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We have found that coliphage P1 can be used to transduce cloned DNA from
Escherichia coli to Myxococcus xanthus. Transduction occurred at a high
efficiency, and no evidence for DNA restriction was observed. The analysis of the
transductants showed that they fall into three general categories: (i) haploid cells
which contain portions of the cloned DNA substituted for homologous chromo-
somal DNA; (ii) heterozygous merodiploids which contain the recombinant
plasmid integrated into the chromosome at a region of homology; and (iii)
homozygous merodiploids which contain two copies of a portion of the cloned
DNA with the loss of the chromosomal copy of the genes. The merodiploids, once
formed, are relatively stable. They were used to analyze two genes necessary for
aggregation and thus fruiting body formation. P1 transduction also permits the
reintroduction and substitution of mutated regions of cloned DNA into M.
xanthus for the analysis of the role of the DNA in cellular physiology and
development.

Myxococcus xanthus is a rod-shaped gram-
negative bacterium, commonly found in soils; it
grows on decaying organic matter or by preying
upon other microorganisms (21, 44). Under con-
ditions of starvation on a solid surface, a devel-
opmental program is initiated. Cells reverse
their outward movement and glide inward to-
ward aggregation centers, where they accumu-
late into mounds. Rod-shaped cells within the
mounds convert to ovoid or round myxospores.
Mounds of myxospores are called fruiting bod-
ies.
We have been interested in the genetic analy-

sis of aggregation and sporulation functions (30,
38, 44, 45). Many of the traditional genetic
procedures for the analysis of Escherichia coli
genes are not currently available for M. xanthus.
For example, conjugation and transformation
are not reliable techniques in the laboratory.
This makes genetic mapping and complementa-
tion studies rather difficult to perform. In fact,
the only genetic transfer technique available for
M. xanthus is generalized transduction, mediat-
ed by the M. xanthus phages Mx4 (7) or Mx8 and
Mx9 (27).

Recently, Kuner and Kaiser (24) have shown
that TnS, a transposon which imparts kanamycin
resistance, can be introduced into M. xanthus by
using a broad-host-range coliphage, P1 (2), as a
vector. Kaiser and Dworkin (20) showed that
although M. xanthus is only distantly related to

E. coli, over 99% of the phage particles adsorb
to M. xanthus in 15 min. Although the adsorp-
tion and injection of DNA occur with high
efficiency, the phage DNA is not stably main-
tained in M. xanthus, and phage particles are not
formed. The insertion of TnS near or into partic-
ular genes of M. xanthus is an extremely useful
technique for the isolation of mutants and for
mapping them by generalized transduction,
since kanamycin resistance is a good selectable
marker. Furthermore, the localization of a TnS
insert closely linked to a gene of interest in M.
xanthus provides a selectable marker for the
cloning of these genes in a plasmid vector in E.
coli. This technique has been used successfully
by several laboratories. To analyze these cloned
genes further, however, we needed a method to
reintroduce these genes into M. xanthus. In this
paper, we report that bacteriophage P1 can be
used as an efficient vector for the reintroduction
of cloned M. xanthus genes into M. xanthus.
Methods were also developed both for the
screening and direct selection of merodiploids
needed for complementation analysis. These re-
sults now permit sophisticated genetic analyses
of particular regions of the M. xanthus chromo-
some.

MATERIALS AND METHODS

Bacteria and bacteriophage strains. M. xanthus
DZF1 (an FB strain derived from DK101 [11]) was
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TABLE 1. Bacterial strains
Strain Relevant phenotype TnS b Source/reference

designation or genotypea insert Comment

M. xanthus
DZF1 Kans Tets Fru+ None Wild-type strain FB (30)
DZF1516 Kans Tets Fru(Ts) None aggRI (30)
DZF3080 Kanr Tets Fru+ 03080 Q3080 is closely linked to aggRI (38)
DZF3339 Kanr Tetr Fru+ 03080 Merodiploid By transduction of DZF1 with P1

grown on E. coli(pKO2)
DZF3340 Kanr Tets Fru- 0179 Gene replacement; 0179 is in By transduction of DZF1 with P1

aggR region but not aggRI grown on E. coli
DZE179(pKO23-38)

DZF3341 Kanr Tetr Fru+ 0179 Merodiploid By transduction of DZF1 with P1
grown on E. coli DZE179

DZF3342 Kanr Tets Fru- 179 Gene replacement By transduction of DZF1 with P1
grown on E. coli DZE179

DZF3343 Kanr Tetr Fru+ 0179 Merodiploid By transduction of DZF1 with Pl
grown on E. coli DZE179

DZF3350 Kanr Tetr Fru- 179 Merodiploid By transduction of DZF1 with Pl
grown on DZE179

E. coli
C600 None (1)
HB101 hsdR recA None (4)
SK1592 hsdR None (4)
DZE168 03080 Contains plasmid pKO2 in C600 By transduction using recombinant

DNA from DZF3080 cloned into
the cosmid vector pHC79 (13)

DZE179 hsdR 0179 Contains plasmid pKO23-38 in By insertion of Tn5 into the aggR
SK1592 region of pKO2

a Fru(Ts), Temperature sensitive for fruiting body formation; Fru-, nonfruiting phenotype at 28 or 34°C; Kans
or Kanr, sensitivity or resistance to kanamycin; Tets or TetT, sensitivity or resistance of oxytetracycline; hsdR,
host specificity for restriction; recA, recombination ability.

