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After coliphage Pl-mediated transfer of Tn5-containing plasmid DNA from Escherichia coli to Myxococcus
xanthus, transductants were identified which contained plasmid sequences integrated at many sites on the
bacterial chromosome. The unaltered plasmid DNA sequences in these transductants were apparently flanked
by intact Tn5 or ISSO sequences. These results suggest that Tn5-mediated transposition has occurred and
provide a method for integrating plasmid DNA into the M. xanthus chromosome without the requirement for
homologous recombination.

Myxococcus xanthus is a gram-negative gliding bacterium
which forms multicellular fruiting bodies in response to
nutritional downshift (10, 18). One aspect of this process is
the regulation of gene expression in response to cell-cell
interactions (8, 9, 11). To understand the mechanisms in-
volved in this novel form of regulation, we have been
investigating the tps and ops genes of M. xanthus. These
highly related genes are developmentally regulated with
distinct temporal patterns of expression (4, 6, 7). A routine
aspect of these studies has been the construction of fusions
of the tps or ops gene to the lacZ gene in Escherichia coli,
followed by the transfer of the fusion genes to M. xanthus for
phenotypic analysis. Coliphage P1-mediated transduction is
used to transduce the plasmid-DNA to M. xanthus (13), and
since pBR322-derived origins of replication do not function
in M. xanthus, homologous recombination is generally re-
quired to integrate the transferred DNA into the bacterial
chromosome. At least 40 kilobase pairs (kbp) of DNA is
required for encapsidation in P1 phage particles, and this
DNA is transferred as a single linear molecule (17). There-
fore, it appears that multimers of small plasmids, which are
present in recombination proficient E. coli host strains, are
the substrates for packaging. In this study I report another
class of stable transductants which forms at low frequency
without the requirement for homologous recombination.
This class of transductants was observed when the trans-
ferred plasmid DNA included TnS, and this element ap-
peared to mediate transposition of the gene fusion DNA to
the M. xanthus chromosome.
The construction of the plasmids used in this study has

been described elsewhere (5). In general they consist of
segments of M. xanthus DNA inserted into the lacZ fusion
vector, pMLB1034 (14), with Tn5 insertions in the vector
ampicillin resistance gene. TnS is a 5.7-kbp composite trans-
poson consisting of terminal 1.5-kbp IS50 elements, in
inverted orientation, bracketing a region encoding kanamy-
cin resistance (2). Each IS50 is also a transposable element
(3). The methods for the production of P1 lysates and
transduction of the wild-type M. xanthus DZF1 have been
described elsewhere (13). Transductants were identified by
the TnS-encoded kanamycin resistance (Knr) phenotype (50
,ug/ml). Chromosomal DNA from M. xanthus transductants

was isolated by the method of Avery and Kaiser (1). Plasmid
DNA was 32P-labeled by nick translation with a kit from
Bethesda Research Laboratories, Inc., and Southern hybrid-
ization analysis and colony hybridization were performed
essentially as described elsewhere (12).

After transfer of the plasmid pJDK10-51 (7), which con-
tains a 1,036-base-pair (bp) fragment of M. xanthus DNA, 5
of the 40 Knr transductants were found to have the plasmid
DNA sequences integrated outside the region of homology
with the bacterial chromosome (Table 1). This conclusion
was based on Southern hybridization analysis of chromo-
somal DNA from these strains. As has been observed
previously (13), when plasmids with smaller segments of M.
xanthus DNA were transduced to wild-type strain DZF1,
fewer Knr transductants were observed (Table 1). However,
when these transductants were tested by Southern hybrid-
ization analysis, the proportion of strains with plasmid DNA
sequences integrated by nonhomologous recombination in-
creased from three of six for a plasmid with a 700-bp insert
of M. xanthus DNA to five of five for a plasmid with a 106-bp
insert. A number of different gene fusion plasmids have now
been transduced into M. xanthus, and in no case has
homologous integration into the chromosome been observed
when the M. xanthus insert was less than 400 bp. Attempts
to transduce pBR322:TnS DNA which has no homology to
the M. xanthus chromosome were not successful.
The structure of plasmid DNA sequences integrated by

