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The Tn3-like Streptomyces transposon Tn456O was used to mutagenize Streptomyces avermitilis, the producer
of anthelmintic avermectins and the cell growth inhibitor oligomycin. Tn4560 transposed in this strain from a

temperature-sensitive plasmid to the chromosome and from the chromosome to a plasmid with an apparent
fiequency of about 10-4 to 10-3 at both 30 and 39°C. Auxotrophic and antibiotic nonproducing mutations
were, however, obtained only with cultures that were kept at 37 or 39°C. About 0.1% of the transposon inserts
obtained at 39°C caused auxotrophy or abolished antibiotic production. The sites of insertion into the S.
avernitilis chromosome were mapped. Chromosomal DNA fragments containing Tn4560 insertions in
antibiotic production genes were cloned onto a Streptomyces plasmid with temperature-sensitive replication and
used to transport transposon mutations to other strains, using homologous recombination. This technique was
used to construct an avermectin production strain that no longer makes the toxic oligomycin.

Transposable elements, including insertion sequences,
transposons, and transposing bacteriophages, have been
widely exploited in the genetic analysis of organisms. Trans-
posons have been particularly valuable tools in the genetic
analysis and molecular manipulation of gram-negative (1, 7,
19) and gram-positive (32) bacteria. For example, despite the
large number of classical spo mutants of Bacillus subtilis,
introduction of Tn917 and Tn917-lac interrupted hitherto
unknown sporulation genes (24, 32). The development of
transposable elements for Streptomyces species should fa-
cilitate the genetic analysis and exploitation of these versa-
tile secondary metabolite producers. The characteristics of
some Streptomyces transposable elements, including inser-
tion sequences and transposons, have been studied in detail
(3).
Two transposable elements, Tn4556 (4, 25) and IS493 (27),

have been sufficiently developed to be useful as genetic tools
for transposon mutagenesis or for insertion of genetic infor-
mation into the chromosome. The Tn3-like class II transpo-
son Tn4556, found in a neomycin-producing strain of Strep-
tomyces fradiae in single copy, was modified to create
Tn4560, which carries a viomycin resistance gene (viomycin
phosphotransferase; vph) as a selectable marker (6). IS493 (a
class I insertion sequence), found in Streptomyces lividans
in three copies, was modified to create TnS096, which carries
an apramycin resistance gene (aminoglycoside acetyltrans-
ferase; aac(3)IV) (26). Both Tn4560 and TnS096 transposed
randomly from plasmid to chromosome and vice versa in
Streptomyces spp. (5, 6, 26).

Streptomyces transposons have a number of potential
applications for improving production of secondary metab-
olites. They might be used for gene disruption to identify and
clone genes for biosynthesis of secondary metabolites and
their global regulatory genes. They could also be used to
block the production of unwanted secondary metabolites or
unnecessary pathways to allow more efficient production of
useful secondary metabolites.

* Corresponding author.

We describe here the conditions for efficient and random
transposition of Tn4560 in the avermectin-producing Strep-
tomyces avermitilis (2) and applications for the efficient
production of useful secondary metabolites. In addition to
the anthelmintic and insecticidal avermectins, S. avermitilis
produces oligomycin, a potent toxic inhibitor of oxidative
phosphorylation in mammalian cells (23). We also describe
the use of Tn4560 to disrupt synthesis of oligomycin without
affecting production of avermectins.

MATERIALS AND METHODS

Media. YMS agar and avermectin production medium
were described previously (13, 14). Oligomycin production
medium consisted of 20 g of glucose, 20 g of soybean meal,
10 g of corn steep liquor, 3 g of NaCl, 3 g of CaCO3, and 20
g of agar per liter (pH 7.0). S. avermitilis and S. lividans
protoplasts were regenerated by growing the strains on
RM14 (16) and R2YE (12), respectively. Trypticase soy
broth (BBL Microbiology Systems) was used for the prepa-
ration of plasmid. Luria agar was used for the selection of
Escherichia coli transformants.