b aggRI, Aggregation ability (loci mapped in reference 38).

used as the parental wild-type fruiting-competent
strain (Fru+). The strains of M. xanthus and E. coli
used in this study are described in Table 1. For
transduction experiments, P1 607H (39; obtained from
John Roth, Department of Biology, University of
Utah) was the principal bacteriophage used. For some
experiments, P1 virA (17) or P1 Cm (33; obtained from
John Clark, Department of Molecular Biology, Uni-
versity of California, Berkeley) was used. The recom-
binant M. xanthus plasmids used in this study are
described in Table 2. More detailed information on
these plasmids will be published elsewhere (K. O'Con-
nor, B. Blackhart, J. Downard, and D. Zusman,
manuscripts in preparation).
Media and growth conditions. M. xanthus cultures

were grown on Casitone-yeast extract (CYE) broth (7)
and aerated by shaking at 175 to 200 rpm at 30°C.
Fruiting body formation was studied by spotting or
plating cells on clone fruiting (CF) agar (11). E. coli
was routinely grown in L-broth (29) or on L-plates
which contained 1.5% agar (Difco Laboratories). The
following special plates were used in the experiments:
L-Ca, L-agar plus 5 mM CaC12; L-Tc, L-agar plus 20
jig of tetracycline (Sigma Chemical Co.) per ml; L-Kn,
L-agar plus 50 ,ug of kanamycin sulfate (Sigma) per ml;
L-Tc-Kn, L-agar plus 20 ,ug of tetracycline per ml plus
50 jig of kanamycin sulfate per ml; CYE-Tc, CYE agar
plus 12.5 ,ug of oxytetracycline (Sigma) per ml; CYE-
Kn, CYE agar plus 50 ,g of kanamycin sulfate per ml;

CF-Tc, CF agar plus 5 Fxg of oxytetracycline per ml;
CF-Kn, CF agar plus 30 ,ug of kanamycin sulfate per
ml; CF-Tc-Kn, CF agar plus 5 ,ug of oxytetracycline
per ml plus 30 ,ug of kanamycin sulfate per ml. Since
the plates containing oxytetracycline lost their poten-
cy rapidly, CF-Tc and CF-Tc-Kn plates were used
within 2 days of being poured. CYE-Tc plates were
stored in the dark at 4°C for not more than 2 weeks. It
should be noted that oxytetracycline, rather than
tetracycline, was used for selections involving M.
xanthus because the former is less lethal to M. xanthus
at intermediate drug concentrations.
Growth of bacteriophage P1 and tranWdi4ction experi-

ments. E. coli C600 or SK1592 harboring the plasmids
was grown overnight in L-broth containing the appro-
priate drug: tetracycline (20 ,ug/ml), kanamycin (50 pLg/
ml), or ampicillin (25 jig/ml; Sigma). The cultures were
diluted 1:20 into L-broth plus 5.0 mM CaCl2 and
incubated at 37°C. At 2 x 108 cells per ml, phage P1
was added to a multiplicity of infection (MOI) of 0.1.
The cultures were incubated until lysis occurred. The
lysates were shaken over chloroform and centrifuged
at 12,000 x g for 10 min, and the supernatant was
collected and stored at 4°C over chloroform.: PFUs
were determined by the method of Lennox (25) on L-
Ca plates. We would like to note that liquid lysates
were equivalent to plate lysates in their transducing
titers. We did not find an increase in transducing titers
when the lysates were prepared with cells pretreated
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TABLE 2. Chimeric M. xanthus plasmids
Plasmid Vector Size Tn5 insert Drug resistance Source'

designationa (kb) markerSb
pKO2 pHC79 43 Q3080 Tetr Ampr Kanr DNA from DZF3080 (TnS linked to aggR

genes) was cloned into pHC79 (13)
pKO23 pHC79 16.4 Fragment (left arm Tetr PstI subclone of pKO3

of Q13080)
pKO23-25 pHC79 22 Q186 + fragment Ter' Kanr TnS insertion (from X::TnS) into aggR

of Q3080 region of pKO23
pKO23-38 pHC79 22 Q179 + fragment Tetr Kanr TnS insertion (from X::TnS) into aggR

of Q3080 region of pKO23
pBB5 pHC79 30 Q3150 Tetr KanT Ampr DNA from DZF3150 (TnS linked to

frizzy genes) was cloned into pHC79
pJDK15-7 pBR322 18.3 Q197 Ampr Kanr TnS insertion (from X::TnS) into plasmid

containing protein S gene (the vector
was pBR322 [5])

pJDK15-2C pBR322 18.3 (142 Ampr Kanr TnS insertion (from X::TnS) into plasmid
containing protein S gene

pJDK25-la pBR322 10.5 (137 Ampr Kanr TnS insertion (from X::TnS) into plasmid
containing protein S gene

pJDK25-5c pBR322 10.5 (139 Ampr Kanr TnS insertion (from X::TnS) into plasmid
IIII containing protein S gene

aThe plasmids designated pKO were isolated by Kathleen O'Connor, pJDK was isolated by John Downard
and Doris Kupfer, and pBB was isolated by Brian Blackhart.

b Tetr, Resistance to tetracycline; Ampr, resistance to ampicillin; Kanr, resistance to kanamycin.
c aggR genes, Group of clustered genes involved in developmental aggregation (38); protein S genes, genes

which code for the spore coat protein, protein S (18); frizzy genes, group of clustered genes involved in
developmental aggregation (45).