nonhomologous recombination was investigated by South-
ern hybridization analysis. Chromosomal DNA isolated
from the wild-type strain DZF1 and from three pJDK26
transductants was digested with PstI for this analysis. The
plasmid pJDK26 contains a 201-bp insert of M. xanthus tps
gene DNA (5) and a TnS insertion in the ampicillin resistance
gene and has five PstI restriction sites (Fig. 1). Three
identical filters with the blotted DNA fragments were hybrid-
ized with different 32P-labeled probes. Hybridization with a
pJDK10 probe (7) (pMLB1034 plus a 1,036-bp M. xanthus
tps gene DNA fragment) resulted in detection of a 15-kbp
fragment in all the strains and a 7.2-kbp fragment in the three
pJDK26 transductants (Fig. 2A). The 7.2-kbp fragment was
the apparently unaltered fragment from pJDK26 which con-
tains a tps-lacZ fusion, the E. coli plasmid origin of replica-
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TABLE 1. Relative frequencies of integration into the
M. xanthus chromosome by homologous and nonhomologous

recombination for transduced plasmids

No. of
Plasmid" Insert sizeb No. of nonhomologous(bp) transductants' recombinants/

no. testedd

pJDK10-51 1,036 450 5/40
pJDK8-X 700 91 3/6
pJDK8-H 106 8 5/5
pBR322::Tn5 0 <1

a Plasmid pJDK10-51 (13 kbp) has been described elsewhere (7). The
plasmids pJDK8-X (12.7 kbp) and pJDK8-H (12.1 kbp) are deletion deriva-
tives of pJDK8 (7) from which only M. xanthus DNA has been removed. The
plasmid pBR322 has been described (3), and pBR322::Tn5 is about 10 kbp in
size. All plasmids have Tn5 insertions in the ampicillin resistance genes of
pBR322 or pMLB1034 (14).

b Amount of M. xanthus DNA in the indicated plasmids.
c Number of Knr transductants in strain DZF1 per 1010 P1 PFU.
d Number of Knr transductants with plasmid DNA integrated outside the

region of homology with the M. xanthus chromosome compared with the total
number of Knr transductants tested by Southern blot analysis.

tion, and the end of an IS50 sequence (Fig. 1). This DNA
fragment is also observed after PstI digestion of pJDK26.
The 15-kbp M. xanthus fragment contains the region of
homology with the M. xanthus DNA in pJDK26, and its
presence in the transductants indicates that integration did
not occur by homologous recombination; integration of the
recombinant plasmid into this chromosomal location would
introduce PstI sites within this region. Hybridization of the
transductant DNA with the pMLB1034 vector probe (Fig.
2B, lanes 2 through 4) detected only the same 7.2-kbp
plasmid DNA fragment shown in Fig. 2A. A pBR322::Tn5
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FIG. 1. Map of gene fusion plasmid DNA transferred during
transduction and of the plasmid sequences found integrated into the
M. xanthus chromosome. (A) An example of a transduced plasmid
described in this study, pJDK26 (5), consists of a tps-lacZ fusion
(_), a pBR322 origin of replication (ori), and the transposon TnS
(bracketed, with component kanamycin resistance gene [IZZI] and
ISS0 sequences [ ]). Apparently only multimers of this and the

other plasmids tested in this report are large enough to be packaged
and transferred to M. xanthus (13, 17). (B) The structures of the
plasmid DNA sequences found in two typical transductants, which
have this DNA integrated outside the tps gene region of the
chromosome (nonhomologous recombination), are shown. For the
upper chromosome, one copy of the fusion plasmid DNA was

integrated between a copy of TnS and the IS50 from the adjoining
copy of TnS. For the lower chromosome, two plasmid copies were
integrated between IS50 sequences with a copy of Tn5 (not shown)
between them. The integrated DNA, in each case, was colinear with
the transduced plasmid DNA shown in panel A. P, Restriction
enzyme site PstI.
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FIG. 2. Southern blot analysis of wild-type M. xanthus and
pJDK26 transductants. Chromosomal DNA was isolated from M.
xanthus DZF1 (lane 1) and from three pJDK26 transductants, JD13
(lane 2), JD91 (lane 3), and JD92 (lane 4). The DNA was digested
with PstI, fractionated by electrophoresis on a 0.7% agarose gel, and
subjected to Southern hybridization analysis (12) with the following
nick-translated probes: pJDK10 (7), a tps-lacZ fusion plasmid (A);
pMLB1034, the lacZ fusion vector from which pJDK10 was con-
structed (B); pBR322::Tn5 (C). The sizes of the restriction frag-
ments observed by this analysis are shown in kilobase pairs.

probe with homology to the transposon and the vector DNA
again hybridized with the 7.2-kbp band in all three transduc-
tants (Fig. 2C, lanes 2 through 4). This probe also hybridized
to a 2.5-kbp fragment from Tn5, and two small additional
TnS fragments were observed in longer exposures of this
autoradiogram (data not shown). In each of the transduc-
tants, two bands of variable size were observed. These
bands contained Tn5 and not vector sequences, since they
were not observed with the pMLB1034 probe. These frag-
ments appear to be junction fragments between Tn5 se-
quences and variable segments of the M. xanthus chromo-
some.