Bacterial strains and plasmids. S. lividans TK24 (12), S.
avermitilis K139 (wild-type strain [13]), S. avermitilis K329
(13), and S. avennitilis K2038 (22) were used as the hosts for
streptomycete plasmids. Host strains for E. coli plasmids
were E. coli JM108 (K-12 F- recAl A(lac-proAB) endl41
gyrA96 thi-1 reUl1 supE44 hsdR17) (31) and E. coli GM2929
(K-12 F- galK2 galT22 ara-14 lacYl xyl-5 thi-1 tonA31
rspL136 hisG4 tsx-78 mtl-1 ginV44 leuB6 rfbDl dam-13::Tn9
dcm-6 hsdR2 recF143 McrA- McrB-), obtained from M. G.
Marinus. Streptomyces vector pIJ61 was described by Hop-
wood et al. (12). E. coli-Streptomyces shuttle vector
pKU109 was derived from pIJ699 (18) and pUC19 (32). The
temperature-sensitive replication plasmid pKU110 was con-
structed by in vitro hydroxylamine mutagenesis (10). Tn4560
(Tn4556-vph) was delivered from plasmid pUC1169 (6).

Culture conditions and transformations. Propagation and
transformation of E. coli and Streptomyces cultures have
been described elsewhere (12, 20). E. coli transformants
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were selected for resistance to 75 pug of ampicillin per ml. S.
avernitilis transformants were selected for resistance to 15
pug of thiostrepton or viomycin per ml. For S. avermitilis
transformants, tuberactinomycin N at 15 pug/ml could be
used in place of viomycin.

Chemicals and enzymes. Thiostrepton, viomycin, and tu-
beractinomycin N were a gift from Asahi Chemical Com-
pany (Tokyo, Japan). Ampicillin was obtained from Nakalai
tesque (Kyoto, Japan). Restriction enzymes and ligase were
obtained from Takara Biochemicals (Kyoto, Japan) and New
England Biolabs and used according to the specifications of
the suppliers.

Transposition of Tn4560. Transposition of Tn4560 from
plasmid to chromosome was obtained by growing S. aver-
mitilis carrying pUC1169 (5) or pKU112 for 5 to 7 days at
various temperatures on YMS agar containing viomycin or
tuberactinomycin N at 15 pug/ml. Spores were collected and
screened for viomycin or tuberactinomycin N resistance and
thiostrepton sensitivity as above. Transposition of Tn4560
from chromosome to plasmid was obtained by growing S.
avennitilis (chr::Tn4560) carrying pKU109 for 5 to 7 days at
various temperature on YMS agar containing thiostrepton at
15 ,ug/ml. Spores were harvested and cultured for 2 days at
30°C in Trypticase soy broth plus thiostrepton at 5 ,ug/ml.
Plasmid DNA isolated from mycelia was used to transform
S. lividans TK24. Transformants carrying pKU109::Tn4560
were obtained by selection for resistance to 15 ,ug of both
thiostrepton and viomycin per ml.

Detection of secondary metabolites. Cultures containing
transpositions of Tn4560 were plated on YMS agar contain-
ing viomycin at 15 ,g/ml to obtain 200 colonies per plate.
Each colony was spread in about a 1-cm2 patch on avermec-
tin or oligomycin production agar medium, and the plate was
incubated for 7 days at 28°C. Each patch colony was scraped
and extracted with 0.5 ml of methanol for 15 min at room
temperature. The methanol extract was concentrated under
reduced pressure and applied to silica gel thin-layer chroma-
tography plates, which were developed with n-hexane-
isopropanol (85:15) or by reversed-phase high-performance
liquid chromatography (HPLC) (22). Authentic samples of
avermectins and oligomycin were used as internal standards.

Detection of auxotrophs. Cultures containing transposi-
tions were plated on YMS agar containing viomycin at 15
,ug/ml to obtain 500 colonies per plate. The plate was
replicated onto minimum medium (12) containing viomycin
at 15 ,ug/ml, and the plate was incubated for 2 days at 30°C.
Auxotrophic mutants were identified by a lack of growth on
minimum medium and further characterized for nutritional
requirements.