with chloramphenicol to amplify plasmids (8).
The transductions with E. coli were performed as

described by Lennox (25). The transductions involving
M. xanthus were performed as follows. M. xanthus
was grown in CYE broth to a concentration of 2 x 101
to 8 x 10' cells per ml. The cells were harvested by
centrifugation at 7,000 x g for 5 min at 4°C and then
suspended in 10 mM Tris-hydrochloride (pH 7.4) con-
tainingO1 mM MgSO4 and 2.5 mM CaCl2 at a density
of 4 x 10' cells per ml. The adsorption of phage
particles was performed by mixing 0.2 ml of cells with
1 to 500 ,Ll of phage lysate (MOI < 1) and allowing the
mixture to incubate at room temperature for 15 to 30
min without shaking. The cells were then plated on

CF-drug plates (CF-Tc, CF-Kn, CF-Tc-Kn) or CYE-
drug plates (CYE-Tc, CYE-Kn). The plates were
incubated at 34°C for 5 to 10 days.

Plasmid purification and analysis. The method of
Birnboim and Doly (3) was routinely used for the
purification of plasmid DNA, except that an extra
precipitation step (with 70% ethanol) was added after
the suspension of the isopropanol precipitate. M.
xanthus chromosomal DNA was extracted as de-
scribed by Yee and Inouye (42) with several minor
modifications. DNA was restricted with restriction
endonucleases purchased from Bethesda Research
Laboratories. The restricted DNA was analyzed on
0.7% agarose gels, transferred to nitrocellulose filters

TABLE 3. P1-mediated transduction of cloned DNA from E. coli to M. xanthus

Recombinant Size No. of No. of Kanr No. ofRecombinant Size ~~Vector No ftransductants transductants
plasmida (kb) PFU/ml per ml transu

pKO2 43 pHC79 1 x 108 9 x 104 9.0 x 10-4
pKO23-25 22 pHC79 3 x 108 9 x 102 3.0 x 10-6
pKO23-28 22 pHC79 2 x 106 9 x 102 4.5 x 10-4
pBB5 30 pHC79 3 x 108 2 x 103 6.7 x 10-6
pJDK15-7 18.3 pBR322 1 x 108 5 x 102 5.0 x 10-6
pJDK15-2c 18.3 pBR322 7 x 107 1 x 103 1.4 x 10-5
pJDK25-la 10.5 pBR322 2 x 108 1 x 102 5.0 x 10-7
pJDK25-5c 10.5 pBR322 8 x 108 <10 <1 x i0-8
None b 8 x 108 <10 <1 x 10-8

aPllysates were prepared on plasmid-containing strains of E. coli C600 or SK1592. A description of the
plasmids is contained in Table 2. The titers of all lysates were determined on E. coli C600, and the lysates were
tested for transduction on M. xanthus DZF1.

b , None.
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RESULTS

Tn 5 Tn5
K(anr)

FIG. 1. Partial restriction map of plasmid pK023-
38. Plasmid pK023-38 was constructed as part of a
study of the aggR genes ofM. xanthus (38) and will be
described elsewhere (K. O'Connor and D. Zusman,
manuscript in preparation). The plasmid contains a
Tn5 insert (shaded area) in the aggR region and
therefore confers kanamycin resistance. It also con-
tains a functional tetracycline resistance gene within
vector pHC79 (hatched area). The restriction sites are
as follows: B, BamHi; R, EcoRI; X, XhoI; P, PstI.

(Sartorius), and hybridized to nick-translated probes
by the procedures outlined by Davis et al. (9). For
nick-translations (26), [32P]dCTP (800 Ci/mmol; Amer-
sham Corp.) was used.
For colony hybridization experiments, the method

of Grunstein and Hogness (10) was used with several
modifications. The colonies were transferred to What-
man 541 paper and treated sequentially for 2.5 min
with 0.5 N NaOH (two times), 0.5 M Tris-hydrochlo-
ride (pH 7.4; two times), 2x SSC (9; 1 x SSC, 0.15 M
NaCl plus 0.015 M sodium citrate; two times), and
95% ethanol (two times). The filters were then air
dried and hybridized to nick-translated probe as de-
scribed by Davis et al. (9) for Southern blot transfers.

Screening, selection, and stability of M. xanthus mer-
odiploids. M. xanthus merodiploids were screened by
picking drug-resistant transductants onto CYE-drug
plates. After 2 days at 34°C, they were replicated onto
CYE-Tc plates. Screening by colony hybridization
was performed as described above. Merodiploids
could be selected by plating P1-infected cells onto CF-
Tc or CF-Tc-Kn plates. Within 7 days, the colonies
could be counted, and fruiting phenotypes could be
scored after 10 days.
As a test of the stability ofM. xanthus merodiploids,

M. xanthus DZF3339 (Tetr, Kanr) was kept under
constant selection on CYE-Tc-Kn plates and then
grown for six generations in CYE-Tc-Kn broth at
30°C. The cells were collected by centrifugation (7,000
x g for 5 min at 4°C), washed with CYE broth, and
suspended in CYE broth at about 107 cells per ml. The
culture was incubated at 30°C; each day the culture
was diluted with fresh medium so that the cell density
never exceeded 4 x 108 cells per ml. At given inter-
vals, small samples of the culture were diluted, plated
on CYE plates, and incubated at 34°C. After 4 days,
colonies were picked onto a grid. After 2 more days of
growth, colonies were replicatfd onto CYE-Kn and
CYE-Tc plates. All drug-sensitive colonies were
checked a second time.