Typical structures for the integrated DNA are indicated in
Fig. 1B. The important features of the structures include the
following: (i) the unaltered gene fusion and vector sequences
are flanked by Tn5 or IS50 sequences, (ii) the flanking TnS or
IS50 sequences are joined to chromosomal DNA sequences
which do not have homology with the transduced plasmid,
and (iii) the DNA is integrated at different sites in the M.
xanthus chromosome for all the transductants which have
been analyzed. Complete copies of IS50 (but not Tn5) were
always present at the junctions between plasmid and chro-
mosomal sequences. In some cases multiple copies of the
plasmid DNA sequences were found integrated at the same
site in the chromosome. An example of this situation is seen
in strain JD13, in which the 7.2-kbp fragment was found in
multiple copies as indicated by the increased hybridization
signal (Fig. 2A, lane 2).
Most but not all Knr M. xanthus transductants contained

gene fusion DNA sequences. Knr strains were tested by
colony hybridization with the gene fusion vector probe to
detect those transductants lacking the fusion sequences.
Representative data from these tests of transductants with
different gene fusion plasmids are presented in Table 2. Of a
total of 73 independent Knr transductants tested, only 10
lacked gene fusion DNA sequences. In a few cases the
transductants missing fusion gene sequences were tested by
Southern hybridization analysis, and they all appeared to
have simple insertions of TnS in the M. xanthus chromosome
(data not shown).
The simplest model to explain the observations reported in

this study is that integration of plasmid DNA into the M.
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TABLE 2. Frequency of kanamycin-resistant transductants with
gene fusion DNA sequences

b No. of transductants
Plasmid' bInsert size with gene fusion

DNA/no. tested'

pJDK26 201 35/40
pJDK26-D1 201 18/22
pJDK8-H 106 5/6
pJDK55-D3 417 5/5

a These plasmids have been described (5) with the exception of pJDK8-H,
which is a deletion derivative of pJDK8 (7). All plasmids contain Tn5
insertions and are close to 12 kbp in size.

b Amount of M. xanthus DNA in the indicated plasmids.
Number of Knr transductants containing gene fusion plasmid DNA

sequences, as determined by colony hybridization with a plasmid vector
probe, compared with the total number of Knr transductants analyzed. The
probe was the nick-translated vector, pMLB1034.

xanthus chromosome occurs by Tn5-mediated transposition.
It appears that two flanking copies of TnS (or IS50), on
transferred multimeric plasmid DNA, act cooperatively to
transpose the intervening DNA sequences. In the two ex-
amples shown in Fig. 1B, this model indicates that in the
upper chromosome the transposed sequences extended from
the outside end of Tn5 to the inside end of IS50 from the
neighboring copy of Tn5, and in the lower sequence the
transposed DNA extended from the inside end of one copy
of IS50 to the inside end of another copy with a complete
copy of TnS between fusion genes. Since IS50 sequences are
themselves transposable (3), it is not surprising that either
IS50 end might function in transposition. In all cases it
appears that the integrated DNA is colinear with the struc-
ture predicted for transduced multimers of plasmid DNA.
The ability to integrate gene fusion plasmid DNA into the

M. xanthus chromosome as described in this study has
provided a simple method for analyzing cis-acting regulatory
elements in this organism (5). Although this approach may
be generally useful for such studies and for introducing
foreign DNA into M. xanthus, the constraints imposed by
the requirements for phage P1 packaging and prevention of
homologous recombination will have to be considered when
future experiments are designed. Another system has been
developed recently for the integration ofDNA segments into
the M. xanthus chromosome. In this system the transduced
DNA is integrated by site-specific recombination at the
myxophage MX8 attachment site on the bacterial chromo-
some (15, 16). These methods for chromosomal integration
of foreign DNA, without the requirement for homologous
recombination, significantly increase the repertoire of tools
available for the genetic analysis of M. xanthus develop-
ment.
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