Genetic mapping of transposon-induced mutations. Con-
ventional genetic mapping methods for Streptomyces spe-
cies (12) were used to map the transposon-induced auxotro-
phic mutations on the linkage map.
DNA isolation and recombinant DNA methods. Conven-

tional DNA manipulations were performed as described by
Maniatis et al. (20). Streptomyces plasmids were isolated by
the method of Kieser (17). DNA fragments were purified
from agarose gels for use in ligations or as probes by using
GeneClean (Bio 101, Inc.). Southern hybridization was
performed as described by Hopwood et al. (12). DNA probes
were labeled with biotinylated-14-dATP by using a Random
Primer Labeling Kit (Takara Biochemicals). Biotinylated
DNAs on the filter were detected by the Southern-Light
Chemiluminescent Detection System (Tropix) according to
the manufacturer's recommendations.

Cloning of chromosomal DNA fragments containing in-

serted Tn456O. Chromosomal DNAs were purified from
avermectin- or oligomycin-nonproducing mutants containing
transpositions. Each chromosomal DNA was digested with
BamHI, and 5 pug of BamHI-cut chromosomal DNA was
ligated with 1 [tg ofBamHI-cut pIJ61 in a total volume of 100
pl.S. lividans TK24 was transformed by the ligated mixture.
Transformants containing the chromosomal DNA fragment
with the inserted Tn4560 were selected for resistance to 15
pug of both thiostrepton and viomycin per ml.

RESULTS

Transposition of Tn4560 from chromosome to plasmid. To
study transposition in S. avermitilis, we first transposed
Tn4560 from the chromosome of S. avermnitilis K139-TP to a
Streptomyces-E. coli bifunctional vector, pKU109. S. aver-
mitilis K139-TP containing the transposon (K139f10
[chr::Tn4560]) was obtained by introducing pUC1169 and
then allowing transposition and curing of the plasmid to
occur. K139-TP was then transformed with pKU109. The
transformants were spread on YMS plates containing 15 ,ug
of viomycin per ml, and the plates were incubated at 30 or
39°C until sporulation occurred. Plasmid DNAs from each
condition were isolated and used to transform S. lividans. In
both cases, transposition events were observed, but the
apparent transposition frequency was about twofold higher
after growth at 39°C than at 30°C. Transposition occurred in
various locations on pKU109, including both the Streptomy-
ces and E. coli DNA regions.

Transposition of Tn4560 from plasmid to chromosome.
pUC1169 consists of the temperature-sensitive replication
plasmid pMT660 and transposon Tn4560. However, because
it was difficult to cure the plasmid by high-temperature
incubation in S. avennitilis, it was not easy to obtain cultures
containing transpositions. We therefore constructed a new
derivative of the temperature-sensitive plasmid pKU110 by
in vitro mutagenesis. For this construction, a DNA fragment
containing an E. coli plasmid carrying Tn4560 was isolated
by digestion of pKU109::Tn4560 with HindIII, and this
fragment was ligated with the large HindIII fragment of
pKU110 (Fig. 1). One of the resulting plasmids obtained,
designated pKU112, was used for transposition of Tn4560
from plasmid to chromosome.
pKU112 was introduced by transformation into the wild-

type strain of S. avermitilis K139. Transformants were
spread on YMS agar containing 15 ,ug ofviomycin per ml and
incubated at 37 or 39°C until sporulation took place, then
replicated to YMS agar containing 15 ,ug of both thiostrepton
and viomycin per ml. In parallel, YMS agar was used for
growing transformants at 30°C with two rounds of sporula-
tion in the absence of selection, and the plates were repli-
cated to YMS agar containing viomycin or viomycin and
thiostrepton. About 90% of the colonies obtained by growing
transformants at 30°C and 99.9% of the colonies obtained by
growing transformants above 37°C were viomycin resistant
and thiostrepton sensitive. Some of the viomycin-resistant
and thiostrepton-resistant colonies obtained by growing
transformants above 37°C segregated viomycin-resistant and
thiostrepton-sensitive colonies, likely reflecting resolution of
pKU112 from the Tn4560-mediated cointegrates of the plas-
mid and the chromosome and subsequent loss from the cells
during purification of clones. Transpositions to the chromo-
some were detected by the appearance of Tn4560-induced
auxotrophs. No auxotrophs were found among 4,689 in-
dependent viomycin-resistant and thiostrepton-sensitive
clones obtained by growing transformants at 30°C. In con-
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FIG. 1. Construction of pKU112. Large BglII fragment of pKU109 is derived from 4.9-kbp BglII fragment of pIJ699 containing pIJ101
replication origin and thiostrepton resistance determinant, and small BgIII fragment of pKU109 is derived from 2.7-kbp BglII-linearized
pUC19 via a BglII linker. pKU110 was constructed by joining the large PstI-ClaI fragment of pKU109 and the small PstI-ClaI fragment of
a temperature-sensitive derivative of pIJ703 which had been isolated by in vitro hydroxylamine mutagenesis. Abbreviations: tsr,
thiostrepton-resistance gene; fd ter, filamentous phage fd transcriptional terminator; vph, viomycin phosphotransferase gene; IR, inverted
repeat sequence of Tn4556.