Use of coliphage P1 to transduce cloned DNA
from E. coli to M. xanthus. Previously, we have
reported a cluster of genes, which we have
called the aggR loci (30, 38), involved in devel-
opmental aggregation in M. xanthus. Since a
TnS insert was located in one strain of M.
xanthus immediately adjacent to this region, we
were able to clone this DNA in E. coli by
selecting for the kanamycin resistance element
present in Tn5 (manuscript in preparation). To
locate the aggR genes within, the chimeric plas-
mid, which was very large (43 kilobases [kb]),
we needed a method to introduce the cloned
DNA into M. xanthus so that the complementa-
tion or replacement of a m4tant aggR allele
could be obtained. Since transformation cannot
be used for M. xanthus, we tried generalized
transduction mediated by coliphage P1. The
results of a typical experiment are given in Table
3. When the phage were grown on E. coli C600
containing the chimeric plasmid pKO2, we ob-
tained almost 105 kanamycin-resistant M. xan-
thus transductants per ml of lysate, i.e., 10-
transductants per PFU. This frequency is better
than that reported for plasmid transductions
from one strain of E. coli to another (4 x 10-4 to
2 x 10-10 [16, 22, 31, 40, 41]) or from Shigella
sp. to E. coli (31). Moreover, no precautions
were taken in our experiments to minimize DNA
restriction barriers presumed to be present be-
tween E. coli and M. xanthus. When the P1
lysate grown on E. coli DZE168, which contains
plasmid pKO2 (Table 1), was used on several
restriction-negative (hsdR) E. coli strains, kana-
mycin-resistant transductants were obtained at
the same frequency as that observed for M.
xanthus. Thus, M. xanthus DZF1 apparently
does not restrict E. coli-modified DNA.

Determination of capgbility of bacteriophage
P1 to transduce other cloned DNA fragments
from E. coli to M. xanthus. In our laboratory, we
had available two other M. xanthus clones
which could be tested. The first, pBB5, was a
clone prepared by Brian Blackhart, using the
same vector (pHC79), but containing the "friz-
zy" aggregation gengs of M. xanthus (45' B3.
Blackhart and D. Zusman, manuscript in prepa-
ration). Table 3' shows that this clone can easily
be transduced to M. xanthus, albeit at a lower
frequency (2 x 103 transductants per ml). The
second was a group of clones prepared by John
Downard, which contain the two tandem copies
of the protein S gene (18; J. Downard, D.
Kupfer, and D. Zusman, manuscript in prepara-
tion). These clones were prepared with pBR322
as the vector (Table 2). The results in Table 3
show that the larger plasmids (18.3 kb) can
readily be transduced into M. xanthus. Howev-
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A. The aggR region of M. xanthus
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FIG. 2. Fate of cloned DNA transduced into M. xanthus. This figure depicts the BamHI and SalI fragments
expected from gene replacement (B) and from merodiploid formation as the result of the integration of the cloned
DNA into the M. xanthus chromosome [C (i) and (ii)]. The position of the TnS of pKO23-38 (Q179) relative to the
wild-type chromosome is shown in (A). Unshaded area, Cloned M. xanthus DNA; hatched area, vector DNA
(pHC79); shaded area, TnS DNA. The restriction sites are as follows: B, BamHI; P, PstI; R, EcoRI; S, Sall; X,
XhoI. All BamHI and EcoRI sites are shown; only one of the PstI and XhoI sites is shown, because they are

convenient reference points. The Sail sites in the left portion of the chromosomal DNA have been omitted since
they are not relevant to the discussion.
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TABLE 4. Preliminary complementation analysis of two fruiting locia
% Colonies

% Ob- which
Recipient M. xanthus Rationalization served hybridized to

Donor plasmid strain Phenotype Rtoaitontrans- pHC79 that
ductants were:

Tetr Tets

pKO23-38 DZF1 Kanr Tets Fru- Gene replacement 8 b 0
(Kan' Tetr Fru-) (Kan' Tet' Fru+) Kanr Tet' Fru+ Heterozygous merodiploids 67 100

Kan' Tetr Fru- Homozygous merodiploids 25 100
pKO23-38 DZF1516 Kanr Tets Fru- Gene replacement 24 - 0
(Kanr Tetr Fru-) [Kan' Tets Fru(Ts)] Kanr Tetr Fru+ Heterozygous merodiploids 50 100

Kanr Tetr Fru Homozygous merodiploids 26 100 -

a M. xanthus DZF1 or DZF1516 were transduced to kanamycin resistance (Kanr) as described in the text. The
transductants were tested for oxytetracycline resistance (Tet') and the ability to form fruiting bodies (Fru+).

b , None.

er, the smaller plasmids (subclones of 10.5 kb)
could be transduced with difficulty or not at all.
Thus, the relationship between the plasmid
DNA and its ability to be transduced by bacteri-
ophage Pl appears to be one of size: larger
plasmids show better transducing efficiencies
than smaller ones, provided that they are not
larger than the Pl genome. This size relationship
can also be seen in the transduction frequency of
two subclones of pKO2 (Table 3). These sub-
clones, pK023-25 and pK023-38, are much
smaller than the original clone (22 versus 43 kb)
and have TnS insertions at two different sites of
the aggR DNA. Both of these subclones were
transduced into M. xanthus at a much lower
frequency per milliliter of lysate (about 100-fold)
than was pKO2. It should be noted that, in our
hands, the number of transductants per milliliter
of lysate was a fairly reproducible number from
one lysate to another for the same plasmid; in
contrast, the number of PFUs per milliliter often
showed large variations. Given this variability,
we feel that the number of transductants per
milliliter of lysate is more significant than the
ratio of transducing particles to PFUs. Howev-
er, it was frequently observed that a high trans-
ducing titer was correlated with a low number of
PFUs per milliliter. This may indicate that con-
ditions which favor the formation of transducing
particles reduce the formation of plaque-forming
phage. We have not studied this aspect of lysate
formation.

Fate of cloned DNA transduced into M. xan-
thus. In the experiments described in Table 3,
bacteriophage Pl was used to transduce M.
xanthus to kanamycin resistance. In these ex-
periments, several possible fates of the donor
DNA could lead to kanamycin resistance. First,
the Tn5 element could transpose from the plas-
mid DNA to a random location on the M.
xanthus chromosome, with the remainder of the

plasmid DNA lost or degraded. However, the
known transposition rate from Pl::TnS to the M.
xanthus chromosome is very low (<10-8/PFU
[24]) and could not account for the observed
frequency of transduction. Second, the plasmid
could be maintained and autonomously replicat-
ed. We attempted to detect new plasmids in the
M. xanthus transductant strains by several
methods (3, 9, 19) but were unsuccessful (plas-
mids derived from pBR322 generally have a
limited host range [6]). Third, recombination
events between homologous regions of the
cloned DNA in the plasmid and the bacterial
chromosome could result in the replacement of
chromosomal DNA by cloned DNA. Fourth, the
incoming plasmid DNA might circularize and
then, by a single recombination event between
an homologous region of the cloned M. xanthus
DNA and the M. xanthus chromosome, cause
the integration of the recombinant plasmid into
the M. xanthus chromosome. This would result
in the formation of a duplication of the cloned
DNA sequence and the integration of vector
DNA into the chromosome of the merodiploid.
To study the last two possibilities more close-

ly, we decided to analyze the transduction of
one plasmid in detail. Figure 1 shows a partial
restriction map of recombinant plasmid pK023-
38. This plasmid has a functional tetracycline
resistance (Tetr) element in the vector region
and a kanamycin resistance (Kan') element in
the Tn5 insert, which lies within an aggregation
gene (aggR), which is necessary f9r fruiting
body formation. When DZF1 is transduced, one
would predict (Fig. 2) that a double crossover
which results in gene replacement would have a
phenotype of Kanr Tet' Fru- (kanamycin resist-
ant, tetracycline sensitive, and fruiting body
defective). In contrast, if a single crossover of a
circularized plasmid results in plasmid integra-
tion and merodiploid formation, one would pre-
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FIG. 3. Analysis of transductants for pHC79 DNA.
Coliphage P1 was used to transduce M. xanthus DZF1
or DZF1516 to kanamycin or oxytetracycline resist-
ance. The colonies were tested for the presence of
vector (pHC79) DNA by colony hybridization to
pHC79 DNA as described in the text. (A) Autoradio-
gram of the colonies; (B) key to the location of specific
colonies. A dashed line indicates that no colony was
present. The lower case letters refer to independent
transductants tested from the same cross. A descrip-
tion of the transductants analyzed is given in Table 5.

dict a phenotype of KanlTetr Fru+ (provided
that the fru allele is recessive). Table 4 shows
that both phenotypes were observed. About
92% of the kanamycin-resistant transductants
are also resistant to oxytetracycline. All of these
latter transductants contain vector DNA since
they hybridize to nick-translated pHC79 DNA.
Figure 3 shows sample colony hybridization
analyses for some of these crosses, which are
described in Table 5. The Kanr Tets Fru- colo-
nies (Fig. 3, e) did not hybridize with vector
DNA and are consistent with being gene re-
placements. In contrast, the Kanr Tetr Fru+
colonies (Fig. 3, d) all hybridized with the vector
DNA and are consistent with being heterozy-
gous merodiploids (the entire recombinant plas-
mid inserted into the bacterial chromosome)
containing one wild-type copy and one mutant
copy of the aggR allele. In addition, we ob-
served a third group of transductants which had
the phenotype Kanr Tetr Fru- (these usually
comprised 10 to 30% of the Kanr Tetr transduct-
ants). These transductants hybridized with the
vector DNA (Fig. 3, f) and are consistent with
being homozygous merodiploids containing two
mutant copies of the aggR allele. In these trans-
ductants, we think that the wild-type allele may
be replaced by a mutant allele by gene conver-
sion (12).
The confirmation of the genotypes of the three

classes of transductants observed was obtained
by Southern blot hybridization analysis of DNA
extracted from representative transductants
(Fig. 4). The parental strain, M. xanthus DZF1,
has one BamHI fragment which hybridized to
the probe: nick-translated pK023 (this plasmid is

identical to pK023-38 but lacks the TnS insert
Q179; its size is 16.4 kb) (Fig. 4, lane 1). Figure
4, lane 2, shows the hybridization pattern of the
probe to DZF3340. This transductant has the
phenotype Kanr Tets Fru- and was presumed to
contain a gene replacement. Two BamHI frag-
ments from this strain hybridized to the probe:
the larger fragment (32.4 kb) showed strong
hybridization; the smaller fragment (7.2 kb)
showed weak hybridization to the probe due to
limited homology (it does not show up in Fig. 4
but did so in longer exposures of the blot). These
size fragments agree with the predicted values
shown in Fig. 2 for gene replacement. Figure 4,
lane 3, shows the hybridization pattern of the
probe to DZF3341. This transductant has the
phenotype Kanr Tetr Fru+ and was hypothe-
sized to be a heterozygous merodiploid. The
three hybridization bands obtained, 32.4, 18.1,
and 5.6 kb, agree with the predicted values
shown in Fig. 2C (i). A similar experiment was
performed with the restriction enzyme Sall (Fig.
5). This was done to allow better characteriza-
tion of strain DZF3350, which has the phenotype
Kanr Tetr Fru-. We wanted to distinguish be-
tween the possibility that DZF3350 was a mero-
diploid which had become homozygous for the
fru allele and the possibility that it was a hetero-
zygous merodiploid of the type shown in Fig. 2C
(ii). The predicted hybridization pattern for a
Sall digest in which gene replacement has oc-
curred is three bands (11.6, 6.2, and 2.8 kb; Fig.
2B), and the predicted pattern for a heterozy-
gous merodiploid (Fig. 2 C[ii]) is five bands
(12.8, 11.6, 5.9, 3.8, and 2.8 kb). The pattern
obtained for strain DZF3350 (Fig. 5, lane 3)
showed five bands (12.8, 11.6, 6.2, 5.9, and 2.8
kb). This pattern is consistent with the predicted
pattern for a homozygous merodiploid which
has undergone gene conversion (Fig. 2). This
pattern is not consistent with the incorporation
of a multimeric plasmid (this possibility presup-
poses an additional 2.5-kb fragment, which was
not observed).
Use of merodiploid formation for complementa-

tion analysis in M. xanthus. Since the transduc-
tion of cloned DNA into M. xanthus frequently
results in the insertion of the chimeric plasmids
into the homologous region of the M. xanthus
chromosome, many transductants are heterozy-
gous merodiploids in which the chromosomal
copy and the plasmid copy of the genes of
interest are tandemly arranged (Fig. 2). Distin-
guishing merodiploid transductants from haploid
(gene replacement) transductants can be
achieved by Southern blot analysis (Fig. 4) or,
more easily, by colony hybridization to the
vector DNA (Fig. 3). However, since merodi-
ploids appear to express the tetracycline resist-
ance element present on the vector (Tables 4 and
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TABLE 5. M. xanthus transductants analyzed in Fig. 3

Codea Donor Recipient Drug selection Phenotype

a b DZF1 Kans Tets Fru+
b DZF1516 Kan' Tets Fru(Ts)
c pKO2 DZF1 Kanamycin Kanr Tetr Fru+
d pKO23-38 DZF1 Kanamycin Kanr Tetr Fru+
e pKO23-38 DZF1 Kanamycin Kanr Tet' Fru-
f pKO23-38 DZF1 Kanamycin Kanr Tetr Fru-
g pKO23-38 DZF1516 Kanamycin Kan' Tetr Fru+
h pKO23-38 DZF1516 Kanamycin Kanr Tets Fru-
i pKO23-38 DZF1516 Kanamycin Kanr Tetr Fru-
j pKO2 DZF1 Oxytetracycline Kans Tetr Fru+
k pKO2 DZF1 Oxytetracycline Kanr Tetr Fru+
a The code letters refer to the key used in Fig. 3B.
b , None.

6), we tried direct selection for merodiploids on
plates containing oxytetracycline (Table 6 and
Fig. 3). One hundred percent of those colonies
which grew on oxytetracycline contained the
vector DNA since they also hybridized with
pHC79 DNA (Fig. 3, j and k). However, it
should be noted that many of these transduct-
ants did not contain the kanamycin resistance
marker (Table 6). The number of kanamycin-
sensitive transductants was relatively high, usu-
ally about 30% (the data in Table 6 were some-
what atypical, showing 62% of the transductants
as kanamycin sensitive). We think that the kana-
mycin-sensitive transductants were the result of
gene conversion, in which the TnS-containing
portion of plasmid DNA is replaced by chromo-
somal DNA lacking Tn5, since gene conversion
clearly takes place in the loss of the Fru+ alleles
described above. Direct selection for merodi-
ploids can be achieved in these crosses by
selecting for both oxytetracycline and kanamy-
cin resistance. However, further analysis of the
phenotype and genotype of the transductants is
necessary to establish that gene conversion has
not occurred.

If merodiploids are to be useful for comple-
mentation studies, they must be stable. Table 7
summarizes an experiment designed to study the
stability of one such strain, M. xanthus
DZF3339 (Kanr Tet9, under nonselective condi-
tions. A culture of DZF3339 was pregrown in
CYE broth containing kanamycin and oxytetra-
cycline to assure that most of the cells (>99.3%)
at the start of the ex!periment had both markers.
The culture was then washed and suspended in
nonselective medium lacking the antibiotics and
maintained (with occasional dilution) in expo-
nential-phase growth for 6 days. At specific
intervals, the cells were plated out and tested for
oxytetracycline or kanamycin resistance. As ex-
pected, some loss of kanamycin resistance and

oxytetracycline resistance was observed. How-
ever, the rate of loss was not high: 0.2% per
generation for oxytetracycline resistance and
0.1% per generation for kanamycin resistance
(both groups of strains showed the same growth
rate as DZF3339). These numbers agree with
those reported by Shimkets et al. (35). The
appearance of kanamycin-sensitive but oxytet-
racycline-resistant clones presumably would be
the result of gene conversion. However, the rate
of formation of these colonies was lower than
what could be accurately assessed from the
number of colonies counted in this experiment.
This experiment shows that the merodiploid
strains, once formed, are relatively stable.
Table 4 shows a preliminary experiment in

which two loci in the aggR region were analyzed
by complementation after merodiploid forma-
tion. Plasmid pK023-38 was generated by the
transposition of a TnS element into the M.
xanthus DNA insert of the subclone pK023
(Table 2). When this plasmid was transduced
into M. xanthus DZF1, the oxytetracycline-
sensitive colonies, which do not contain vector
DNA, (Figure 3, e) were all Frui. Since these
Tet' transductants result from gene replace-
ments, the Tn5 insert in this plasmid, fQ179,
must rest in a fruiting gene in aggR. The Tetr
transductants all contained vector DNA (Fig. 3,
d and f) and were merodiploids. Most of these
transductants had the Fru+ phenotype. These
merodiploids must be heterozygous, containing
both chromosomal and plasmid copies of the
gene: they must have the mutated copy of the
gene because these transdu.ctants are Kanr
(kanamycin resistance is conferred by the TnS
insert in the fruiting gene); and they must have a
functional copy of the gene since the phenotype
is Fru+. Since the phenotype of the heterozy-
gous transuctants is Fru+, we conclude that the
mutation generated by f1179 is recessive. In
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kanamycin-resistant transductants. M. xanthus DZFI

was transduced to kanamycin resistance by a P1 lysate

grown on E. ccli DZE179 (this strain carries plasmid

pK023-38, depicted in Fig. 1). DZF3340 was a trans-

ductant which was Kan' Tet' Fru -(kanamycin resist-

ant, tetracycline sensitive, and fruiting defective) and

which did not hybridize to pHC79 DNA (Fig. 3).

DZF3341 was a transductant which was Kanr Tetr

Fru' and which did hybridize to pHC79 DNA. DNA

was isolated from M. xanthus DZF1, DZF3340, and

DZF3341, and from E. coli DZE179. The DNA was

digested with the restriction endonuclease BamHI,

separated on a 0.7% agarose gel, and then subjected to

Southern blot analysis (36). The blots were hybridized
to a nick-translated probe of pK023 as described in the

text. The lanes correspond to digested DNA from

DZF1 (lane 1), DZF3340 (lane 2), DZF3341 (lane 3),

and pK023-38 (lane 4). The arrow indicates the BamHI

fragment present in DZF1 (34.4 kb). The molecular

sizes were calibrated from standards. Figure 2 shows

the predicted molecular sizes for BamHI fragments
after gene replacement or merodiploid formation. Fig-

ure shows the molecular sizes of the BamHl frag-

ments ofpK_23-38.

addition, 27% of the merodiploids had the Fru-
phenotype. We think that these are homozygous

merodiploids arising from gene conversion.

Confirmation of the genotype of some of these

transductants was obtained by Souther blot

analysis similar to that shown in Fig. 5 (unpub-

lished data).

Plasmid pKi23-38 was also transduced into

M. xanthus DZF1516 (Table 4). This strain is
fruiting defective and was mapped previously in

a locus called aggRi (38). In this cross, the Tets
colonies were all Fru-. These transductants
result from gene replacements (they do not
hybridize to vector DNA [Fig. 3, h] and contain
Q1179 in a fruiting gene. The Tetr transductants
contain vector DNA (Fig. 3, g and i) and are
merodiploids. Two phenotypes were observed
among these transductants: Kanr Tetr Fru+ and
Kanr Tetr Fru-. The Kanr Tetr Fru- transduc-
tants, 50% of the total, could only arise from the
complementation of the two Fru- genes in het-
erozygous merodiploids. Therefore, the aggRI
locus in DZF1516 must be recessive and lie in a
different complementation group than the muta-
tion caused by Q179. At least some Kanr Tetr
Fru- transductants (26% of the Kanr transduc-
tants) were homozygous merodiploids, as indi-
cated by Southern blot analysis. A more detailed
study of the aggR region ofM. xanthus is now in
progress.

DISCUSSION
The results present in this paper show that

coliphage Pl can be used to transduce cloned
DNA from M. xanthus to E. coli. This is impor-
tant because it provides the first reliable method
for the introduction of recombinant DNA into
M. xanthus for subsequent analysis. For exam-
ple, one can construct recombinant DNA clones
of M. xanthus genes and then transduce them
into strains suitable for complementation analy-
ses of heterozygous merodiploids. Additionally,
cloned M. xanthus genes can be mutated (by
TnS transposition in E. coli or by in vitro modifi-
cation of the DNA, for example) and then trans-
duced into M. xanthus where the phenotype of
the mutants (in haploid strains) can be ascer-
tained. These are powerful techniques which,
together with generalized transduction, should
permit the rapid proliferation of genetic analyses
in this interesting developmental organism.

In this paper, the transductions were usually
carried out with a mutant of bacteriophage P1,
Pl 607H, prepared by Wall and Harriman (39),
which reportedly shows increased (about 10-
fold) levels of generalized transduction of chro-
mosomal markers in E. coli. However, when
lysates were prepared with Pl virA (17) or P1
Cm (33), essentially identical transducing titers
were obtained for plasmid pKO2. Thus, the
ability of phage Pl to package plasmid DNA
does not appear to be specific to one strain of
phage P1.
How does phage P1 recognize and package

plasmid DNA? The following observations made
during our study may be relevant. (i) E. coli
plasmid-transductants do not become Pl im-
mune, nor are they inducible for P1. E. coli
plasmid-transductants are indistinguishable
from transformed plasmid-bearing E. coli in
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FIG. 5. Analysis of merodiploids by Southern blot
hybridization of Sanl fragments to a pK023 DNA
probe. M. xanthus DZF3340 (Kanr Tets Fru-),
DZF3341 (Kanr Tetr Fru+), and DZF3350 (Kanr Tetr
Fru-) were analyzed as described in the legend to Fig.
4 except that the DNA was digested with Sall endonu-
clease rather than BamHI. This digestion allowed us to
characterize strain DZF3350, which appears to be a

homozygous merodiploid containing two copies of the
TnS inserted gene of pK023-38. One copy is associated
with the vector through merodiploid formation; the
other has replaced the chromosomal copy of the gene
(see the text). The lanes correspond to digested DNA
from DZF3340 (lane 1), DZF3341 (lane 2), and
DZF3350 (lane 3). The molecular sizes were calibrated
from standards. Figure 2 shows the predicted molecu-
lar sizes for SalI fragments after gene replacement or

merodiploid formation.

making Pl lysates. The restriction digest pat-
terns of plasmids isolated from E. coli transduc-
tants are identical to those from transformants.
These observations are consistent with those of
Kondo and Mitsuhashi (23) and Watanabe and
Fukasawa (40). (ii) Plasmid transduction occurs
efficiently at MOIs < 1. (iii) When Pl Cm was
used as the transducing phage at a MOI of 0.2,
<0.1% of E. coli plasmid-transduced cells were
chloramphenicol resistant under conditions per-
mitting P1 Cm lysogeny. The efficiency of plas-
mid transduction in E. coli was not reduced
under conditions encouraging lytic infections of
P1 Cm (41°C for our temperature-sensitive
strain). In contrast, York and Stodolsky (43)
have shown that, in the transduction of the 11-kb
Tn2901 (argF) as a cointegrate with Pt CmO,
66% of Tn2901 recipients are also chlorampheni-
col resistant. The transduction of Tn2901 re-
quires lysogeny or multiple infection. [Observa-
tions (i) to (iii) imply that the plasmids are not
being transduced as stable cointegrates in the Pl
genome.] (iv) The presence of Isl on a plasmid
(e.g., in Tn9) does not affect the efficiency of
transduction. (P1 has an ISI element [15].) This
would seem to indicate that IS does not play a

role in the packaging of these plasmids (16). (v)
Recombination-defective (recA) strains of E.
coli cannot become recipients for plasmid trans-
ductions (unpublished data). This implies that
the recA function is necessary for the establish-
ment of plasmids in the transductants.

P1 is thought to package and transduce chro-
mosomal DNA by two mechanisms. One is
random-headfull packaging of chromosomal
DNA resulting in the generalized transduction of
chromosomal markers. The DNA is usually 40
to 100 kb in size and does not contain any P1
DNA (17). However, it has also been shown that
Pl can integrate into the host chromosome; this
can result in the specialized transduction of
markers at the site of integration (43). Pl trans-
duction of small (9 kb or less) plasmids has been
shown to occur after the cointegration of phage
and plasmid DNA. IS1 has been shown to play a
role in the PI cointegrate formation. These plas-
mid transductants are Pl immune (15, 16). Our
transduction experiments are not consistent
with the formation of monomeric Pl-plasmid
cointegrates: (i) transduction of the plasmid into
E. coli does not confer Pl immunity on the
recipient cells; (ii) cointegrate formation should
favor small plasmids, but our transductions
strongly favor larger plasmids; and (iii) trans-
duction experiments can be performed with
MOIs several orders of magnitude less than one.
(When a P1 cointegrate of R100 [>100 kb] was
used for transduction, a MOI of 2 was needed to
transduce it because no single particle contained
sufficient DNA to allow recircularization by the
recombination of homologous DNA [14].) Our
data would be compatible with a modified P1-
plasmid cointegrate model in which multimeric
forms of the plasmid are involved in the cointe-
grates. (Plasmid preparations from rec+ strains
contain multimeric forms.) Packaging would
presumably begin at the normal P1 "pack-site"
and continue into plasmid DNA. The first parti-
cle packaged would be defective if it contained
P1 DNA plus plasmid DNA greater than 9 to 10
kb since no terminal redundancy would be pres-
ent for recircularization (16). However, DNA
(headfulls) packaged subsequently from the P1-
plasmid-multimer rolling circle would contain
one copy plus some redundancy of any plasmid
less than 90 to 95 kb in size. This redundancy
would allow plasmid recircularization in the
recipient cell (recA dependent) via homologous
recombination.
An alternative model which does not involve

cointegrate formation is also consistent with our
data. This model would suggest that multimeric
forms of the plasmid are packaged at random as
is chromosomal DNA or that P1 may recognize a
fortuitous pack-site in vector pBR322 and pack-
age headfulls form a multimer. We think that
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TABLE 6. Expression of the tetracycline resistance gene from vector pHC79 in M. xanthus transductantsa
% Colonies which

No. of Kanamycin Tetracycline hybridized to pHC79
Selective medium colonies resistance resistance DNA that were:

scored (%) (%)
Tetr Kan' