (Yagi, 1990).

In one attempt to mutagenize cloned DNA with Tn4560 (Chung & Crose, 1989), a 13-
kb DNA fragment of S. lincolnensis containing a lincomycin resistance gene (Imr) was
cloned into plasmid plJ922, generating plasmid pLR1 in §. lividans. After pLR1 was
introduced into another S. lividans strain containing plasmid plJ37::Tn4560, Tn4560
was found to transpose into pLR1. The mutagenized S. lincolnensis DNA was
reintroduced into S. lincolnensis by transformation and Tn4560 was confirmed to have
inserted into a lincomycin biosynthesis gene (Chung & Crose, 1989).

Another experiment was conducted with S. coelicolor which produces spores that

develop a grey color through the activity of the whiE locus. The cloned whiE gene was
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identified by complementation in a whiE mutant and was subjected to mutagenesis by
transposon Tn4560 (Davis & Chater, 1990). Apart from one minor 'hotspot, the
positions of 19 insertions appeared to be random; in one of the plasmids examined the
transposon was inserted into the cloned DNA and caused loss of the ability to complement

whiE mutations.
1.5. Tn4563 and its applications

Tn4563 is identical to Tn4560 except for the orientation and expression of vph
(Chung, 1988). The transposon is carried by pUC1172, which also derives from
pMT660. After introduction into S. coelicolor J1501 by transformation, this plasmid was
difficult to cure at the elevated temperature (>39 °C), probably because the host fails to
grow at temperatures higher than 38 °C. However, Schauer et al. (1991) discovered that
pUC1172 was very unstable in S. coelicolor A3(2) strain 2612, an SCP1int (NF) strain,
and was rapidly lost at 30 *C in the absence of thiostrepton selection. It was possible that
SCP1 was responsible for the effect, but this was not verified and no mechanism was
proposed. Strain 2612 carrying pUC1172 was allowed to sporulate on drug-free medium
and the spores were spread on viomycin plates. Morphological variants that were ThioS
were picked and some were shown to be insertion mutants (bld and whi) that lacked
pUC1172. Two of the bld insertions were mapped to locations on the chromosome by
SCP1-mediated conjugation. At least one appeared to define a novel gene involved in

control of morphogenesis and antibiotic production (Schauer et ai., 1991).
2. Tn5096 and Tn5099

1§493, a 1.6-kb class I insertion sequence is present in S. lividans, it was identified
by transposition into the lambda repressor gene cI857 controlling expression of the
apramycin resistance (ApmR) gene aac(3)IV in an E. coli vector (Solenberg and Burgett,
1989).

A derivative of 18493, Tn5096, was constructed by inserting aac(3)IV between the



-

NP

OV U NE S TR

29

two ORFs of IS493. Tn5096 transposed into different sites in the chromosome of
Streptomyces griseofuscus ( a lankacidin producer) and into two linear plasmids. The
latter were confirmed by pulsed-field gel electrophoresis and Southern hybridization of
uncut and Sspl-digested S. griseofuscus genomic DNA. Three lankacidin-nonproducing
strains were found among the 130 transposon-containing strains tested. About 0.2% of the
cultures containing transposons were auxotrophs, and four (Phe”, Pro”, Thi", and Met")
were identified. DNA sequencing showed that the target for insertion was CANT, and 3bp
(ANT) appeared to be duplicated. Tn5096 also transposed in Streptomyces
thermotolerans, S. ambaofaciens, S. cinnamonensis, S. coelicolor A3(2), and the
tylosin-producing S. fradiae (Solenberg and Baltz, 1991).

Another derivative, Tn5099, was constructed by inserting a hygromycin resistance
gene (hyg) from S. hygroscopicus and a promoterless P. putida xylE gene to be
transcribed inward near one end of 1S493. Therefore, Tn5099 could be used as a HygR
selectable, portable xylE promoter probe. Hahn et al. (1991b) showed that Tn5099
transposed in S. griseofuscus from a temperature-sensitive plasmid, pXH106, derived
from pGM160. Insertions in about 35% of the transposition mutants were apparently
adjacent to promoters since the mutants synthesized catechol dioxygenase, the product of
the xylE gene. In addition, this transposon has restriction sites for Asel, Dral and Sspl
which may be useful for physical mapping of streptomycete chromosomes (Hahn et al.,
1991b).

III. GENETIC STUDIES IN STREPTOMYCES VENEZUELAE

Classical genetic techniques developed for S. venezuelae include chemical, radiation
and localized hydroxylamine mutagenesis, and gene transfer via generalized transduction,

conjugation and transformation.
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A. Isolation of Mutants

In order to establish a genetic map, many mutants have to be isolated, from which a
collection of double or triple mutants must be constructed. Many auxotrophic mutants of
S. venezuelae have been isolated (Stuttard, 1988), some of which were used in this study.
For example, V5239 is an auxotrophic mutant which probably lacks threonine synthase
(TS)(thrC) but has a functional homoserine kinase (HK) (thrB*) (Stuttard, unpublished
data). Several different mutagens, such as ethyl methanesulfonate (EMS); short-wavelengh
ultraviolet light in the presence of caffeine (UVSC); short-waveleuigth, ultraviolet light
(UVS); and long-wavelength ultraviolet light in the presence of 8-methoxypsoralen (MOP-
UVL), have been used to obtain auxotrophic and other types of mutants of the §.
venezuelae type strain 10712 (Doull, 1984). Twelve independent mutants blocked in
various steps of the chloramphenicol biosynthetic pathway were isolated and the mutations
were mapped by conjugation (Doull et al. 1985; 1986). ‘Further characterization of the
mutants and fine structure mapping by generalized transduction was accomplished by Vats
et al.(1987). This knowledge of the genetic structure of the cml region was useful in the

present work.

B. Generalized Transduction

Many different phages have been reported in Streptomyces spp. Some of them are
listed in Table 1-2. However, only SV1, SV3,8V9, SV11, SV12 and SF1 were shown to
be generalized transducing phage. The host range of SV1 includes S. venezuelae strains
ETH14630, ISP5230 (10712), 13s (3022a), ATCC04828 and ATCC10595, as well as S.
phaeochromogenes NRRLB3559 (Stuttard, 1982, 1989). Other Streptomyces strains,
including the purported S. venezuelae strains S13, MA4192, and ATCC15068 as well as
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Name Strain Reference

0C31 S. lividans Chater et al., 1986
R4 S. albus G Chater and Carter, 1979
SVl S. venezuelae 3022a Stuttard 1979

Sv3 S. venezuelae 10712 Stuttard 1989

SV9 S. venezuelae 10712 Stuttard 1989

SV11 S. venezuelae 10712 Stuttard 1989

SV12 S. venezuelae 10712 Stuttard 1989

Ba (R4) S. lavendulae 5283 Nakano et al., 1981
SF1 S. fradiae (Neo)? Chung, 1982

FP22 S. fradiae (Tyl)b and S. griseofuscus Cox and Baltz, 1984
FP43 S. griseofuscus Hahn et al.,, 1991a
SAtl S. azureus Ogata et al., 1985
VWB S. venezuelae ETH14630 Anne et al., 1985
$SC623, S. coelicolor Muller Schneider et al. 1990
$SC347 S. coelicolor Muller Schneider et al. 1990
$SCo681 S. coelicolor Muller Schneider et al. 1990

4 Neo, neomycin producing

b Tyl, tylosin producing
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Streptomyces omiyaensis KCC5-0124, §. coelicolor A3 (2), and S. lividans 66, are
insensitive to SV1 (Stuttard, 1979, 1982). SF1 is specific for the neomycin-producing
strain of S. fradiae (Churg & Thompson, 1985). Stuttard (1989) co:cluded that "despite
several other searches, only SV1 has been used for fine-structure genetic analysis in
Streptomyces spp.”. From estimates of its genome size, phage SV1 could package 45 kb
of chromosomal DNA by a headful packaging mechanism (Stuttard, 1989). SV1
transduces any given marker at frequencies of about 10 per PFU using phage irradiated
with UV light (254 nm) to allow only 0.1% PFU survival (Vats e: al., 1987).
Unirradiated phage gave lower transduction frequencies. Phage SV1 was used to
cotransduce adjacent genes in S. venezuelae, including more than 20 pairs of marker
combinations (Stuttard, 1983a; 1983b; 1988). Cotransduction frequencies of lysAl-thrCl,
thrC1-thrAS and thrAS-lysAl were 46%, 49% and 44%, respectively (Stuttard, 1988).
Cotransduction tests showed that all ¢cm/ markers were flanked by the mutually
cotransducible auxotrophic markers cysE28 and pdx-4 (Vats et al., 1987) (see Fig. 1-
5).

0.5%
- e —b
25% - > 2%
—————P <+ 8% 39%
l 55% lg—5% gl s0% 80% 4%
5%
e ! 7 -
arg-5 arg4  arg-6 cysE28 eml-2 cmi-12  ¢ml-] cmi-1] pdx-2-4-S rib-2 his-
-3 .S -3
-16-12
(-16-12) ¥ y 3
-7 -8 -6
.9
-10

FIG. 1-5 Fine structure of tie argA-his-1 region of the S. venezuelae linkage map (slightly
modified from Stuttard [1988], with permission). The percentage figures are cotransduction
frequencies; the length of DNA from cys-28 to pdxB4 may be about 45 kb (the size of SV1
DNA), and the whole region (arg to his-I) could be at least three times this length (Stuttard,
1988).
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C. Conjugation Mapping

Bacterial conjugation systems are both diverse and complex. In Gram-negative
bacteria, conjugation is a plasmid-mediated phenomenon that only occasionally results in
the transfer of some portion of the donor cell chromosome. F plasmid-mediated transfer of
chromosomal DNA can be achieved systematically with E. coli and some of its close
relatives. Conjugation in Streptomyces is less well understood.

Hopwood (1967) first demonstrated that quantitative data could be obtained from
crosses between doubly auxotrophic strains of S. coelicolor A3(2), thie best characterized
Streptomyces strain, and could be used to develop a linkage map which now has markers
defining at least 120 genes (Hopwood & Kieser, 1990). In S. venezuelae, conjugational
crosses using " 4-on-4 " and allele gradient techniques together with least crossover
analysis have been used to map about 30 genes (Hopwood et al., 1985; Doull et al.,
1986; Stuttard, 1992). The very limited numbers of genes identified and mapped in
Streptomyces spp. means that there is still great scope for further mutant isolation and
mapping by conjugation, especially to substantiate data on gene organization derived from
molecular techniques, including gene cloning and hybridization to chromosomal fragments

separated by pulse-field gel electrophoresis (Kieser & Hopwood, 1991).

D. Transformation and Gene Cloning

The development of host-vector systems for gene cloning in Streptomyces introduced
new opportunities for manipulating the secondary metabolic pathways and regulatory
mechanisms responsible for antibiotic production. Hopwood et al.(1985) developed
general procedures to prepare, transform and regenerate protoplasts of Streptomyces.

These procedures are suitable for many different Streptomyces spp., but not for all.
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Aidoo et al. (1990) found that sucrose was unsuitable as an osmotic stabilizer in buffer
solutions and media used for transformation of S. venezuelae. Its replacement with NaCl,
together .with other procedural modifications, allowed efficient formation and regeneration
of protoplasts. When pIJ941, a low-copy-number vector derived from the S. coelicolor
A3(2) plasmid SCP2* (Lydiate et al., 1985), was used to transform S. venezuelae 13s,
the plasmid in 18 of 20 transformants had a deletion of part of the region reported to code
for replication and transfer (Aidoo et al.,, 1990). The modified plasmid pDQ101
transformed S. venezuelae 1ISP5230 (10712) efficiently and was used to introduce a
fragment of DNA from the pab locus of the wild-type into V8531, a cml mutant of

ISP5230 blocked in chloramphenicol formation (Doull et al., 1985).
IV. SUMMARY

Transposons were first identified in E. coli and subsequently shown to exist in
virtually all bacterial species, including Streptomyces. They have been used in a variety of
ways as tools for molecular genetics, but their full potential has by no means yet been
realized in Streptomyces spp. In S. venezuelae, the availability of generalized
transduction in addition to conjugation and transformation makes this an attractive species
to use in attempts to extend transposon technology in these compler organisms. This
would match advances made with other bacteria, and would aid in the discovery of answers

to biological questions uniquely posed by streptomycetes.



MATERIALS AND METHODS

I. ORGANISMS

The wild-type strain ISP5230 (ATCC10712) and mutant strains of Streptomyces
venezuelae were obtained from Dr. C. Stuttard; this strain is designated 10712 throughout
this thesis. Streptomyces lividans UC8882, containing plasmid pUC1169 and carrying
Tn4560 was provided by Dr. S-T. Chung, the Upjohn Company, Kalamazoo, Michigan.
Streptomyces lividans TK23 was from Dr. D. A. Hopwood, John Innes Institute,

Norwich, UK. The strains and plasmids used in this study are listed in Table 2-1.

II. CHEMICALS AND BIOCHEMICALS

Bacto-peptone, malt extract, yeast extract, casamino acids, and Bactoagar were
purchased from Difco laboratories, Detroit, MI; N-tris[Hydroxymethyljmethyl-2-
aminoethanesulfonic acid (TES), Ficoll, trichloroacetic acid, Triton X-100, bovine serum
albumin (fraction 5), ribonuclease A, pronase, proteinase K, lysozyme (grade 1),
thiostrepton, ampicillin (sodium salt) and all amino acids or vitamin supplements were
purchased from Sigma Chemical Co., St. Louis, Mo. Viomycin was from Pfizer, Inc.,
Groton, Conn. Polyethylene glycol (PEG) 1000 was from Koch-Light. Tris-
(hydroxylmethyl) aminomethane (Tris), the random primer DNA labelling kit, phage
lambda DNA, ethidium bromide and lysozyme were purchased from Boehringer-
Mannheim, Montreal, P.Q.; T4 DNA ligase and the Blu-GENE nucleic acid detection
system were purchased from Bethesda Research Laboratories (BRL), Burlington, Ont; all
restriction endonucleases were obtained from either BRL, or Boehringer-Mannheim; [o-

32PJdCTP was purchased from Du Pont Canada Inc., Mississauga, Ont. Nitrocellulose,

35



TABLE 2-1 Strains and plasmids used in this study
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Strain or plasmid

Relevant characteristics

Source or reference

Streptomyces lividans
UCg882
LG102
TK23
LG108
LG109
LG110
LGl111
LG113
LG115
LG116
LG117
LG118

Streptomyces venezuelae
10712
DAl
LG206
LG211
LG218
LG221
LG222
LG228
LG229
LG230
LG232

pUCL169 (pMT660:Tnd560)
UC8882Q[chr::Tn4560] Cys™
SpcR

LG102 [pDQ101]

SpcR VioR [mixed plasmids]
TK23[pDQ201]
TK23[pDQ202)
TK23[pDQ203]
LG102[pGM160]
TK23[pDQ204]
TK23[pDQ205]
LG102[pGM160A1]

wild type

10712[pDQ101]
VS§503[pDQ201]

VS503Q-1 [chr::Tn4560]
VS§503Q-2 [chr:: Tn4560]
VS503Q-4 [chr:: Tn4560]
VS503Q-3 [chr::Tn4560]
VS§239[pDQ201]
V8239Q-5[thrC12 thrB::Tn4560]
V8229 [thrC12 thrB::Tn4560]
VS$239 [thrC12 thrB::Tn4560)

Chung (1987)

This study

Hopwood et al.,(1985)

This study
This study
This study
This study
This study
This study
This study
This study
This study

Stuttard (1982)
Aidoo et al. (1990)

This study
This study
This study
This study
This study
This study
This study
This study
This study
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TABLE 2-1 Strains and plasmid used in this study (continued)
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Strain or plasmid ~ Relevant characteristics Source or reference
VS1 lysAl Stuttard (1983b)
VS98 argA6 cml-4 Vats et al.(1987)
VS§206 hisA6 adeAlQ strA6 Doull et al.(1986)
VS§239 thrC12 cml-6 Vats (1987)
VS242 rib-2 cml-6 Vats et al. (1987)
VS253 pdx-3 cml-11 Vats et al. (1987)
VS258 pdx-4 cml-12 Vats et al. (1987)
VS§263 cysE28 cml-12 Vats et al. (1987)
VS503 pdx-4 cml-12 Vats (1987)
VS§560 hisA6 lysAl strAl9 This study

Escherichia coli
DHs,y K~12 F- ¢80dlacZAM 15 A(lacZYA- BRL

argFHYU169 recAl endAl hsdR17
(i myt) supE44 N thi-1 gyrA relAl

Plasmids

pGM160 Streptomyces ghanaeasis pSGS (1s)

and ColE1 replicons Muth er al.(1989)
pGM160A1 deletion derivative of pGM160 This study
pHIL400 1sr amp Larson & Hershberger

(1986)

plJ702 tsr mel Hopwood et al.(1985)
pUC1169 pMT660::Tn4560 Chung (1987)
pPQ101 deletion derivative of plJ941 Aidoo et al. (1990)
pDQ201 pDQ101::Tn4560 This study
pDQ202 pDQ101::Tn4560 This study
pDQ204 pGM160::Tn4560 This study
pDQ205 derivative of pHJLA00 This study
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ultra pure DNA grade agarose and sodium dodecyl sulfate (SDS) were from Bio-Rad
Laboratories Ltd., Mississauga, Ont., and Hybond N membrane was purchased from
Amersham Canada Ltd, Mississauga, Ont. The GENECLEAN Kit was purchased from
BIO/CAN Scientific Inc., Mississauga, Ont.

III. MEDIA

Before use, all media and solutions were sterilized by autoclaving at 121 °C (15 lbs.
in-2) for 20 min unless otherwise noted. Nutrients were sterilized by filtration through
0.45 pm cellulose acetate membranes (Millipore Corp., Bedford, Mass.) and were used as
necessary in the following concentrations (tg/ml) unless otherwise noted: amino acids 56,
nucleotide bases (adenine, guanine, thymine, uracil) 11.25, vitamins (biotin, nicotinamide,
para-aminobenzoic acid [paba], pyridoxal, riboflavin and thiamine) 0.75. Antibiotics were
used at the following concentrations (itg/ml) in complex media: thiostrepton, 50; viomycin,
30; rifampicin, 100; spectinomycin, 50; streptomycin, 100; and ampicillin, 50.

The recipes for the media used were as follows:

A. Agar Media

1. MYM agar (maltose, yeast extract, malt extract; Stuttard, 1982), on which

Streptomyces strains grew and sporulated, contained:

Yeast extract 4 g
Malt extract 10 g
Bacto agar 20 g
Distilled water to 1000 ml

1 M NaOH was added to pH 7.3 before sterilization, and 1 ml of 40% (w/v) maltose
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was added into 100 ml of medium prior to use.

2. MM (Minimal medium; Hopwood et al.,1985), used for detection and

characterization of auxotrophs, consisted of:

Asparagine 05 g
Dipotassium hydrogen phosphate 05 g
Magnesium sulfate heptahydrate 02 g
Ferrous sulfate heptahydrate 9 mg
3% (w/v) Potassium hydroxide 2.5ml
Bacto agar 15 g
Distilled water to 1000 ml

A solution of 40% (w/v) maltose (2.5 ml) was added into 100 ml of this medium prior

to use.

3. NCMG agar, used for phage propagation (Stuttard, 1979; Vats et al., 1987),
was prepared by autoclaving a 2.3% (w/v) solution of Difco Bacto nutrient agar and adding

to 100 ml aliquots the following sterile solutions:

Calcium nitrate (0.8 M) 0.5 ml
Magnesium sulfate (1 M) 1 ml
Glucose (50%, w/v) 1 ml

4. Sofi nutrient agar, used for overlays on phage plates after adding a suitable

indicator strain, contained 0.7% Bacto nutrient agar.

5. Soft GNY, used for overlaying chloramphenicol bioassay plates, contained:

Glycerol 20 ml
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Difco nutrient broth 8 g
Yeast extract 3 g
- Dipotassium hydrogen phosphate 58
Bacto agar 58
Distilled water to 1000 ml

6. R2YE (RS5) medium for the generation of S. lividans protoplasts and for the

preparation of spore suspensions (Hopwood er al., 1985)

Sucrose 103 g
Potassium sulfate 025g
Magnesium chloride hexahydrate 101 g
Glucose 10 g
Casamino acids 0.1 g
Trace element solution* 2 ml
Yeast extract 5 g
TES buffer 573 ¢
Agar 22 g
Distilled water to 1000 ml

Just before use the medium was melted and supplemented (per 100 ml) with the

following:
Dihydrogen potassium phosphate (0.5%) 1 ml
Calcium chloride (5 M) 0.4 ml
Proline (20%) 1.5ml
Sodium hydroxide (1N) 0.7 ml

* Composition of trace element solution (per litre):

Zinc chloride 40 mg
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Ferric chloride hexahydrate 200 mg
Cuprous chloride dihydrate 10 mg
Manganese chloride tetrahydrate 10 mg
Sodium borate decahydrate 10 mg
Ammonium molybdate tetrahydrate 10 mg

7. RSN agar for protoplast regeneration of S. venezuelae (Aidoo et al., 1990)
The composition was the same as R2YE (R5) medium except that sucrose was replaced
with 0.3 M sodium chloride as an osmotic stabilizer and maltose was substituted for

glucose.

8. LB agar (modified from L agar of Hopwood et al., 1985):

Bacto-tryptone 10 g
Yeast extract 5 ¢
Sodium chloride 15 g
Distilled water to 1000 ml

9. Auxanographic pools
The concentrations of nutrients in pools were the same as in the individual

supplements. The compositions of the pools were:

POOL 1 2 3 4 5
6 arg met cys bases* leu
7 lys tyr trp phe  vitamins**
8 pro ala thr glu ile
9 his gly ser hom val
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* Gua, Ade, Ura, Thy, each to a final concentration of 11.25 pig/ml;

** d-biotin, nicotinamide, paba, pxl, riboflavin, thiamine, each to a final concentration

of 0.75 pg/ml.

Pools were used for preliminary characterization of mutants.

B. Liquid Media

1. YEME medium (Yeast extract, malt extract; Hopwood et al., 1985) was used to

grow liquid cultures of S. lividans strains:

Yeast extract 3 g
Malt extract 3 g
Bacto peptone 5¢
Glucose 10 g
sucrose 340 g
Distilled water to 1000 ml

After autoclaving, 0.2 ml of 2.5 M magnesium chloride was added to 100 m! of this
medium, and for protoplasting, 2.5 ml of 20% (w/v) glycine was also added.to 100 ml of

the medium.

2. YEME-M1 medium (modified by D. Aidoo, personal communication) was used
to grow liquid cultures of S. venezuelae strains.
The recipe was same as YEME except that 10.3% sucrose was substituted for 34%

sucrose and 10 g maltose replaced 10 g glucose.

3. Luria breth (LB) (modified from L broth of Hopwood et al., 1985)
Bacto-tryptone 10 g

TR

B i a2

e e e g



e Sl

43

Sodium chloride 5 g
Distilled water 1000 ml

The medium was adjusted to pH 7.5.

IV BUFFERS

A. Actinophage Buffer (Stuttard, 1979), used for storage and dilution of all phage

stocks, consisted of:

0.8 M Calcium nitrate 5 ml
I M Tris-HCI, pH 7.5 10 ml
Gelatin 005¢
Distilled water to 1000 ml

B. P (Protoplast) Buffer (Hopwood et al., 1985)

consisted of :
Sucrose 103 g
Potassium sulfate 025 ¢
Magnesium chloride hexahydrate 202 g
*Trace element solution 2 ml
Distilled water to 800 ml

The solution was dispensed in 80-ml aliquots and autoclaved. Before use, the

following solutions were added in order:

Dipotassium hydrogen phosphate (0.5%) 1 ml
Calcium chloride (3.68%) 10 ml
TES buffer (5.73%, pH 7.2) 10 ml

* see II1.A.6.
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* see IILLA.6.

C. 20 x SSC Buffer (Sambrook et al., 1989)
Sodium chloride 1753 g
Sodium citrate 882 g
Distilled water to 1000 ml

D. 20 x SSPE Buffer (Sambrook et al., 1989)

Sodium chloride 174 g
Dipotassium hydrogen phosphate 2716 g
Sodium EDTA 74 g
Distilled water to 1000 ml

E. L (Lysis) Buffer (Hopwood et al.,1985) contained the following solutions:

Sucrose (10.3%) 100 ml
TES buffer (5.73%, pH 7.2) 10 ml
Potassium sulfate (2.5%) 1 ml
*Trace element solution 0.2 ml
Dipotassium hydrogen phosphate (0.5%) 1 ml
Magnesium chloride (2.5 M) 0.1ml
Calcium chloride (0.25 M) 1 ml

This stock solution was kept indefinitely. Before use, lysozyme was dissolved in a
sample of the solution at a concentration of 10 mg/ml and sterilized by filtration.

* see IILA.6

F. T (Transformation) Buffer (Hopwood et al.,1985)
The following sterile solutions were mixed:

Sucrose (10.3%) 2.5 ml
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*Trace element solution 20 ul
Potassium sulfate (2.5%) 0.1 ml
Distilled water 7.5ml

and then the following solutions were added to 9.3 ml of the above mixture:
Calcium chloride (5 M) 0.2 ml
; **Tris-maleic acid buffer 0.5 ml
’ At the time of use 3 ml of above solution mixture was mixed with 1 ml of previously
q sterilized PEG1000.
* see IILA.6.
** A 1 M solution of Tris base adjusted to pH 8.0 by adding maleic acid (1M).

G. TE Buffer
Tris-HCl1 (2 M, pH 8.0) 5ml
Sodium EDTA (0.25 M, pH 8.0) 4ml

o s ot WG A itk 7 i e e

H. 1 M Tris-HCl (pHS8.0) Buffer
Tris base 1211 g
Distilled water to 100 ml

Adjust the pH to pH8.0 by adding concentrated HCI.

V. CULTURE CONDITIONS

A Preparation of Spore Stocks

A loopful of spores and/or mycelial fragments from a single colony of the desired

Streptomyces strain was incubated on appropriate solid medium such as MYM to produce
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a confluent lawn. The strain was allowed to sporulate and spores were dispersed in 10 ml
of ddH,0 with an inoculating loop. After agitation, the resulting spore suspension was
filtered through sterile, nonabsorbent cotton wool to remove mycelial fragments, then
centrifuged in an IEC benchtop centrifuge at approximately 2,800 rpm for 10 min. The
spore pellet was resuspended in 1 ml of sterile 20% glycerol and either used direcily

(usually after dilution in ddH»O) or stored frozen at -20°C.

B. Culture Conditions for the Isolation of Plasmids from Streptomyces

For isolation of Streptomyces plasmids, 0.1 ml of spore suspension (107 CFU/ml)
was used to inoculate 30 ml of YEME (for S. lividans) or YEME-M1 (for S. venezuelae)
medium containing appropriate antibiotics in a 250-ml Erlenmeyer flask and incubated at 30
°C with vigorous shaking (250 rpm) in a New Brunswick Scientific (NBS) model G25

controlled incubator shaker for 48 h (for S. lividans) or 40 h (for S. venezuelae).

C. Growth of Streptomyces Mycelium for Protoplast Preparation

A portion (0.1 ml) of spore suspension (10’CFU/m]) was added to 30 ml of YEME
(for S. lividans) or YEME-M1 (for S. venezuelae) medium contained in a 250-ml
Erlenmeyer flask and incubated at 30 °C in an NBS G25 incubator shaker. After 40 h (for
S. lividans) or 34 h (for S. venezuelae) the mycelium was harvested by centrifugation
( IEC Benchtop Centrifuge 2800 rpm, 15 min) and washed twice with 10.3% sucrose. If

not used immediately it was kept frozen at -20 °C until needed.
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D. Growth of Escherichia coli

A single colony of E. coli DH5a from LB agar was used to inoculate 10 ml of LB
medium. The culture was shaken overnight at 37 °C. The next day 25 ml of LB was
inoculated with 0.25 ml of that culture and shaken at 37 °C until the ODggg reached 0.5 to

0.8. The resulting culture was used to prepare competent cells.

VI. DNA ISOLATION

A. Isolation of Plasmid DNA from Streptomyces

Plasmid DNA was isolated from mycelium according to the alkaline sodium dodecyl
sulfate procedure of Kieser (1984 ) for small or large scale work. Large scale preparations
were made as follows:

Before DNA extraction spores scraped from a single plasmid-containing colony were
added to 30 mi of YEME (for S. lividans) or YEME-I (for S. venezuelae) medium
supplemented with glycine (0.5% or 1.5%) and 10 ug/ml thiostrepton. After 48 h (for S.
lividans) or 40 h (for S. venezuelae) growth at 30 °C, the mycelium from each flask was
harvested by centrifugation, resuspended in 4.5 ml buffer (0.3 M sucrose, 25 mM Tris-
HCI, pH 8.0, and 25 mM EDTA, pH 8.0). The cell suspension was incubated at 37 °C for
30 min after addition of 0.5 ml lysozyme solution (50 mM-Tris-HCI pH 8.0 containing 20
mg lysozyme per ml). Alkaline SDS (2.5 ml of 2% SDS solution in 0.3 N sodium
hydroxide) was then added and mixed (vortex) for 1 min. The mixture was incubated at 65
°C for 30 min. After the mixture had cooled to room temperature 0.8 ml of acid phenol-

chloroform was added and the mixture was centrifuged. DNA was purified by two
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phenol/chloroform extractions foliowed by one chloroform extraction. The aqueous phase
was treated with ribonuclease A (5 mg per ml) for 1 h at 37 °C. Chromosomal DNA was
removed by potassium acetate (pH 4.8) precipitation; protein was digested with proteinase
K and removed by phenol-chloroform extraction. Plasmid DNA was precipitated with
alcohol. After centrifugation the pellet was vacuum-dried and dissolved in TE buffer.
Small scale preparation was performed by using 5 ml of culture and Eppendorf tubes

for mixing and centrifugation.

B. Isolation of Genomic DNA from Streptomyces

Streptomyces total DNA was prepared by the procedure of Hopwood et al. (1985),
with these modifications:

1) Mycelium (50 mg) from 5 ml culture was resuspended in 500 ul of lysozyme
solution (2 mg/ml of lysozyme, 50 pg/l of RNase in 0.3 M sucrose, 25 mM Tris-HCl pH
8.0 and 25 mM EDTA, pH 8.0) and incubated at 37 °C for about 30 min .

2) 2% SDS (250 pl) was added and mixed (vortex) for 1 min uatil the viscosity of the
solution had decreased noticeably.

3) 250 pl of neutral phenol-chloroform solution was added, the mixture was vortexed
for 30 s and spun 2 min in a microcentrifuge. The supernatant fluid was removed leaving
the white interface behind. The procedure was repeated twice.

4) 0.1 volume of 3 M sodium acetate, pH 4.8, was mixed into the sample; then 1
volume of isopropanol was added and the sample mixed again, incubated 5 min at room
temperature and spun 2 min in the microcentrifuge. The supernatant was decanted; the
pellet was centrifuged 2 s and all the liquid was removed with a pipette.

5) The pellet was redissolved in 500 pl of TE buffer, and 50 pl of 3M sodium acetate,

pH 4.8, was mixed in; then 2 volumes of ethanol were mixed in, and the sample was kept

A A . s o oA
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at -20 °C for 2 h. After centrifuging for 30 min the supernatant was removed completely.

6) The pellet was vacuum-dried and dissolved in 500 pl TE buffer.

C. Isolaticn of Plasmid DNA from E. coli

Plasmid DNA from E. coli was isolated by the boiling method (Maniatis er al., 1982).
E. coli strains harboring plasmids were grown overnight at 37 °C in LB medium
containing 50 tg/ml ampicillin. A 1.5-ml portion of the culture was centrifuged for 2 min
at 14,000 x g. The supernatant fluid was discarded and the cell pellet was resuspended in
350 ul of lysis buffer (250 pg/ml of lysozyme in a solution containing 8% sucrose, 0.5%
Triton X-100, 50-mM EDTA, pH 8.0, and 10-mM Tris-HCI, pH 8.0). The cell
suspension was heated in a boiling water bath for 45 s and immediately centrifuged at
14,000 x g for 10 min. The pellet was removed using a toothpick, and 40 pl of 3M
sodium acetate and 420 pl of isopropanol were added to the supernatant fluid. After 15
min at -20 °C, precipitated DNA was recovered by centrifugation for 15 min, washed with

70% ethanol and dissolved in 50 pl of TE buffer.

D. Isolation of DNA Fragments

32p_labeled DNA molecules were prepared from 1 ug of plasmid pUC1169 digested
with BamHI. The linear pUC1169 DNA was purified from agarose gel with
GENECLEAN using the following method:

1) The approximate volume of gel slice that contained the DNA was estimated from its
weight.

2) The Nal stock solution (2 to 3 volumes) was combined with the gel slice and

incubated at 45 to 55 °C. After a minute or two the contents of the tube were mixed and
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returned to 45 - 55 °C for anoihier 5 min.

3) The insoluble silica matrix (GLASSMILK) stock was vortexed and 5 pl
GLASSMILK was added, mixed in and placed on ice for 5 min.

4) The sample was spun in a microcentrifuge tube for approximately 5 s. The
supernatant (Nal solution) was removed with a pipette or poured off.

5) 250 pl of ice-cold NEW WASH was added to the pellet. The pellet was
resuspended in the wash by pipetting back and forth while digging into the pellet with the
pipette tip. After it was resuspended, and centrifuged, the wash procedure was repeated
twice.

) The washed white pellet was resuspended in 5 il of TE buffer, incubated at 45 to
55 °C for 2 to 3 min, and centrifuged for about 30 sec; the supernatant was carefully
removed. A second elution was done the same as the first and the two were combined.

7) The supernant containing the eluted DNA was centrifuged for a few seconds to

avoid transferring residual silica.

VII. RESTRICTION ENDONUCLEASE DIGESTION AND AGAROSE
GEL ELECTROPHORESIS

A. Restriction Endonuclease Digestion

Restriction enzyme digestion was performed under the conditions recommended by the
manufacturer of the enzyme. In typical digests ethanol-precipitated DNA was resuspended
in 18 ul of distilled H,O to which was added 2-3 units of enzyme (in the appropriate 10 x
endonuclease digestion buffer) per jtg of DNA. Samples were digested at 37 °C for 4-6 h
and the reaction was stopped by incubating the mixture at 65 °C for 10 min. The samples

were then electrophoresed with Hindlll fragments of bacteriophage A (23.13, 9.416,
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6.557, 4.361, 2.322, 2.027 and 0.58 kb) as size standards (Hopwood et al., 1985).

B. Agarose Gel Electrophoresis

A horizontal system for submerged gel was used for agarose gel electrophoresis at an
agarose concentration of 0.7-1.0% in TAE or TBE buffer. After electrophoresis, the DNA
bands were stained with ethidium bromide, visualized by UV transillumination, and

photographed using Kodak Professional TMAX100 film.

VIII. SOUTHERN HYBRIDIZATION

A. Making Probes

1. 32P.Labeling of DNA by primer extension

1) 2 ul (approximately 25 ng ) linearized pUC1169 DNA and 6 pl ddH20 were added
to an Eppendorf tube, mixed and boiled 10 min, then placed on ice for 5 min. The
following were then added:

3 Wl ANTP mixture (dATP: dGTP and dTTP=1:1:1)
2 ul reaction buffer

5 ul (50 uCi) of labeled dNTP

2 ul Klenow fragment

2) the reaction was allowed to proceed at room temperature for 2 h.

3) 1 ul of the labelling reaction mix was added to 99 pl ddH,O in an Eppendorf tube.

4) 5 ul of the dilution was absorbed on a piece of glass filter paper and allowed to dry.

This procedure was used to measure total counts.
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5) The following were mixed together in a small polystyrene tube:
150 ul ddH,0
5 ul tRNA (10 mg/ml )
50 pl of probe dilution
2ml5 % TCA, 0.1 M NaPyP
This mixture was kept on ice for 30 min. Meanwhile, a glass filter paper was soaked in
5 % TCA, 0.1M NaPyP. After 30 min, the mixture was filtered through the glass filter
paper under vacuum. Then the filtered mixture was washed:
1 X with 10 ml 5% TCA, 0.1 M NaPyP
2 X with 10 ml 1% TCA
1 X with 10 ml 95% EtOH
The filter was allowed to dry in air. This procedure was used to measure TCA
precipitable counts.
6) The filter paper (samples) were each put in a scintillation vial with 10 m]l ddH20 and

radioactivity was measured in a scintillation counter.

2. Biotin-labelling of DNA

To 14.5 ul of boiled DNA (1 pg of DNA in HyO) in an Eppendorf tube kept on ice
were added 5 pl of random hexanucleotides, 3 pl of random primer extension buffer, 1 pl
of NTPs without ATP and 3 pul of DNA polymerase Klenow fragment. After addition of 3
ul of biotinylated dATP, the reaction mixture was incubated at room temperature for 2 h
and then the DNA was precipitated by adding 15 pl of 7.5 M ammonium acetate and 90 pl
of ice-cold 95% ethanol. The mixture was stored at -20 °C for 2 h then centrifuged for 30
min at 4°C. The supernatant fluid was discarded and the DNA was washed with ice-cold

70% ethanol. The mixture was spun in a microcentrifuge for 5 min at 4 °C. and the
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supernatant fluid was discarded. The pellet was dried in a vacuum dessicator for 10 min,

then resuspended in 200 pl of ddH,0.

B. Blotting of DNA

The method described by Sambrook et al.(1989) was used for the transfer of DNA to
nitrocellulose filters. The transfer of DNA to nylon (Hybond-N) was performed according
to the instructions of supplier:

1) After electrophoresis the agarose gel was placed in 0.25 M HCI until the dyes had
changed colour, and then left for an additional 10 min.

2) The gel was rinsed in distilled water and placed in denaturation buffer (1.5 M NaCl
and 0.5 M NaOH) so as to completely cover the gel. It was left for 30 min at room
temperature with shaking.

3) The denaturing solution was removed and excess liquid was blotted from gel.

4) The gel was equilibrated 10-15 min in alkali transfer buffer (0.25 M NaOH and 0.5
M NaCl).

5) A glass dish was filled with alkali transfer buffer. A platform was made and
covered with a wick made from three sheets of Whatman 3 MM filter paper saturated with
alkali transfer buffer.

6) The gel was placed on the wick and surrounded (without covering the gel) with
cling film to prevent the alkali transfer buffer being absorbed directly into the paper towels
above.

7) A sheet of Hybond-N membrane was cut to the exact size of the gel and was placed
on top of the gel.

8) Three sheets of 3 MM paper were placed on top of the Hybond-N membrane.

9) A stack of absorbent paper towels was placed on top of the 3 MM paper
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(approximately 5 cm high).

10) A glass plate was placed on top of the paper towels and a 0.75-1Kg weight was
put on top. DNA was allowed to transfer for 14-16 h.

11) After blotting,the apparatus was carefully dismantled. Before the membrane was
removed from the gel, it was marked with pencil to allow later identification of tracks.

12) The membrane was allowed to dry for up to an hour. It was wrapped in Saran-
Wrap™ and was placed DNA-side down on a UV transilluminator for 1 min to fix the

DNA to the membrane.

C. DNA Blot Hybridization:

1. Processing of blots using a Nonradioactive Nucleic Acid Detection

System (BIluGENE)

The following method was used to probe Southern blots with biotinylated pUC1169
DNA according to the manufacture's instruction, with some modifications (M. Kumar,
personal communication).

The membrane bearing the blot being examined (ca. 100 cm?) was incubated in 10 ml
of the prehybridization buffer [50% deionized formamide (5 ml of 100% stock solution);
5X SSC (2.5 ml of 20X SSC); 5X Denhardt's solution (1 ml of 50X stock solution
[Hopwood et al., 1985]); 25 uM sodium phosphate (pH 7.5)(0.25 m! of 1 M stock
solution), 0.5 mg/m! heated salmon sperm DNA (0.5 ml of a 10 mg/ml stock solution) 0.5
m! of ddH20] at 42 °C for 2 h and then in the hybridization solution [45% formamide (4.5
m! of a 100% stock solution), 5X SSC (2.5 ml of 20X SSC), 1X Denhardt's solution (0.2
ml of 50X stock solution), 20 UM sodium phosphate (pH 6.5)(0.2 ml of 1 M stock

solution), 5% dextran sulfate (1 ml of a 50% stock solution), 0.2 ml of heated salmon
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sperm DNA (10 mg/ml stock concentration) and 0.2 ml of heated probe DNA) at 42 °C for
16 h.

After hybridization the nitrocelluelose filter containing DNA was washed as follows:

(1) At room temperature the membrane was washed twice with 250 ml of wash I (2X
SSC and 0.1% SDS) for 5 min and then washed twice with wash II (0.2X SSC and 0.1%
SDS) for 5 min,

(2) After that the membrane was washed twice with wash II1 (0.16X SSC and 0.1%
SDS) at 50 °C for 15 min.

(3) The membrane was washed twice with 2X SSC for 5 min and once with 100 ml of
Buffer 1 (0.1 M Tris-HCI, pH 7.5, and 0.15 M NaCl) at room temperature.

(4) The membrane was placed in a plastic bag which contained 40 ml of Buffer 2 (3%
w/v BSA in Buffer 1) and incubated at 63 °C for 1 h. The Buffer 2 was removed and the
membrane was washed with fresh Buffer 2 for a few min at room temperature. This Buffer
2 was then poured off and the membrane was placed in a fresh plastic bag.

(5) A mixture containing 7 ml of Buffer 1 and 7 pl of streptavidine-alkaline
phosphatase was added to the bag and the bag was sealed. The membrane was treated at
room temperature for 20 min with gentle agitation and then washed twice with 250 ml of
Buffer 1 at room temperature for 15 min.

(6) After 10 min washing with 150 ml of Buffer 3 (0,1 M Tris-HCl, pH7.5, 0.1 M
NaCl, and 50 mM MgCly) at room temperature, the membrane was developed with a
solution consisting of 7.5 ml of Buffer 3, 33 pul Nitro Blue Tetrazolium (NBT), and 25 pl
of 5-bromo-4-chloro-3-indolylphosphate (BCIP) according to the instructions supplied by
BRL for the development of biotin-labeled DNA in the nucleic acid detection (BluGENE)

system.
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2. Processing of blots using 3?P-labeled DNA

Prehybridization and hybridization solutions contained formamide 50% (v/v), Ficoll
0.1%, bovine serum albumin 0.1%, polyvinylpyrolidone 0.1%, denatured salmon sperm
DNA 200 pg/ml, 6X SSC (1X SSC = 0.15 M sodium chloride, 0.015 M sodium citrate),
0.5% SDS. After blotting, the nylon membrane was incubated for 2h at 65 °C in a sealed
plastic bag containing 30 ml of the prehybridization mixture. The prehybridization solution
was then removed, and 10 ml of fresh hybridization mixture, consisting of prehybridization
solution supplemented with the 32P-labelled probe, was added and the bag was incubated
again for 16 h at 65 °C. The nylon membrane was then removed, washed with 2X SSPE,
0.1% [w/v] SDS at room temperature for 30 min (one change of washing solution), then
washed with 1X SSPE, 0.1% [w/v] SDS at 65 °C for 15 min and finally washed twice
with 0.1X SSPE, 0.1% [w/v] SDS at 65°C for 15 min.

IX. AUTORADIOGRAPHY

The washed membranes were placed on Whatman 3MM filter paper and secured in
place with adhesive tape. Pieces of masking tape carrying radioactive markers were placed
on three corners of the membrane and the entire package was wrapped in a plastic sheet.
This was exposed to Kodak X-omat AR film at -70 °C with an intensifying screen on top
of the film. The film was developed for 5 min, fixed for 5 min and finally washed with

running water for 10-15 min.

X. CROSSES AND ANALYSIS OF RECOMBINANTS

Each strain was streaked separately on two plates of MYM. After the cultures had
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grown for 4 d at 30 °C, pelleted spores from 2 plates were resuspended in 2 ml sterile
water. Portions of the spore suspensions from two parental strains were mixed in an
approximate ratio of 1:1 (based on CFU) and 0.1 m! of the mixed suspension was used to
inoculate each of four MYM plates. The crosses were incubated for 5 d at 30 °C. Spores
harvested from these plates were suspended in 2 m! water (giving 108-10° CFU/ml) and
tenfold dilutions to 10* were made. Samples (0.1 ml) from 10-2-10 dilutions were
spread on four plates containing selective media. The plates were incubated for 4 d and
colonies were patched to plates of the same selective medium. After incubation for 5 d
these master plates were replica plated on diagnostic media for phenotype identification.
Analysis of recombinants by allele-frequency and least crossover determinations were as

described in Hopwood et al. 1985.

XI. TRANSDUCTION

A Preparation of Transducing Lysates

This procedure can be divided into two steps: the first gave a single plaque eluate and
the second amplified the cluate to a high titre transducing lysate (Vats, 1987).

In the first step, 0.05 ml of a diluted phage suspension (10° PFU/ml) harvested from
wild type §. venezuelae was plated on NCMG agar in a 9-cm Petri dish.. The inoculated
agar was then overlaid with 2.5 ml of soft nutrient agar seeded with spores from the
desired donor Streptomyces strain. After incubation at 30 °C for 24 to 30 h, when
plaques were easily visible, a Pasteur pipette was used to remove an agar plug containing a
single plaque. The plug was transferred to a vial where it was suspended in 1 ml of
actinophage buffer and kept at room temperature for 1.5 to 2 h to allow phage to elute from

the agar. The phage eluate was then filtered through a 0.45-um HAWP filter (Millipore)
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and the resulting phage suspension, with a titre of approximately 10 7 PFU/ml, was stored
at 4 °C for use in preparing high-titre transducing lysates.

High-titre transducing lysates could be obtained at the second stage. A single plaque
eluate (0.1 ml) was plated on each of two 15-cm NCMG plates and overlaid with 9 ml of
soft agar containing spores of the appropriate donor Streptomyces strain. Following
incubation at 30 °C for 24 - 30 h, each overlay was flooded with 10 ml of actinophage
buffer and left at room temperature for 2 h. The eluate was withdrawn from the plate
through an 18 G needle into a 20 ml syringe, filtered through a 0.45 pm HAWP filter and
centrifuged in an IEC A211 rotor at 40-50K x g and 4 °C for 90 min to pellet the phage.

Pellets were resuspended overnight at 4 °C in 2 ml of actinophage buffer, then titred.

B. Cotransduction Tests

Cotransduction tests were done using the full plate method (Vats et al., 1987).
Portions (0.05 ml) of both recipient spores (108 CFU/ml in 20% glycerol) and the SV1
wransducing lysate (at 10'° PFU/ml ) irradiated with UV light (254 nm, 666 j.m-2)( to
achieve 99.9% reduction in PFU) were spread together on & medium that would support
the growth of transductants but not recipients (Stuttard, 1983). Corresponding plates
spread with recipients alone and irradiated phage alone were used as controls. After
incubation at 30 °C for 5 d, transductant colonies were picked and patched on agar identical
to the transduction medium except for an additional supplement of 0.5 M sodium citrate
(4% v/v) to inhibit further phage infection (Perlman et al., 1951). After sporulation (3 d at
30 °C), the patch plates were replicated to appropriate diagnostic medium for phenotypic

characterization.
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XII. TRANSFORMATION

A. Transformation of Streptomyces Protoplasts

Preparation, transformation and regeneration of Streptomyces protoplasts were carried

out by the procedure described by Hopwood et al. (1985) with some modifications.

1. Preparation of protoplasts

Protoplasts were obtained from cultures grown at 30 °C in YEME medium (30 ml)
supplemented with sucrose (34% for S. lividans and 10.3% for S. venezuelae) and
glycine (0.5% for S. lividans and 1.5% for S. venezuelae) under incubation conditions
described above. The mycelium was collecied by centrifugation (3000 rpm, 10 min) and
washed twice with 0.3 M sucrose solution. The pellet was suspended in 2 ml of L buffer
containing lysozyme (1 mg/ml for S. lividans and 2 mg/inl for S. venezuelae) and
incubated at 30 °C for 30 min (for S. lividans) or 60 min (for S. venezuelae). The
suspension was mixed by trituration and diluted with 2.5 mi of P buffer, with further
trituration. The protoplast suspension was then filtered through sterile, nonabsorbent
cotton. The filtered protoplasts were pelleted by centrifugation at 1000 x g for 7 min,
washed 3 times with P buffer, resuspended in P buffer and counted in a haemocytometer.

Two different protoplast regeneration media were used during this study: RS for §.

lividans and R5N for S. venezuelae.

2. Transformation of protoplasts

The basic transformation procedure was as follows. Protoplasts were prepared as
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described above (about 1.5 x 10? protoplasts per experiment), centrifuged, and suspended
in 100 wl of P buffer. The corresponding amount of plasmid DNA (0.02 pg) in 20 pl of
TE buffer was then mixed in. Immediately after this, 0.5 ml of polyethylene glycol (PEG)
in T buffer was added and mixed by gently shaking. After about 1 min at room
temperature, the protoplasts were diluted with 2.5 ml of P buffer, collected by
centrifugation at 2000 xg and suspended in 1 ml of P medium. Dilutions were made
quickly, and the transformed protoplasts were plated (0.1 ml per plate) in RS (for S.
lividans) or RSN (for §. venezuelae). Agar plates were partially dehydrated by drying
them in a 43 °C incubator for 4 h before use. The plates were then incubated at 30 °C.
After about 18 h (for S. lividans) or 14 h (for S. venezuelae), when tiny colonies started
to appear, the plates were overlaid with 2.5 ml of soft agar containing sufficient
thiostrepton per ml to give a final concentration of 50 pLg/ml after equilibration with the
bottom layer of agar. Thiostrepton-resistant clones were counted after 3 to 4 d.
Transformant clones were transferred to thiostrepton-containing plates. Plasmids isolated

from transformants were analysed by restriction endonuclease analysis.

B. Transformation of E. coli

1. Preparation of competent cells

The E. coli culture described in the section on culture conditions was stored on ice for
10 min, after which it was centrifuged at 4,000 x g for 10 min at 4 °C. The culture
supernatant was discarded and replaced with 12.5 ml of an ice-cold mixture of 50 mM
calcium chloride and 10 mM Tris-HCI, pH 8.0, in which the bacterial pellet was
resuspended. The cell suspension was stored on ice for 15 min, then centrifuged at 4,000

x g for 10 min at 4 °C. The pellet was suspended in 1.6 ml of 50 mM calcium chloride and
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10 mM tris. HCI, pH 8.0. Portions (200 ul) were dispensed in prechilled microfuge tubes
and used immediately or stored at 4 °C for 16-24 h.

2. Transformation

DNA (dissolved in not more than 20 il of TE buffer) was added to 200 pl of competent
cells. After mixing, the cell suspension was stored on ice for 30 min. The cells were then
heat shocked for 2 min at 42 °C and placed on ice for 1 min. The transformed cells were
supplemented with 800 Ll of LB medium, incubated on a 1oller drum for 1 h at 37 °C, then
plated on LB agar containing ampicillin at a final concentration of 50 pig/ml and X-gal (to
detect transformants with insertional inactivation of the /acZ gene) at a final concentration

of 40 pg/ml. The plates were incubated at 37°C overnight.

XIHI. BIOASSAY FOR CHLORAMPHENICOL PRODUCTION

Chloramphenicol was bioassayed as described by Doull et al. (1985). Colonies to be
tested for chloramphenicol production were patched on MYM (5 patches per plate, S.
venezuelae strain 10712 was used as the positive control, and strain VS503 as the negative
control ), incubated for 72 h, then carefully overlaid with soft GNY agar containing a 1.5%
(v/v) inoculum of Micrococcus luteus. The M. luteus cultures were grown with shaking
in liquid GNY medium for 48 h and could be stored at 4 °C for up to two weeks. Bioassay

plates were scored for zones of inhibition after 48 h.

XIV. TRANSPOSON MUTAGENESIS

The 8.6-kb transposon Tn4560 was introduced into S. venezuelae by transformation

o
&

i



62

with plasmid pDQ201. Spores from a single colony of strain LG206 containing pDQ201
were streaked on MYM plus 30 pg of viomycin per ml and allowed to grow as a lawn at 30
°C for 5 d. Spores were harvested, resuspended in 20% glycerol and diluted in water to
107 CFU/ml. Fresh spores (about 106 CFU) were spread on MM plus pyridoxal and 30
ug viomycin per ml and incubated at 43 °C for 5 d to promote loss of plasmid and then at
30 °C for another 2 d to achieve spoulation. Spores were harvested and diluted to 2-4 x
103 CFU/ml and plated for single colonies on MYM containing 30 ig of viomycin per ml.
After incubation at 30 °C for 5 d, the single colonies (ca. 250-350 CFU/plate) were replica-
plated or MYM plus 50 pg of thiostrepton per ml, MYM plus 30 pg of viomycin per ml,
and MYM, respectively. Tn4560 insertional mutants were identified as viomycin resistant
and thiostrepton sensitive.

For positive selection, the sensitivity to exogenous homoserine of a thrC mutant
(blocked in the conversion of homoserine phosphate to threonine) was used to obtain
muiants unable to phosphorylate homoserine. These would be presumptive thrB mutants,
lacking homoserine kinase, or pleiotropic thr- mutants (Stuttard, 1983b & unpublished
data). Spores from a single colony of strain LG228 containing pDQ201 and derived from
the t/irC12 mutant strain V$239 (Thr- HomS3), were streaked on MM+Thr+Vio (30 pLg/ml)
and allowed to grow as a lawn at 30 °C for 7 d. Spores were harvested, diluted in water to
107 CFU/m], and about 106 CFU were spread on MM+Thr+Vio (30 pig/ml) and incubated
at 43 °C for 5 d and then at 30 °C for another 3 d. Spores were collected and 107 CFU
were plated on MM+Thr+Hom+Vio (30 pg/ml). After incubation at 30 °C for 7 d, the
colonies were patched onto another plate of the same medium. After incubation at 30 °C for
7 d, the patches were replica-plated on MYM+Thio, MYM+Yio, MM+Thr+Hom, and

MM+Thr. Strains with the phenotype Thr- HomR VioR ThioS were used for further study.
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XV. AUXOTROPH IDENTIFICATION

Viomycin-resistant, thiostrepton-sensitive strains were transferred to MYM plus
viomycin, and auxotrophs were characterized by the nutritional pool system (I11.A.9).

For §. lividans, 144 colonies were patched on MYM+Vio and incubated at 30 °C for 5
d. These (3) plates, used as master plates, were replicated to MM and MYM; 13 isolates
that failed to grow on MM were repatched on MYM, and subsequently replicated to MM,
MM-+one each of 9 pools, and MYM.

For S. venezuelae, patches on MYM+Vio were replicated to MM, MM+Pxl, and
MYM. Strains that failed to grow on MM and MM+Px1 were patched on MYM+Vio. The
patches were replicated to MM-+Pxl, MM+Pxl+one each of 9 pools, and MYM.



RESULTS

I. ISOLATION AND CHARACTERIZATION OF PLASMID pUC1169
FROM STREPTOMYCES LIVIDANS UC8882

Transposon mutagenesis in . venezuelae which lacks characterized transposable
elements required the introduction of a known transposable element into this strain, and
Tn4560 was chosen for this purpose. This transposon was initially located on plasmid

pUC1169 which is present in S. lividans UC8882.
A. Isolation of Plasmid pUC1169

Fresh spores of S. lividans UC8?’,82’ were introduced into YEME containing
thiostrepton and incubated at 30 °C for 48 h. The resulting mycelium was used to isolate
plasmid pUC1169 by the small-scale procedure described in the MATERIALS AND
METHODS section. S. lividans GM4 and TK23 were used as positive and negative
controls, respectively, for plasmid isolation. Strain GM4 was known to contain plasmid
pJV2 ( 11.8 kb), while strain TK23 was plasmidless. Plasmid DNA bands (both OC and
CCC forms) were clearly seen after 0.7 % agarose gel electrophoresis of plasmid extracts
from strains UC8882 (Fig.3-1, lane 2) and GM4 (Fig. 3-1, lane 4), but none from strain
TK23 (Fig.3-1, lane 3). Restriction enzyme PstI cut pUC1169 into three fragments
(Fig.3-1. lane 1) of 7.5 kb, 5.1 kb and 2.0 kb, consistent with the results of Chung
(1987). Plasmid pUC1169 had a high copy number in . lividans UC8882.

64
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FIG. 3-1 Agarose gel electrophoresis of pUC1169 extracted from S. lividans

UC8882. Lane 1: pUCI1169 cut with PstI; 2: pUC1169 DNA from S. lividans
UCS8882; 3: exitract from S. lividans TK23; 4: pJV2 DNA extracted from §. lividans

GM4; 5: A DNA/Hindlll
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B. Restriction Analysis of pUC1169

After the presence of pUC1169 in S. lividans UC8882 had been confirmed, the
large-scale method described in the MATERIALS AND METHODS section was used to
prepare pUC1169 DNA for digestion, ligation and transformation. The plasmid DNA
extracted from S. lividans UC8882 was digested with restriction enzymes BamHI,
Kpnl, Xhol, and Pst1 to give 1, 2, 2, and 3 fragments, respectively (Fig. 3-2 and Table
3-1), consistent with the restriction map of pUC1169 (Fig. 3-3).

C. Transformation of S. lividans TK23 with pUC1169

To confirm the presence of tsr and vph genes, pUC1169 was used to transform
protoplasts of S. lividans TK23. Protoplasts (about 2 x 109 cells) were prepared from 20
ml of a 40-h §. lividans TK23 culture. After transformation with pUC1169 DNA and
regeneration for 18 h, the transformation plates were overlaid with soft agar containing
thiostrepton and viomycin. Transformants (174 colonies) were observed on two R5 plates
containing thiostrepton (50 pg/ml) and viomycin (30 pg/ml) after regeneration of
protoplasts for 3 d. No ThioR VioR colonies were found on control plates spread with
untransformed protoplasts of S. lividans TK23. After sporulation, three transformants
were patched on a fresh RS plate containing thiostrepton (50 pg/ml) and viomycin (60
pg/ml). After incubation at 30 °C for 5 d, these three transformants were used separately
as the source of plasmid. Each gave plasmid DNA identical to pUC1169 after agarose gel
electrophoresis. Fig. 3-4 showed that the Psi-digestion pattern of plasmid DNA from one
of the transformants tested (TK23-1) was the same as pUC1169. Therefore, plasmid

pUC1169 was confirmed to carry tsr and vph genes.
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FIG. 3-2 Restriction enzyme fragment patterns of pUC1169 DNA extracted from .
lividans UC8882. The gel electrophoresis was performed in TBE, 10 h at 2 v/cm. Lane 1:

A/HindIll; 2: pUC1169/Pstl; 3: pUCL1169/Kpnl. 4: pUC1169/BumHI; 5:
pUC1169/Xhol; 6: pUC1169
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TABLE 3-1 Number and size of fragments observed after digestion of the plasmid

pUC1169 with different endonucleases

Endonuclease No. of Fragments  Fragment sizes (kb) Lane in Fig 3-2
Pstl 3 7.5, 5.1, 2.0 2
Kpnl 2 9.1, 5.5, 3

BamHI 1 14.6 4
Xhol 2 9.5, 5.1, 5

Bam HI 0.00

Kpn114.10 Xho10.03

Pst 1 13.80

1 2\
é pUC1169
’/; Tn4d560 14.60 kb
%
%,

%,

%,
/ . /\(pn [5.05

Xho19.50 vph /
s , ///

P
st18.70 \Pst 16.70

FIG. 3-3 Restriction map of Tn4560-containing plasmid pUC1169
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14.6 kb
ccc puC1169

4—" 5.1 kb
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FIG. 3-4 Agarose gel electrophoresis of plasmid DNA from different strains. Lane 1:
uncut pUC1169 DNA from S. lividans UC8882; 2: uncut pUC1169 DNA from S.
lividans TK23; 3: pUC1169 DNA from S. lividans UC8882 cut with Psil; 4:
pUC1169 DNA from S. lividans TK23-1 cut with Psel; 5: A cut with HindIlI
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II. TRANSFORMATION OF STREPTOMYCES VENEZUELAE VS503
WITH pUC116Y

After isolating pUC11€9 DNA from S. lividans UC8882 and confirming that this
plasmid carried tsr and vph (giving Thio® and VioR selective markers), an attempt was

made to introduce this plasmid into S. venezuelae.

A. Optimal Conditions for Preparation and Regeneration of S.

venezuelae VS503 Protoplasts

Spores of S. venezuelae 10712 and VS503 (107 in 0.1 ml) were used to inoculate
YEME-M1 medium plus 0.5% glycine and incubated at 30 °C for 40 h (both strains grew
poorly on YEME). By using the procedure for protoplasting described in the MATERIALS
AND METHODS section strain 10712 formed protoplasts efficiently but VS503 poorly.
The optimal conditions for protoplast formation of VS503 were as follows: 0.1 ml of spore
suspension (108/ml) was inoculated into 30 ml of YEME-M1 medium and incubated for 20
h, and then 3 ml of the culture was transferred into 30 m1 of YEME-M1 medium with 1.5%
glycine and incubated at 30°C for 14 h. The mycelium was lysed in L buffer (final
concentration: 2 mg/ml) for 1 h resulting in 90% mycelium being converted into
protoplasts.

The dilutions of protoplasis were gently spread on RS, R5+0.1%SDS, R5N, and
R5N+0.1%SDS plates. After incubation at 30 °C for 5 d, the numbers of colonies on each
medium were counted. The results indicated that there were no significant differences for

protoplast regeneration on RS compared with R5N.
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B. Transformation of S. venezuelae VS503 with pUC1169

When streaked on plates of RSN medium containing either 50 pg of thiostrepton per
ml or 30 pg of viomycin per ml or both, S. venezuelae VS503 showed no growth. Plating
of about 107 spores on similar medium resulted in no colonies after incubation for 3 to 4 d.
With further incubation, 2-5 pinpoint colonies were detected on RSN+Vio and R5SN+Thio,
but no colonies were observed on R5N+Thio+Vio. This result indicated that the strain
VS503 was sensitive to both thiostrepton and viomycin.

After mixing 50 i of protoplasts (10%/ml) of S. venezuelae VS503 with 0.2 ug of
pUC1169 DNA, the potential transformants were plated on RSN and allowed to regenerate
for 14 h. They were then overlaid with soft agar containing 500 pg of thiostrepton and 300
ug of viomycin per ml. Three ThioR VioR transformants (strains LG202, LG203, and
LG204) were recovered after further incubation for 5 d. No colonies resistant to both
thiostrepton and viomycin were found after similar treatment of VS503 protoplasts (as
control) without transformation. Strains LG202, LG203 and LG204 were patched on
MYM-+Thio+Vio and then replicated on MYM plus different concentrations of thiostrepton
and viomycin. When incubated at 30 °C for 4 d, strains LG202 and LG203 grew well on
MYM-+Vio (90 pg/ml), but strain LG204 grew poorly on this medium (incubated for 7 d).
However, no plasmid band was found in small-scale DNA extracts from any of the three
transformants. Incubation of S. lividans TK23 with DNA extracted from strains LG202,
L.G203 and LG204 and selection for thiostrepton resistance did not yield any
transformants.

The total DNA from strains LG202, LG203 and LG204 was digested with BamHI1
and then hybridized with BamHI-linearized, biotin-labeled pUC1169 after Southern
transfer to a nitrocellulose filter. One hybridizing band was present in the DNA from
strains LG202 and LG203 (Fig.3-5, lane 2 and 3) and was about the same size as
pUC1169 (14.6 kb). [A hybridizing band of chromosomal DNA was subsequently found
with the uncut total DNA from strains LG202 and LG203 when the [32P]-labelled, BamHI
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FIG. 3-5 Hybridization analysis of chromosomal DNAs from S. venezuelae LG202,
LG203 and LG204. a) Agarose gel of BamHI digests of total DNA from strains LG202,
LG203 and LG204. Lane 1: DNA from S. venezuelae 1.G204; 2: DNA from §.
venezuelae LG202/BamHI; 3: DNA from S. venezuelae LG203/BamHI; 4. DNA from

S. venezuelae LG204/BamHL; >: A/BamHI; 6: pUC1169/BamHI
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<4— 146 kb

FIG. 3-5 b) Autoradiogram of Southern blot of gel shown in Fig. 3-5 (a) hybridized
with biotin-labelled, BamHI-cleaved pUC1169. Lanes as in Fig. 3-5 (a)
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-linearized pUC1169 was used as a probe (see Fig. 3-20, lanes 9 and 10)]. However,
there was no hybridization between pUC1169 DNA and the total DNA of strain L.G204
(Fig. 3-5, lanes 1 and 4).

The absence of detectable junction fragments suggested that strains LG202 and
LG203 probably had not incorporated pUC1169 into chromosomal DNA or the 130-kb
giant linear plasmid (Kinashi & Shimaji, 1987), but pUC1169 was most likely present as a
multimer that was inseparable from chromosomal DNA (Paradkar, 1991); strain 1.G204
probably carried a chromosomal mutation giving VioR. The possibility that pUC1169 was
present as a multimer was not recognized at this time and use of this vector for Tn4560

mutagenesis was not pursued further.

III. CONSTRUCTION OF Tn4560-CARRYING PLASMIDS pDQ201 AND
pDQ204

Because plasmid pUC1169 seemed to be unsuitable for use in S. venezuelae, other
vectors were considered as new Tn4560-carrying plasmids. A strategy of indirect transfer
of Tn4560 into S. venezuelae is shown in Fig. 3-6. It involved the isolation of a Cys-
mutant (LG102) of S. lividans UC8882 resulting from insertion of Tn4560 into the
chromosome, followed by introduction of potential S. venezuelae vectors pDQ101 and
pGM160. Transposition of Tn4560 to either plasmid was expected to yield the desired
transposon vector. Detailed descriptions of the isolation of pDQ201 (derived from

pDQ101) and pDQ204 (from pGM160) are given in the following sections.
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FIG. 3-6 Construction of Tn 4560 -carrying plasmid pDQ201
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A. Transposition of Tn4560 from Plasmid pUC1189 into

Chromosomal DNA in S. lividans

Since pUC1169 was readily lost from S. lividans during growth at 39 °C, diluted
spores (10%-103 CFU) of S. lividans UC8882 produced at 30 °C were incubated at 39 °C
for 5 d on MYM containing 60 pg of viomycin per ml. Two kinds of colonies, large and
small, were observed. Altogether, 144 large colonies and 6 small colonies were tested for
the presence of Tn4560. They were patched on MYM plus viomycin (60 pwg/ml) and
incubated at 30 °C for 5 d. The patches were then replicated to MYM plus thiostrepton (50
pg/ml), MYM plus viomycin (60 pg/ml) and MYM plus ithiostrepton (50 pg/ml) and
viomycin (60 pg/ml) plates. All of the large colonies were Thio® VioR, while the small
colonies were Thio®VioR. When the Thio® VioR patches (144) were replicated to MM
medium, 13 of them failed to grow. One Cys™ auxotroph (S. lividans LG102) was
identified; the nutritional reqirements of the other 12 isolates all appeared to be satisfied by
proline. Plasmid DNA extracted from L.G102, one proline auxotroph and 1 prototroph
were examined by agarose gel electrophoresis, but yielded no cccDNA.

To confirm that Tn4560 had inserted into the S. lividans chromosome, total DNA
was isolated from strain LG102 (the Cys™ auxotroph) and digested with Psil. After
agarose gel electrophoresis, DNA fragments were transferred to a nitrocellulose filter and
hybridized with [32P]-labeled, BamHI-cleaved pUC1169. Three hybridizing bands were
found (Fig. 3-7). Their sizes were 10 kb, 7.5 kb aad 2.0 kb, Since Tn4560 contains two
Pst sites, two junction fragments should be generated for each chromosomal copy of

Tn4560 in addition to a 2.0-kb internal fragment. Thus, it appeared that Tn4560
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FIG. 3-7. Southern analysis of genomic DNA from §. lividans LG102.
a) Agarose gel electrophoresis of PstI-cleaved DNA. Lane 1: pUC1169 DNA cut
with Pstl; 2: A DNA cut with HindIIl; 3: total DNA of strain LG102 cut with Psil.
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FIG. 3-7 b) Autoradiogram of a Southern blot from the gel shown in (a) probed with
[*?P}-1abeled pUC1169. Lanes as in Fig. 3-7 a
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had inserted into the chromosome of S. lividans. Since no fragments from strain LG102
genomic DNA hybridized with a probe composed of plJ702 DNA (the parent replicon of

pUC1169), transposition rather than vector-chromosome cointegration must have occurrec.

B. Introduction of Plasmid pDQI101 into S. lividans LG102 by

Transformation

Plasmid pDQ101, a deletion derivative of tl{e SCP2* replicon plJ941, was present as
low copy number plasmid in S. venezuelae DA1 (Aidoo et cl., 1990). Spores of S.
venezuelae DA1 were used to inoculate YEME-M1 plus thiostrepton (10 pg/ml) and the
suspension was incubated at 30 °C for 32 h. Plasmid DNA was isolated by the large-scale
procedure, and was clearly visualized together with some contaminating chromosomal
DNA on the gel (Fig. 3-8, lane 1); 5 ug of plasmid DNA was isolated from 500 ml of
culture. The DNA sample was suitable for restriction digests and was used to transform

8. lividans strain LG102 with selection for ThioR to give strain LG103 (Fig. 3-6).

C. Transposition of Tn4560 from Chromosome to Plasmid pDQ101 in

S. lividans Strain LG108

Spores from one transformant of . lividans LG102 with pDQ101 (strain LG103)
were spread on MYM plus thiostrepton (50 pg/ml) and viomycin (30 pg/ml) to produce
new spores; these were harvested, diluted, and replated on MYM-+Thio+Vio to give second
generation spores. Second generation spores were used in a conjugation cross with §.

lividans strain TK23, which was prototrophic and resistant to spectinomycin (100 pg/ml).
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FIG. 3-8 Agarose gel electrophoresis of plasmid DNAs from ThioR VioR SpcR
transconjugant S. lividans LG109. Lane 1: plasmid pDQ101 from §. venezuelae DAL,
2: plasmid DNA from §. lividans LG109
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Conjugation experimerts were performed as plate matings. Approximately 10’ CFU of S.
lividans LG108 and S. lividans TK23 were spread together on MYM and incubated for 4
d at 30 °C. After mating, putative protctrophic transconjugants were recovered by plating
spores on MM containing viomycin (30 pg/ml) aid spectinomycin (100 pg/ml) and were
found at a frequency of 7.2 x 10%/CFU. In control experiments, S. lividans TK23
produced spontaneous viomycin resistant (30 pg/ml) colonies at a frequency of 2.5 x
106/CFU. One of 5 putative transconjugants (strain LG109) contained plasmids (Fig. 3-
8, lane 2). Total plasmid DNA from strain LG109 was used to transform protoplasts of
S. lividans TK23 by selecting for thiostrepton (50 pg/ml) and viomycin (30 pg/ml)
resistznce. Two ThioR VioR transformants (LG110 and LG111) was transferred to
MYM+Vio+Thio and checked for the presence of plasmid. Agarose gel electrophoresis
showed plasmid DNAs from LG110 and LG111 to be larger than pDQ101 (Fig. 3-9).
Several restriction enzymes were used to digest pDQ201 from LG110 (Fig. 3-10) and the
results of these digests (Table 3-2) and the known restriction map of pDQ101 (Aidoo et

al., 1990) allowed a restriction map of pDQ201 to be developed (Fig. 3-11).

TABLE 3-2 Fragrients in restriction digests of pDQ201

DNA/Endonuclease ~ No. of fragments  Sizes of fragments@ Lane in Fig.3-10
pDQ201/Psid 3 222; 43; 2.0 a2
pDQ201/Bgill 2 16.8; 11.7 b.2
pDQ201/Xhol 2 18.0; 10.5 b.3
pDQ201/BamHI+Psi1 4 12.6; 9.¢; 43; 2.0 b. 5

2 Pstl generates a 2.0 kb fragment from Tn4560
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FIG. 3-9 Agarose gel electrophoresis of plasmid DWA from S. lividans LG110 and
LG111. Lane 1: plasmid pDQ101 from S. lividans 1.G108; 2: chromosomal DNA from
S. lividans TK23; 3: plasmid pDQ201 DNA from §. lividans LG110; 4: plasmid
pDQ202 DNA from S. lividans LG111.
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FIG. 3-10 a) Agarose gel electrophoresis of PstI-digested fragments of pDQ201
Line 1: A DNA cut with HindIIl; 2: plasmid pDQ201 DNA DNA from strain LG110
cut with PsiI
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FIG. 3-10 b) Restriction analysis of plasmid pDQ201 from strain LG110
Lane 1: plasmid pDQ201 DNA from strain LG110; 2: plasmid pDQ201 DNA cut with

BglII; 3: plasmid pDQ201 DNA cut with Xhol; 4: A DNA cut with HindIllI; 5: plasmid
pDQ201 DNA cut with BamHI+ Pstl.
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FIG. 3-11 Restriction map of the Tn4560-carrying plasmid pDQ201
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D. Transposition of Tn4560 from Chromosome to Plasmid pGM160
in S. lividans Strain LG115

Plasmid pGM160 is a useful shuttle vector containing a Streptomyces temperature-
sensitive replicon and the E. coli ColEl replicon (Muth er al., 1989); it also carries
thiostrepton (zsr) and gentamicin (aacC]I) resistance genes. After transformation of S.
lividans 1.G102 with plasmid pGM160, colonies resistant o both thiostrepton and
gentamicin were obtained. Plasmid pGM160 was observed in DNA from the
transformants (Fig. 3-12, lanes 3 and 4). After incubation for 5 days on MYM-+Thio, 15%
of the colonies were gentamicin sensitive. A small plasmid, pGM160A1, was obtained
from one ThioR GenS colony (Fig. 3-12, lane 2).

Spores from one colony of S. lividans LG115 carrying pGM160 (a transformant of
strain LG102) were spread on MYM plus thiostrepton (50 pg/ml) and viomycin (30 pg/ml)
to produce new spores. Two further cycles of sporulation were obtained on
MYM-+Thio+Vio, and plasmid DNA was isolated from the fina! population of spores. This
DNA was used to transform S. lividans TK23. Selection for ThioR VioR gave one
transformant containing a Tn4560-carrying plasmid, pD(Q204 (Fig. 3-13). Plasmid
pDQ204 was introduced into E. coli by selection for ApR. Restriction enzyme Pst1 cut
pDQ204 into five fragments: 8.7 kb, 3.9 kb, 2.0 kb, 1.1 kb and G.8 kb, approximately.
Double digestion of pDQ204 with EcoRI and Bg/Il gave three fragments: 9.6 kb, 3.6 kb
and 3.3 kb. Since the restriction maps of Tn4560 and pGM160 were known, the map of
pDQ204 was constructed as shown in Fig. 3-14. Plasmid DNA could not always be
isolated from S. lividans LG115, suggesting that the Tn4560-carrying plasmid was

unstable in S. [ividans.

IV. TRANSFORMATION OF S. VENEZUELAE WITH THE Tn4560-
CARRYING PLASMID pDQ201

Plasmids pDQ201 and pDQ204 were used to transform S. venezuelae VS503, which
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FIG. 3-12 Agarose gel electrophoresis of plasmid pGM160 and pGM160A1.

Lane 1: Chromosomal DNA of . lividansLG102; 2: pGM.160A1 from Thio® Gen®
strain of S. lividans LG102; 3: pGM160 from from transformant 1 of §. lividans LG102;
4: pGM160 from transformant 2 of . lividans LG102; 5: pGM160 from E. coli.
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FIG. 3-13 Agarose gel electrophoresis of plasmid pGM160 and pDQ204.
Lane 1: Chromosomal DNA of S. lividans TK23; 2: pDQ204 DNA from §. lividans
TK23 wansformant; 3: Same DNA sample as lane 2; 4: pGM160 DNA from E. coli.
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is partially restrictionless (Vats, 1987). Eleven and six ThioR VioR transformants were
obtained from transformations with pDQ201 and pDQ204, resgectively. Transforinants
with pDQ204 were unstable and showed no growth on YEME-M1+Thio+Viec. No further
attempts were made to use pDQ204, although it might be an ideal transposon vector, being
unable to replicate in the target host cell. Agarose gel electrophoresis showed that
transformants with pDQ201 (VS503-1, VS503-2, and VS503-3) carried a plasmid identical
in mobility to the original pDQ201 from S. lividans LG110 (Fig.3-15). One transformant
(VS503-2, designated strain LG206) grew well on MYM + Thio (100 pg/ml) + Vio (90

pg/ml).

V. STABILITY CF PLASMID pDQ201 IN STRAINS LG110 AND LG206

Single colonies of S. lividans strain LG110 and S. verezuelae strain LG206 were
separately streaked on MYM + Thio + Vio to grow as a lawn. Spores harvested from the
lawn were diluted and spread on MYM (MM plus pyridoxal was used for strain LG206 at
43°C). These plates were incubated at different temperatures for 5 d to grow as a lawn,
and then incubated at 30 °C for another 2 d to allow sporulation. Spores from each lawn
were diluted and spread on MYM. The plates were incubated at 30 °C for 3-4 d, then 200-
500 single colenies were used to test the stability of pDQ201. At 30°C, 2.17% of LG110
and 12.8% of L.G206 colonies lacked plasmid pDQ201, as indicated by the loss of both
thiostrepton and viomycin resistance. The frequencies of plasinidless CFU produced at 39
°C were 6.46% for strain LG110 and 14.4% for strain LG206. At 43 °C, the plasmid in
S. venezuelae was quite unstable, and the frequency of plasmidless CFU increased to

72.8% (Table 3-3).
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FIG. 3-15 Agarose gel electrophoresis of plasmid pDQ201 from S. venezuelae
transformants (strain VS503-1, V§503-2 and VS503-3). Lane 1: pDQ201 DNA from
strain VS503-1; 2: pDQ201 DNA from strain VS503-2 (LG206); 3: pDQ201 DNA from
strain VS503-3; 4: pDQ201 DNA from §. lividans LG110. Some denatured plasmid
DNA bands were observed on Lanes 1, 2, and 3 because these samples were tested after
phenol-chloroform extraction but before purification and precipitation.
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TABLE 3-3 Stability of pDQ201 in S. lividans strain LG110 and S. venezuelae strain
LG206 at different temperatures.

Temperature  Strain  No.Tested ThioRVioR  ThioSVioS Freq. of CFU lacking

pDQ201
30°C LG110 506 495 11 2.17%
LG206 234 204 30 12.8%
39 °C LG110 433 405 28 6.46%
LG206 374 320 54 14.4%
43°C LG110 - - - -
LG206 287 79 208 72.8%

VI. TRANSPOSITION OF Tn4560 FROM PLASMID pDQ201 TO THE
CHROMOSOME IN S. VENEZUELAE

A. Screening for Transposon Insertional Mutants

Experiments were started by growing a lawn of spores from a single colony inoculum
of LG206 at 30 °C on MYM+Vio. The resulting spores were then spread on MM plus
pyridoxal and viomycin and incubated at 43 °C for 5d followed by 2d at 30 °C. This
would preclude growth and recovery of any new auxotrophs generated by insertion of
Tn4560 during growth an MYM+Vio at 30 °C. Spores harvested from MM+Px1+Vio
were diluted and spread on MYM+Vio and subsequently replicated to MYM+Thio to
identify ThioS VioR colonies (Fig. 3-16).

Two separate experiments (I.A and B, IL.A and B) were performed to screen for
transposon insertional mutants (Table 3-4). Samples of the same spore suspension of §.
venezuelae 1.G206 yielded about 12,000 single colonies on 40 plates of MYM plus
viomycin (experiment 1.A). These were replicated to MYM plus thiostrepton and MYM
plus viomycin. Seven colonies (IA1-TA7) from five plates grew on MYM plus viomycin
but not on MYM plus thiostrepton. All colonies from the other 35 plates grew on both
media. In experiment LB, the same spore suspension as used in experiment IA yielded

two VioR ThioS mutants (IB2 and IB3) among aboat 11,000 colonies growing on
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FIG. 3-16 Selection for Tn4560 insertion mutants in S. venezuelae

TABLE 3-4. Screening of Tn4560 insertional mutants after incubation of S .
venezuelae 1.G206 at 43 °C

Exp.* Plate VioR Colonies Thio® Isolates
LA. 1 315 IA1 LG211
2 362 1A2,TA3
3 371 IA4
4 297 IA. 5
5 301 TIA. 6,1IA. 7
(Total): 40 12,560 7
LB. 1 299 IB1 LG218
2 357 IB2
(Total): 36 11,434 2
ILA 1 295 IA 1 LG220
(Total): 32 9,504 1
ILB 1 298 IIB1 LG221
2 262 IIB 2 LG222
3 328 IIB 3,1IB 4
(Total): 28 8,596 4
Sum.: 136 >40,000 14

* Experiments I.A, LB, I.A, and II.B were performed separately. Both LA and I.B
started from the same spore suspension harvested from a single colony inoculum,
while IT.A and IL.B used spores derived from another single colony.
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MYM plus viomycin. Experiments IL.A and II.B were carried out with samples of spores
raised from another single colony of strain LG206. Only one VioR ThioS mutant (ITA1)
was found from experiment IL.A out of almost 10,000 colonies tested. Four VioR ThioS
mutants (IIB1-1IB4) were identified from 8,500 colonies tested in experiment 1L.B.

In summary, fourteen VioR ThioS mutants were identified from a total of 40,000
VioR colonies obtained in four experiments started with spore stocks generated from two
different single colonies of LG206. Therefore, these fourteen mutants could represent at
least two different insertion events. Inocula from each were patched on MYM plus
viomycin and incubated at 3¢ °C for 5 d. The resuiting spores were cultured for isolation
of plasmid DNA. No extrachromosomal bands were detccted by agarose gel

electrophoresis of DNA extracted from the mycelium.

B. Southern Hybridization of PstI-digested DNA from 14 Mutants

with a Tn4560-containing Fragment

To characterize the putative transposition in each isolate, PstI fragments of
chromosomal DNA from the 14 isplates were separated on agarose gels and analyzed by
hybridization with [32P]~labeled BamHI-cleaved pUC1169 isolated from S. lividans
UC8882.

Because Tn4560 has two Pst 1 sites 2 kb apart, each single copy of Tn4560 should
yield three Ps:I fragments able to hybridize with the Tn4560-containing probe; one of the
fragments should be 2.0 kb in size. Hybridization of PstI-digested chromosomal DNA
from each of the 14 isolates showed that single copies of Tn4560 were indeed present. In
addition to the 2.0 kb internal Pst I fragment of Tn4560, the mutants hybridized with two
fragments of various lengths representing the flanking genomic sequences at the site of
Tn4560 insertion (Figs. 3-17-19). The results showed that isolates IA1-IAS5, IB2, IIA1,

IIB3, and IIB4 had the same 9 kb and 6 kb junction fragments (some data not shown; Figs.
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FIG. 3-17 a) Agarose gel electropiloreg'ram of total Di\IA and PstI-digcste;l DNA
from strain VS§503 and Tn4560 insertional mutants IA1 (LG211), IA2 and IA3. Lane I:
plasmid pUC1169 partially cut with PstI (positive control); 2; A DNA cut with HindIIl
(negative control); 3: VS503 DNA cut with PstI; 4: LG211 DNA cut with Pst; 5;
LG212 DNA cut with PstI; 6: LG213 DNA cut with Psil; 7: VS503; 8: LG211; 9:
LG202; 10: LG203.
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FIG. 3-17 b) Autoradiogram of a Southern blot from the gel shown in (a) probed
with [32P]-pUC1169. Lanes as in Fig. 3-17 a).
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FIG. 3-18 a) Agarose gel electrophoregram of PstI-digested DNA from Tn4560
inserticnal isolates 1Al (LG211),IA4, and TA5. Lane 1: uncut plasmid pJV2; 2: uncut
plasmid pUC1169; 3: Pstl-cleaved total DNA from a spontaneous VioR mutant of
LG206; 4: LG211; 5: LG214; 6: LG215; 7: A DNA cut with HindIIL
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FIG. 3-18 b) Autoradiogram of Southern blot from the gel shown in (a) probed with
[32P]-pUC1169. Lanes as in Fig. 3-18 a)
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FIG. 3-19 a) Agarose gel electrophoregram of total DNA and PstI-digested DNA
from “n4560 insertional mutants of S. venezuelae. Lane 1: LG222 (Q-3); 2: LG229
(Q-5); Lane 3: LG221 (Q-4); 4: LG218 (Q-2); 5: LG211 (Q-1); 6: uncut DNA of
strain LG229; 7: A DNA cut with HindlII (negative control); 8: plasmid pUC1169 cut

with PsI (positive control).
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FIG. 3-19 b) Autoradiogram of Southern blot from the gel shown in (a) probed with
[32P)-pUC1169. Lanes as in Fig.3-19 a)
Weak hybridization signals from large fragments in lanes 1 - 4 reflect incomplete digestion

of genomic DNA.
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3-17 and 18) and may represent two independent insertions into the same target site.
Isolate JA1 was chosen as representative of this group for further analysis and was
designated strain LG211 carrying insertion one (Q-1); IB1 had 5.5-kb and 15.0-kb
junction fragmcnts (Fig. 3-19b, lane 4) and was designated LG218, carrying Q2-2; IIB1
had 9.5 and 12.0-kb junction fragments (Fig. 3-19b, lane 3) and became strain LG221,
carrying Q-4; IIB2 had 5.8 and 7.5-kb juncion fragments (Fig. 3-19b, lane 1) and was
designated L.G222, carrying Q-3. Under the same hybridization conditions, no signals
were detected with Psr I digests of VS503. Plasmid pJV2 was found to hybridize with -
pUC1169 probe because both of them contain the same vph gene (Fig. 3-18).

C. Characterization of transposon insertional mutants

Of the four classes of putative Tn4560 insertional mutants identified by Southern blot
hybridization, three were associated with altered nutritional phenotypes; their characteristics

are summarized in Table 3-5.

Table 3-5. Characteristics of Tn4560 insertdonal mutants of S. venezuelae

Plasmid or Pst] Fragments?

Strain | Insertion  Phenotype? Hybridizing with see
pUC1169 Fig. lane

LG206 pDQ201 PxI°  Thio® VioR 20 43 222  310a 2

LG211 Q-1 Pxl” VioR 20 60 9.0 3-199 5

LG218 Q-2 VioR 20 55 150 319 4

LG221 0-4 Ade”  VioR 20 58 7.5 3-19 3

LG222 Q-3 PxI”  Ade” VioR 20 95 120 319 1

4 Ade, adenine; Pxl, pyridoxal, ThioR, thiostrepton resistant; VioR, viomycin resistant;
b Chromosomal DNA fragments hybridizing with Tn4560 contained in the probe (sizes in
kb).
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The unaltered type (PxI-), represented by LG2!1 and LG220 (data not shown) was
found in each experiment, and apparently had Tr#560 (Q-1 in LG211) inserted into an
8.2-kb PstI fragment of the S. venezuelae chromosome (Fig. 3-20).

The second mutant type (Px1*) was represented by LG218, and was found in only
one experiment; Tn4560 (Q-2) had inserted into a 13.7-kb PstI fragment of the S.
venezuelae chromosome (Fig. 3-20).

The third type was LG222 which had an additional auxotrophy (Ade-). This type was
also obtained in only one of the two experiments; Tn4S."? (Q-3) had inserted into a 14.7-
kb Pstl fragment of the S. venezuelae chromosome (Fig. 3-20).

The last type of mutant was LG221. Not only was it newly auxotrophic for adenine,
but it also had undergone reversion to PxI*. Although it derived from the same spore stock
as LG220 and LG222 the transposon-chromosome junction fragments (7 5 kb and 5.8 kb)
were different from those of any other mutant type, indicating that Tn4560 (2-4) had
inserted into a 7.7-kb PstI fragment of the S. venezite‘ae chromosome (Fig. 3-20).

The results indicated a minimum of four insertion sites and possibly five independent
events; the insertions in isolates LG220, IIB3 and I1B4 may have represented a single

event, but would have been independent of insertion Q-1 (in LG211).

VII. MAPPING OF Tn4560 INSERTIONAL SITES ON THE
CHROMOSOME OF S. VENEZUELAE

Since the data from Southern hybridization and phenotype tests allowed the 14
transposon insertion isolates to be sorted into the four groups represented by LG211 (PxI7,
VioR); LG218 (VioR); LG221 (Ade", VioR): and LG222 (Ade", Px1", VioR), the site of
Tn4560 insertion in each of these strains was determined by analysis of conjugational

crosses and by SV1-mediated cotransduction.
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FIG. 3-20 Organization of Ps:I fragments at different sites of Tn4560 insertion in the chromosomes of
S. lividans strain LG102 and S. venezuelae strain LG211, 218, 221 and 222. Insertion patterns could be
cither a) or b). Wavy line represents target DNA outside Psi sites (P) defining the target fragment (straight
linc) of host DNA; double line, Tn4560; filled section, vph.



[P

104

A. Mapping by Analysis of Conjugational Recombinants

Conjugational analyses were performed by a single-selection procedure using as one
parent either of two triple-mutants: VS206 (hisA6 adeAl0 strA6); or VS560 (hisA6
lysAl strAl9). The latter strain was a spontaneous streptomycin resistant mutant of S.
venezuelae VS208, which is a His~ Lys~ double auxotroph in which the two markers have
been located (Doull et al., 1986). The sirA19 marker in VS560 was located close to the
site of strA6 in strain VS206 by its similar frequency of cotransduction with the nearby
rifA2 marker (Table 3-6). Four different single-selection conjugational crosses were

performed. A detailed description of the procedure is given only for the first cross.

Table 3-6 Cotransduction of strA6 /19 and rifA2 markers in S. venezuelae?

Recipient Donor Selective Medium  No.tested  rifA2 sirA6/19  %cotransduction

MYM+NaCit+

VS560 VS279 Rif 144(Rif) 49(Str) 66 StrS
(strA19) (rifA2)

VS279  VS560 Str 177(Str) 52(Rif) 70 RifS
(rifA2) (strAl9)

VS206 VS279 Rif 124(Rif) 46(Str) 63 Strs
(strA6)  (rifA2)

VS279  VS206 Str 136(Str) 39(Rif) 71 RifS

(rifA2)  (strA0)

4 Donor phage and recipient spores were mixed on MYM and incubated to achieve
sporulation. Spores were harvested, washed in Na citrate solution and plated on selective

medium at a concentration of about 108 cfu/plate (see Stuttard, 1988).
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1. Mapping Q-1 (Cross I): VS206 (hisA6 adeAl9 strA6) x LG211

(pdx-4 Q-1

This cross was used to map the Q-1 insertion site in strain LG211. To assess the
parental contributions to progeny from this cross, 106 CFU spores of VS206 (hisA6
adeAl0 strA6) and LG211 (pdx-4 Q-1) were mixed and plated on MYM. After
incubation at 30 °C for 5 d, progeny spores were harvested in 2 ml of 20% glycerol; 0.1 ml
of each of three dilutions of spore suspension (1071, 1073, 1073) were plated on
MM-+His+Ade and MM+Pxl. Each medium supported the growth of one parent.
Comparison of the numbers of colonies appearing on the two different media gave a 20:1
CFU ratio of strain VS206 to strain LG211. Thus, strain VS206 apparently grew faster or
sporulated more profusely than strain LG211 on MYM.

Therefore, a more balanced output of CFU from this cross was sought by mixing
together on MYM 5 x 104 CFU of V5206 and 106 CFU of LG211 (an input CFU ratio of
1:20). Spores from the resulting lawn were harvested as before, diluted to 107 CFU/ml-and
spread on MM supplemented with adenine, pyridoxal and streptomycin (100 pg/ml). This
medium was selective for two widely separated markers (hisA* strAl9), one from each
parent. Only His™ Str® recombinants or heterokaryons could grow on this medium. A
total of 853 colonies was obtained and spores from a sample of 240 colonies were patched
on MYM plates. After ircubation for 5 d, the patches were replica plated on the following
media and MYM:

I. MM+pyridoxal

II. MM-+adenine

II. MM+adenine+pyridoxal+viomycin
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Eight different genotypes could be identified as follows:

Gerotype Medium@
I II m Mym
1 + + + + + - +
2 pdx + + + - - +
3 pdx ade + - - - +
4 pdx ade vph - - + +
5 + ade + - + - +
6 + ade  vph - + + +
7 + + vph + + + +
8 pdx + vph + - + +

4+, growth permitted

-, no growth

Numbers of recombinants of each inferred genotypic class recovered from cross I are
given in Table 3-7, and aliele frequencies are shown in Fig. 3-21.

The data from Table 3-7 were used to find the frequencies of each pair of non-selected
marker alleles at known relative locations, and two possible locations for Q-1 are shown in
Models I and IT in Fig. 3-21. A "least crossover" analysis (Table 3-7) showed that the
most likely location of Q-1 was between hisA6 and pdx-4 (Model Iin Fig. 3-21).
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FIG. 3-21 Alternative locations for £2-1 in strain LG211 in the cross with

strain VS206. Numbers in brackets indicate allele frequencies of total

recombinants in the samples tested.
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TABLE 3-7 Location of the site of Tn4560 insertion (Q-1) in strain LG211 by "least

crossover” analysis®

Crossover intervals for model

Number of

Genotype Recombinants I I
+ + + 10 1, 4, 1, 3, 4, 5,
pdx  + + 3 i, 2, 3, 4, 2, 3, 4, 5,
pdx ade @+ 2 1, 2, 3, 5, 2, 5,
pdx ade vph 87 3, §, 2, 4,
+  ade + 66 1, 5, 1, 5,
+  ade vph 14 2, 5, 1, 4,
+ + vph 8 2, 4, 1, 3,
padx + vph 50 3, 4, 2, 3,

4 Data from the cross: VS206 (hisA6 adeAl0 strA6) x LG211 (pdx-4 Q-1)
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2. Mapping Q-3 (Cross II): VS560 (hisA6 IlysAl strAl9) x LG222
(ade-21 pdx-4 £2-3)

Since the ade-21 mutation had not been mapped previously, the cross VS560 x
LG222 was used to map both ade-21 and Q-3 loci in strain LG222. Hist StuR
recombinants were recovered on MM+Lys+Ade+PxI1+Str, and 240 colonies were patched
to MYM, and then replicated on four different selective media and MYM:

I. MM+Lys+Ade

1I. MM+Ade+Pxl

III. MM+Lys+Pxl

IV. MM+Lys+Ade+Pxl+Vio

For mapping the ade-21 locus, eight recombinant genotypes could be identified by

comparing the number of recombinants that grew on Medium I, II, and IIT as shown

below:
Genotype Medium

I II o Mywm
1) + + + + + + +
2) lys + + + - + +
3) lys ade + + - - +
4) lvs ade pdx - - - +
5 + ode + + + - +
6) + ade  pdx - + - +
7 + +  pdx - + + +
8) lys +  pdx - - + +

Frequencies for each inferred genotypic class of recombinants from cross II are given

in Table 3-8. Two possible positions for the ade-21 locus were indicated by the allele
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FIG. 3-22 Alternative locations for ade -21 in strain LG222 in the cross with
strain VS560. Numbers in brackets indicate allele frequencies of total

recombinants in the samples tested.
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TABLE 3-8 Location of the ade-21 locus in strain LG222 by "least crossover” analysis2

Crossover intervals for model

Number of
Genotype Recombinants I II
+ + o+ 14 1, 2, 3, 5, 1, 3, 4, 5,
lys + + 2 1, 5§, 1, 5,
lys ade + 22 1, 4, 1, 3, 4, 5,
lys ade pdx 40 2, 4, 2, 3, 4, 5,
+ ade + 2 1, 2, 3, 4, I, 2, 4, 5,
+ ade pdx L 3, 4, 4, 35,
+ 4+ pdx 53 3, 5, 3, 5,
lys + pdx 95 2, 5, 2, 5,

4 Data from the cross: VS560 (hisA0 lysAl strAl9) x LG222 (ade-21 pdx-4 Q-3)
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frequencies of the markers. The data in Table 3-8 show that model I (Fig. 3-22) gives the
lowest number of quadruple crossovers. The ade-21 locus seems to be located between
hisA6 and strA19, opposite pdx-4.

For mapping Q-3, sixteen genotypes of recombinants could be found by using

Medium IV to check for the viomycin sensitivity of the colonies with one of eight

genotypes.
Genotype Medium
I a Im v MM

D+ + + + + + + - +
2) lys + + o+ + - + - +
3) lys ade + + + - - - +
4) lys ade pdx + - - - - +
5) + ade + + + + - - +
6) + ade pdx + - + - - +
7 + + pdx + - + + - +
8 lys + pdx + - - + - +
D+ + + vph + + + + +
2) lys + vph + - + + +
11) lys ade vph + - - + +
12) lys ade pdx vph - - - + +
13) + ade + vph + + - + +
14) + ade pdx vph - + - + +
15) + + pdx vph - + + +
16) lys + pdx vph - - + + +

Frequencies of each inferred genotypic class of recombinants from cross II are given
in Table 3-9. Two possible positions for -3 site were indicated by the allele frequencies
of the markers. The data in Table 3-9 show that model I (Fig. 3-23) gives the lowest
number of quadruple crossovers; therefore, the most probable location for £2-3 is between

pdx-4 and lysAl.

s
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hisA 6(0) hisA 6(0)

lysAl (159)

strA19(240) SITA19

(240)
Model 1 Model IT

FIG. 3-23 Alternative locatiorss for Q-3 in strain LG222 in the cross with
strain VS206. Numbers in brackets indicate allele frequencies in the

samples of total recombinants tested.
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TABLE 3-9 Location of the site of Tn4560 insertion (2-2) in LG222 by "least crossover"

analysisd

Crossover intervals for model

Nomber of
Genotype Recombinants I II

1 + + + + 2 1, 3, 4, b, 1, 2, 3, 6,
2 lys + + o+ 2 1, 6, 1, 6,
3 Iys ade + + 19 1, 5, 1, 4, 5, 6,
4 lys ade pdx + 32 2, 5, 2, 4, 5, 6,
5 + ade + 4+ 1 1, 3, 4, 5, 1, 2, 3, 4
6 + ade pdx + 2 2, 3, 4, 5, 3, 4,5, 6
7 + + pdx + 14 2, 3, 4, 6, 3, 6,
8 Ilys + pdx + 84 2, 6, 2, 6,
9 + + + vph 12 1, 2, 4, 6, 1, 2, 3,5,
10 lys + + vph 0 1, 2, 3, 6, 1, 5
11 lys ade + vph 3 1, 2, 3, 5, 1, 4,
12 lys ade pdx vph 8 3, 5, 2, 4,
13 + ade + vph 1 1, 2, 4, 5, 1, 2, 3, 4,
14 + ade pdx vph 10 4, 5, 3, 4,
15 + + pdx vph 39 4, 6, 3, 5,
16 lys + pdx vph 11 3, 6, 2, 5,

a Data from the cross: VS560 (hisA6 lysAl strAl19) and LG222 (ade-21 pdx-4 Q-3)
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3. Mapping Q-4 (Cross III): VS560 (hisA6 lysAl strAl19) x LG221 (ade-
20 £2-4)

Cross III was used to map Q-4 site in LG221. The ..7e-20 locus in LG221 was
apparently very close to the ade-21 site in an 1.G222 since an SV1 lysate from 1.G222 did
not transduce LG221 to prototrophy on MM.

After Hist StrR recombinants were obtained on MM+Lys+Ade+Str, 239 colonies
were picked and patched on MYM and subsequently replicated on three different selective
media and MYM:

L. MM+Lys

II. MM+Ade

III. MM+Lys+Ade+Vio

Therefore, eight different genotypes could be identified as follows:

Genotype Medium
I II oI MyM
1 + + + + + - +
2 lys + + + - - +
3 lys  ade + - - - +
4 lys ade vph - - + +
5 + ade + - + - +
6 + ade  vph - + + +
7 + + vph + + + +
8 lys + vph + - + +

Frequencies for each inferred genotypic class of recombinants from cross III are given
in Table 3-10. Two possible positions for -4 site were indicated by the allele frequencies
of the markers. The data in Table 3-10 show that model I (Fig. 3-24) gives the lowest

number of quadruple crossovers. The -4 site is between hisA6 and fysAl.
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FIG. 3-24 Alternative locations for Q-4 in strain LG221 in the cross with

strain VS560. Numbers in brackets indicate allele frequencies of total

recombinants in the samples tested.
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TABLE 3-10 Location of the site of Tn4560 insertion (€2-4) in strain LG221 by "least

crossover" analysis?

Crossover intervals for model

Number of

Genotype Recombinants 1 )il
I+ + + 7 1, 2, 3, 5, 2, 5,
2 by + + 62 1, 5, 1, 5,
3 lys ade + 21 1, 4, i, 3, 4, 5,
4 lys ade vph 30 2, 4, 1, 3,
5 + ade + 5 1, 2, 3, 4, 2, 3, 4, 5,
6 + ade vph 30 2, 4, 2, 3,
7 + + vph 26 3, 5, 2, 4,
8 Iys + vph 58 2, 5, 1, 4,

4 Data from the cross: VS560 (hisA6 lysAl strA19) x LG221 (ade-20 Q-4)
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B. Mapping by SV1-mediated Transduction

1. Mapping of Q-2

Insertion Q-2 was not mapped by allele-gradient and least crossover analysis of
transconjugants because strain LG218 was prototrophic and apparently lacked the pdx-4
marker. Instead, phage SV1-mediated generalized transductions confirmed that Q-2 was
very close to the pdx-4 site (Table 3-11). S. venezuelae VS258 (pdx-4) was used as
recipient for transduction with SV1 raised on LG218. 174 of 179 prototrophic

transductants were resistant to viomycin.

2. Fine mapping of Q-4

Analysis of the data from the cross: VS560 x LG221 indicated that Q-4 in strain
LG221 is located between hisA6 and lysAl(see Fig. 3-27). To map the Q-4 site more
precisely, several strains in which the mutation sites had been mapped between hisA6 and
lysAl were chosen as recipients for SV1-mediated transduction. Cotransduction of Q-4
with ¢ysE28 (32%) and with pdx-3 (9.5%) suggested that Q-4 was between these two
loci in the region occupied by cml genes (Table 3-11).

To further confirm whether the Tn4560 insertional site Q-4 in strain LG221 was
within a cml gene, S. venezuelae 10712 was used as the recipient for transduction with
SV1 raised on LG221. Recipient (10712) spores and irradiated phage were spread together
on MYM. After incubation at 30°C for 7 d, spores were harvested and plated on
MYM-+Vio+sodium citrate (10 mM). Five of 23 transductants carrying Q-4 produced low
levels of chloramphenicol (Fig. 3-25); the other 18 transductants were Cml”, suggesting
that Q-4 was in or near a cm! gene other than that defined by ¢ml-12. However, the
relative order of Q-4 and c¢mi-12 with respect to pdx-4 could not be assessed since no test

for Pxl phenotype was done.
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TABLE 3-11 Location of Tn4560 insertions in S. venezuelae by SV1-mediated

transduction with auxotrophic recipients, selecting prototrophs on MM.

Donor Recipient Transductants Cotransduction
tested VioR frequency
SVI(LG218)  VS98(arg-6) 200 0 <0.5%
(vph(€2-2))
VS8263(cysE28) 198 0 <0.5%
VS253(pdx-3) 99 1 1%
VS258(pdx-4) 79 74 90%
VS242(rib-2) 200 0 <0.5%
VS1(lysAl) 200 0 <0.5%
SV1(LG221)  VS98(arg-6) 189 0 <0.5%
(vph[2-4])
VS263(cysE28) 142 45 32%
VS253(pdx-3) 157 14 9.5%
VS258(pdx-4) 380 3 1%
VS242(rib-2) 340 3 1%

VS1(lysAl) 258 0 <0.5%
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Fig. 3-25. Bioassay for chloramphenicol production by transductants carrying Q-4
Patches of 10712 (1), VS503 (2), and various transductants (3-8) on MYM were
overlaid with soft GNY containing Micrococcus luteus. After 48 h at 37 °C, the cultures

were examined for zones of inhibition.
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VIII, POSITIVE SELECTION TO ISOLATE Tn4560 INSERTIONAL
MUTANTS

A. Conjugational Transfer of pDQ201 to a thrC Mutant of S.

venezuelae

When about 107 CFU of V8239 (thrC12 c¢mi-4) were spread on MM plus threonine
containing 50 pg of thiostrepton per ml and 30 pg of viomycin per ml, there was no
growth of the Thr-, homoserine-sensitive mutant. This indicated that the frequency of
occurrence of spontaneous ThioR VioR mutants in strain VS239 was very low (i.e., less
than 10-8/CFU). S. venezuelae LG206, which was Pxl- and contained the Tn4560-
carrying plasmid pDQ201, was used as the donor in a mating with strain VS239.
Thiostrepton and viomycin-resistant transconjugant colonies were detected within 72 h after
plating on MM containing threonine and 50 pg of thiostreptor per ml. The frequency of
transfer of plasmid pDQ201 was calculated to be 1.2 x 106/VS239 CFU from the relative
numbers of Thr- ThioR VioR and Thr- ThioS VioS transconjugant CFU. Four
transconjugants examined for homoserine sensitivity by streaking on MM plus threonine
and MM-+Thr+homoserine were inhibited by homoserine, consistent with the phenotype of
VS§239. Agarose gel electrophoresis of plasmid DNA revealed that pDQ201 was present in
transconjugants and absent in the parent VS239 (Fig. 3-26). Digestion of plasmid DNA
from one transconjugant (LG228) with the restriction enzyme PstI showed a fragment
pattern identical to that of the original plasmid pDQ201 from S. venezuelae 1L.G206. Strain

1.G228 had the Thio® VioR Thr” HomS phenotype.
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FIG. 3-26 Agarose gel electrophoresis of pDQ201 extracted from VioR Thr-
transconjugants of VS5239. Lane 1. VS239 (negative control); 2. VS§239-1(LG228); 3.
VS239-2, 4. VS239-3; 5. VS8239-4; 6. pDQ201 from LG206; 7. pDQ204; 8. A
DNA/HindIIl.
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B. Isolation of Tn4560 Insertional Mutants by Positive Selection

Three separate experiments were performed to isolate Tn4560 insertional mutants.
Each experiment was started by growing a lawn of spores from a single colony inoculum
of LG228 at 30 °C; a different single colony was used for each experiment. About 106
CFU of each spore stock were spread on separate MM+Thr+Vio plates and incubated at 43
°C for 5 d, then at 30 °C for 3 d to achieve sporulation. Spores were harvested and
samples of each of the three new stocks were plated on MM+Thr+Vio+Hom at 107
CFU/plate. The three spore stocks gave one (LG229), two (LG230 a and b), and five
(LG232 a-e) Thr HomR VioR ThioS colonies, respectively. No plasmid was detected in
any of the eight isolates (representing a minimum of three different insertion events), and
hybridization with a 32P-labeled Tn4560 (in pUC1169) showed that Tn4560 was present,
apparently inserted into the same chromosomal site in each isolate (Fig. 3-27).

Strain LG229 was chosen to map the location of the Tn4560 insertion site. When
1.G229 was used as the donor in a transduction with recipient strain VS1 (lysAl), 124 of
188 Lys™ transductants (66%) were Thr™ and comprised two types: 47.3% of all
transductants were HomR VioR like the donor, and possibly included thrBQ-5 thrC*
recombinants; the other 18.6% Thr™ were HomS VioS and presumably represented the
original thrC12 genotype of VS239. None of the Thr HomR transductants was VioS, and
none of the prototrophs was VioR (Fig. 3-31). These results confirmed that Tn4560 was
in or very near the thrB gene in the putative thrB thrC double mutant, LG229. The

locations of vph in the other Thr- HomR isolates were not determined.
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FIG. 3-27 a) Southern blot comparison of PstI fragments of DNA from Hom® derivatives
of S. venezuelae strain V8239 (thrCI2 cmi-6) probed with **P-labelled pUC1169. Lane 1:
LG218 (Q-2); 2: LG221 (Q-4); 3- pUCI1169 cut with Pstl; 4: A DNA cut with HindIII;
5: LG229 (Q-5); 6: LG230a; 7: LG230b; 8: LG232a; 9: LG232b; 10: LG232c; 11:
LG232d; 12: LG232e.
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FIG. 3-27 b) Interpretation of Pstl fragment pattern of strain LG229 DNA showing

the possible orientation of Tn4560 in the chromosome.
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FIG. 3-28 Interpretation of data from transduction: VS1 (lysAI) x SV1 (LG229).
Arrowed lines indicate crossovers forming recombinant genotypes: 188 colonies were
tested. Assuming that /ysA does not lie between tArB and thrC, any quadruple crossover
recombinants (dotted line) with order a) would be included in the Vio® class; with order b)
these would constitute the Vio® Hom® class. Either order a) or b) is possible.
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IX. CLONING THE Q-4 JUNCTION FRAGMENT FROM S.
VENEZUELAE LG221

The data from a conjugation cross and from transduction showed that the Q-4 site was
in the region of cml genes in strain LG221. To further explore the use of Tn4560
insertional mutants, an attempt was made to clone the -4 junction fragment from L.G221
(Fig. 3-29). Genomic DNA (5 ug) from LG221 was digested with Bg/II+EcoRI and
ligated to the BamHI-EcoRI fragment of pHJL400, a shuttle vector containing the
minimal replicon of the moderate copy-number streptomycete plasmid SCP2* (miniSCP2%*)
combined with the E. coli plasmid pUCI19 (Larson & Hershberger, 1986). The ligation
mixture (20 pnl) was used to transform S. lividans TK23 protoplasts. After protoplast
regeneration on RS at 30°C for 18 h, colonies were overlaid with soft agar containing
thiostrepton and viomycin; two colonies were present after incubation for another 3 d.
Plasmid DNA (pDQ205) from one of these (Fig. 3-30) was used to transform E. coli
DHj5 to AmpR. The AmpR transformants contained a plasmid that was cut by restriction
enzyme Pstl into three fragments, indicating that a 15.5 kb vph-containing fragment had

been cloned (Fig. 3-31)
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FIG.3-29 Construction of plasmid pDQ205
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FIG. 3-30. Agarose gel electrophoresis of pHJL.400 and pDQ205.
Lane 1: MHindlll, 2: pHJL400; 3: pDQ205.
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FIG. 3-31 The PstI restriction enzyme digestion pattern of pDQ205.
Lane 1: A/Hindl; 2: pDQ205; 3: pDQ205/Ps!l.
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DISCUSSION

I. Tn4560 CAN BE INTRODUCED INTO S. VENEZUELAE BY
PROTOPLAST TRANSFORMATION WITH pDQ201

Use of Tn4560 for mutagenesis in S. venezuelae tequires an appropriate delivery
system. One common strategy suitable for Streptomyces spp. is to place the transposon
on a plasmid vector that is temperature sensitive for replication. The resulting plasmid is
then introduced into the cells by protoplast transformation. The Tn4560-carrying vector
pUC1169, isolated from S. lividans, is a temperature-sensitive plasmid. This plasmid
was successfully used for transposon mutagenesis in S. lividans and S. avermitilis
(Chung & Crose, 1989; Yagi, 1990). However, in the present study the pUC1169
delivery system was shown to be unsuitable for transposon mutagenesis in S. venezuelae.
Evidence from hybridization of BamHI-digested DNA from LG202 and LG203 with
pUC1169 indicated that the vector had not integrated into the chromosome of §.
venezuelae, although precedents for this type of response are found in other systems.
When pGM160 and pHJL401 derivatives containing Tn5096 (AmR) were introduced to
S. griseofuscus, the majority of AmR ThioS isolates contained transpositions, but a small
percentage of these were shown to contain plasmid sequences integrated into the
chromosome (Solenberg & Baltz, 1991). The pIJ702 plasmid vector from which
pUC1169 was derived is known to form multimers during replication in S. venezuelae
(Paradkar, 1991) and the absence of monomer plasmid DNA in LG202 and Ly203 can
readily be explained by this having occurred.

Although pUC1169 was not suitable, other vectors, including pDQ201 and pDQ204
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were developed in the present study. The pDQ201 delivery system was produced by first
isolating a mutant with a chromosomal insertion of Tn4560 i S. lividans, followed by
transposition of Tn4560 to plasmid pDQ101, a deletion derivative of the low-copy-number
SCP2* replicon pIJ941, and ultimately transformation of this plasmid into S. venezuelae.
During construction of vectors carrying Tn4560, several interesting observations were
made: 1) After pDQ101 and pGM160 were separately introduced into S. lividans LG102,
which contained a chromosomally inserted copy of Tn4560, derivatives of each plasmid
acquired a copy of Tn4560. It seems to be easier for Tn4560 to transpose from the
chromosome to plasmid than vice-versa. This feature of Ta4560 is consistent with Tn3
results in E. coli, where transposition frequencies were at least 103 times higher if a
plasmid rather than the chromosome was the target for Tn3 or Tnl721 (Kretschmer &
Cohen, 1977; Grinstec et al., 1990). 2) Among 144 Tn4560 insertional mutants of S.
lividans tested in the present work, only one auxotrophic mutant was identified. It
required cysteine for growth. Chung and Crose (1989) reported that eight auxotrophs of
S. lividans were identified from 1500 transposon insertional mutants that they tested. One
of them was Cys~. It would be interesting to know whether or not Tn4560 had inserted
into same site in these two mutants. In S. coelicolor A3(2), at least five cys genes
(cysA, cysB, cysC, cysD, and cysE) have been mapped. They are distributed at a number
of locations on the chromosomal linkage map. If the DNA of beth S. lividans Cys~
mutants showed the same pattern of hybridization with Tn4560 (e.g., if both gave 7.5 kb
and 10 kb Pstl-digested junciion fragments), one could conclude that Tn4560 had
inserted into the same site in both mutants, and that this was possibly a preferred target for
Tn4560. On the other hand, if the Cys~ mutants were to show totally different patterns of
hybridization, the conclusion would be that Ta4560 had inserted into different cys genes,

which would be useful information for cloning cys genes from S. lividans.



133

II. Tn4560 CAN TRANSPOSE FROM PLASMID TO THE
CHROMOSOME OF S. VENEZUELAE.

Transposition of Tn4560 from plasmid to chromosome has been reported to occur in
S. lividans, S. lincolnensis (Chung, 1987, 1988) and S. avermitilis (Yagi, 1990). In the
present study, the transposon was shown to move from a plasmid to the chromosome of
S. venezuelae. Thus Tn4560 has a broad host range for transposition.

Transfer of the Tn4560-carrying plasmid pDQ201 into S. venezuelae provided an
opportunity to investigate transposition in this species. In contrast to pUC1169, which is
temperature sensitive, plasmid pDQ201 was relatively stable at 39°C (14.4% of LG206
CFU harvested at 39°C lacked plasmid); however, it was much less stable during growth
and sporulation at 43°C (72.8% of LG206 CFU lacked plasmid). Transposition of most
Tn3-like transposons, except for Tnl000, is temperature-sensitive (Kretschmer & Cohen,
1977; Bennett et al., 1989). The transposition frequency of Tn3 is optimum at 30°C. At
36°C Tn3 transposes at only 5% of the frequency observed at 30 °C (Kretschmer &
Cohen, 1979), and at 45°C transposition is completely inhibited. Transposition activitics
of Tn21, Tn501, Tnl721 and Tn250! display similar temperature dependence (Bennett
et al., 1988). Tn4560 is a Tn3-like transposon, but whether transposition of Tn4560 is
temperature-sensitive is not known. In the present study, spores of LG206 containing
pDQ201 were first grown on MYM+Vio at 30 °C for transposition of Tn4560 from
pDQ201 to the chromosome, and the population of resulting spores was then incubated at
43 °C to eliminate plasmids. This strategy produced at least four different Tn4560
insertional mutants (Thios VioR) from 40,000 VioR colonies tested. These mutants
showed that transposition of Tn4560 did occur in S. venezuelae, either during growth to

sporulation at 30 °C or during incubation at 43 °C.
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III. TRANSPOSITION OF Tn4560 INTO DIFFERENT SITES IN S.
VENEZUELAE

Transposons in general vary greatly in target specificity and their insertion sites often
exhibit little or no similarity to element sequences (Berg et al., 1989). Tn5 and Mu insert
more randomly into the chromosome than do other elements and their target sites in any
gene may vary from a few to several hundreds (Berg et al., 1989). Of the Tn3 family of
transposons, Tn3 and Tn2/ insert quite randomly into plasmids, with no significant hot
spots, but only rarely into the bacterial chromosome (Kretschmer & Cohen, 1977; Grinsted
et al., 1990). Tnl000 inserts preferentially into A+T-rich sites, with a weak consensus
sequence of ATATT (Liu et al., 1987); Tn3 insertions take place preferentially into A+T-
rich DNA and near a region that resembles the end of Tn3.

Streptomyces spp. are Gram-positive bacteria with 74% G+C content. If Tn4560,
like Tn1000 and Tn3, inserts preferentially into A+T-rich sites, it would be impossible
for Tn4560 to randomly insert into the Streptomyces chromosome. However, the
nucleotide sequences of seven Tn4560 target sites in different Streptomyces plasmids
were different; one of them was GGATC (Olson & Chung, 1988), which indicated that
Tn4560 was different from TnZ000 and Tn3 in target preference.

Generally speaking, conclusions about target specifity are drawn from both Southern
hybridization data and the identification of various auxotrophic mutants. Tn4560 was
claimed to transpose randomly to positions in the chromosome of S. lividans (Chung,
1987) based on the following observations: a) Each of the DNA samples from ten ThioS
VioR §. lividans isolates gave a unique pattern of Southern hybridization with a Tn4560
probe; and b) seven auxotrophic mutants were found among 1,500 insertion mutants of S.

lividans tested. Transposition of Tn4560 from plasmid to chromosome was also