trast, several auxotrophs were isolated among clones con-
taining transpositions obtained byrowing transformants
above 370C (frequency, 6.7 x 10 to 1.2 x 1O-3). The
highest auxotroph frequency was among clones growing at
390C. Of eight independent auxotrophs, seven auxotrophs,
Al (Ade-), A2 (Arg-), A3 (Cys-), A4 (Ilv-), A6 (Pdx-), A7
(Ser-), and A8 (Cys-), were stable, giving no prototrophic
revertants (<5 x 10-8), but A5 (Met-) reverted at a fre-
quency of3 x 10-8.
The chromosomal insertion site of Tn4560 in each aux-

otroph was determined by genetic mapping (Fig. 2). Strain
A8 (Cys-) required cysteine or methionine for growth on
minimum medium and was resistant to 1 mM sodium sel-
enate, a new phenotype in this organism. The cosegregation
of viomycin resistance with each auxotrophy in all crosses
was observed.

Transposition of Tn4560 to genes involving secondary me-
tabolite production. (i) Avermectin. Over 4,000 independent
clones containing transpositions of Tn4560 into the chromo-
some were screened for the production of avermectins. Ten
avermectin-nonproducing mutants were isolated, and their
morphology was identical to that of the wild-type strain
K139. All 10 mutants produced oligomycin. Southern hy-
bridization analysis of genomic DNA of the 10 mutants
indicated that in 5 of the mutants, transpositions occurred

4Py

FIG. 2. Distribution of Tn4560 insertions on the S. avermitilis
chromosome. Arrows indicate the map positions of independent
Tn4560 insertions. The linkage map and gene symbols were de-
scribed previously (13, 15).
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FIG. 3. Chromatograms of analytical HPLC of the mycelial extracts from the wild-type strain (A) and oligomycin-nonproducing mutant
6-13 containing Tn4560 (B). Each strain was cultured in the liquid production medium (13) at 280C for 7 days. Products were extracted with
an equal volume of methanol for 30 min. After the removal of mycelia by centrifugation, mycelial extracts were directly applied to the HPLC
column. The column was developed with acetonitrile-methanol-water (60:16:24), and the flow rate was 0.6 ml/min. Avermectins and
oligomycin were detected by UV absorption at 244 nm. Ala, Alb, A2a, A2b, Bla, Blb, B2a, and B2b are eight components of avermectins.

within the same BamHI fragment of the gene cluster for
avermectin biosynthesis, suggesting that Tn4560 transposi-
tion to genes involving avermectin production is not abso-
lutely random.

(ii) Oligomycin. Among 2,400 independent clones contain-
ing transpositions, 5 oligomycin-nonproducing mutants were
detected. All still produced avermectins (see, for example,
mutant 6-13 in Fig. 3). Each BamHI-digested chromosomal
DNA was analyzed by Southern hybridization analysis,
using Tn4560 as a probe. Each mutant had a single Tn4560
insertion, but they were mapped to four different BamHI
fragments (data not shown). Mutants 6-13 and 10-16 ap-
peared to be identical.

Recombination between a cloned chromosomal DNA frag-
ment carrying inserted Tn4560 on a plasmid and the corre-
sponding homologous region on the chromosome. If a cloned
chromosomal DNA region containing Tn4560 on a plasmid
recombines with the corresponding homologous region on
the chromosome by two rounds of reciprocal recombination
or a double-crossover event, the cloned chromosomal frag-
ment carrying Tn4560 will replace the corresponding homol-
ogous region on the chromosome. Thus, the phenotype
caused by a Tn4560 insertion mutation in wild-type S.
avermitilis can be transferred to another wild-type strain or
other mutants of S. avermitilis.
Chromosomal DNA fragments of four independent oligo-

mycin-nonproducing mutants (5-10, 6-13, 9-15, and 10-17)
carrying Tn4560 were cloned. The cloned DNA fragments
were ligated with BglII-cut temperature-sensitive plasmid
pKU110, and the wild-type strain S. avennitilis K139 was
transformed by the ligated DNA. After the recombinant
plasmids in the transformants were cured by high-tempera-
ture incubation, viomycin-resistant and thiostrepton-sensi-
tive clones were obtained at a frequency of about 10-3. Six
independent clones derived from each cloned DNA fragment
were examined for their oligomycin productivity. Only
clones derived from the cloned DNA fragment of strain 6-13
failed to produce oligomycin, suggesting that it was only in
mutant 6-13 that the defect in oligomycin production was due
to the transposition events. The transposition sites in six
clones from each mutant were identical to those in the

original clones (data not shown). These results indicate that
random transposition of Tn4560 to the chromosome occurs
at a frequency significantly lower than that of homologous
recombination between the cloned chromosomal DNA frag-
ment containing Tn4560 on the plasmid and the homologous
chromosomal region.

Application of transposon mutagenesis for designing a se-
lective antibiotic producer. S. avernitilis mutants K329 (13)
and K2038 (22) produce the avermectin aglycone and the two
most effective components, avermectins Bla and B2a, re-
spectively; both mutants also produce oligomycin. A recom-
binant plasmid, constructed by joining the temperature-
sensitive plasmid pKU110 and the cloned chromosomal
DNA fragment carrying Tn4560 of mutant 6-13, was intro-
duced into both mutants, K329 and K2038. Transformants
were grown on YMS plate containing 15 ,ug of viomycin per
ml for 4 days at 390C to cure the recombinant plasmid. At
this temperature, cells containing Tn4560 in the S. avermi-
tilis genome continued to grow. A few colonies appeared on
the plate, and then the plate was replicated to a YMS plate
containing thiostrepton and viomycin at 15 Rg/ml. Thiostrep-
ton-sensitive and viomycin-resistant clones were isolated,
and the products of each were analyzed by HPLC. All clones
derived from K329 and K2038 failed to produce oligomycin
(Fig. 4), and clones derived from K2038 produced avermec-
tins Bla and B2a alone.

DISCUSSION

Insertional specificity of a transposon must be low for
efficient transposon-induced mutagenesis. The insertional
specificity of Tn4560 in S. avermitilis on a macro level was
demonstrated by determining the distribution of Tn4560-
induced mutations to auxotrophy. At 37°C, insertions of
Tn4560 caused multiple types of auxotrophy at loci widely
distributed on the S. avermitilis genome. Recently, Yagi (30)
reported the transposition of Tn4560 in S. avermitilis, but no
auxotrophic mutants were detected among about 7,000 inde-
pendent Tn4560 insertion mutants. Yagi (30) isolated Tn4560
insertion mutants by growing cells at 30°C, and he concluded
that Tn4560 transposition on the S. avenmitilis genome was
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FIG. 4. Chromatograms of analytical HPLC of the mycelial extracts from K2038 (A) K2086(K2038l1; olmA::Tn4560) (B), K329 (C), and
K2085(K329fl1; olmA::Tn4560) (D). Analytical procedures are described in the legend to Fig. 3, except that the column was developed with
acetonitrile-methanol-water (62:18:20) in panels C and D.

not absolutely randomly distributed. We observed similar
results when Tn4560 transposition to the genome was per-
formed at 30'C. Our results suggest that transpositions of
Tn4560 to the S. avennitilis genome are stimulated and
randomly distributed by growth at temperatures of 370C or
higher. This phenomenon might be exploited to isolate
Tn4560-induced mutants in other Streptomyces species.

Eight Tn4560-induced auxotrophic mutants obtained in
this study were stable, while reversion to prototrophy,
presumably by precise excision of Tn4560, occurred at a
very low frequency in another mutant, A5 (metB::Tn4560).
Interestingly, the prototrophic revertants were still resistant
to viomycin. This mutation may be caused by Tn4560
insertion outside the essential coding sequence of the struc-
ture gene, and DNA rearrangement in or around this inser-
tion might allow the relief of polar effects of Tn4560 insertion
or make functional but truncated proteins. Similar mecha-
nisms of reversion have been reported in a Tn3 insertion
mutation in the plasmid ColEl (8), in a Tnl insertion
mutation in the bacteriophage P22 (29), in the plasmid R702
(11), in the E. coli chromosome (9), in a TnS insertion
mutation in the Rhizobium meliloti chromosome (21), and in
a Tn5OJ insertion mutation in Pseudomonas aenrginosa (28).
Alternatively, Tn4560 might excise precisely while transpos-
ing to a different location in the chromosome.
Chung and Crose (6) have reported that the frequency of

occurrence of auxotrophs by Tn4560-induced mutations in
S. lividans was 4.7 x 10'. Recently, Solenberg and Baltz
(26) have reported that auxotrophs by Tn5096-induced mu-
tations in S. gnseofuscus occurred at a frequency of 2 x
10-3. Auxotrophy occurred at a frequency of 1.2 x 10-3
among clones containing Tn4560 transpositions in S. aver-
mitilis.
As expected, Tn4560 could transpose into genes involved

in secondary metabolite production. S. avermitilis produces
two kinds of secondary metabolites, oligomycin and a family
of avermectins. The insertion sites of Tn4560 in two nonpro-
ducing mutants were in the aveA region involved in poly-
ketide synthesis, as shown by Southern hybridization anal-
ysis with cloned genes for avermectin biosynthesis (data not
shown), causing loss of synthesis of the avermectin aglycone
(13). In five nonproducing mutants, Tn4560 transposed to the
aveR region involved in the regulation of avermectin biosyn-
thesis. Nonproducing mutants containing transpositions in
other ave regions were not observed. Thus, these results
indicate that the insertional specificity of Tn4560 in the gene
cluster for avermectin biosynthesis is not low.

Five oligomycin-nonproducing mutants were found among
over 2,400 independent Tn4560 insertion mutants tested, but
in only two of them, 6-13 and 10-16, was the Tn4560 insertion
responsible for the loss of oligomycin synthesis. The mu-
tants 6-13 and 10-16 were independently isolated but ap-
peared to be the result of transpositions into the same site
and with the same orientation. Mutants which were con-
structed by transreplacement of cloned chromosomal frag-
ments containing Tn4560 at its site in mutants 6-13 and 10-16
did not produce oligomycin.
Although transpositions were randomly distributed in

transformants carrying the plasmid containing Tn4560
(pKU112), recombination events between a cloned chromo-
somal fragment carrying Tn4560 on a plasmid and the
corresponding homologous region on the chromosome oc-
curred in the absence of further random transpositions, even
though the frequency of homologous recombination (about
10-3) was similar to that of Tn4560 transposition on the
chromosome.
The wild-type strain of S. avermitilis K139 produces not

only the anthelmintic and insecticidal antibiotic avermectin,
which consists of eight closely related components, but
also the toxic compound oligomycin. We have previously
designed an important recombinant strain, K2038 (22),
which produces two components of avermectins, the most
effective compounds Bla and B2a, but the strain still pro-
duced oligomycin. Using the strategy designed above, it was
possible to produce S. avernnitilis K2086(K2038Q11[olmA::
Tn4560]), an extremely useful strain for the industrial pro-
duction of avermectins because the strain produces the most
effective avermectin components, Bla and B2a, and does
not produce oligomycin. This obviates the need for chemical
separation of avermectins and oligomycin.

In summary, our data suggest that Tn4560 transpositions
are induced by growth at high temperature, that transposi-
tions occur at many locations on the chromosome with
relatively low insertional specificity, and that Tn4560-based
mutagenesis can be applied to clone genes involved in
secondary metabolite production (biosynthetic and regula-
tory genes) without isolating biosynthetically blocked mu-
tants in S. avermitilis. Tn4560-based mutagenesis has been
demonstrated in S. lividans (6), S. lincolnensis (6), and S.
avermitilis. We have also recently shown that Tn4560 trans-
poses in S. griseofuscus and S. ambofaciens, suggesting that
it may have broad utility in Streptomyces species.
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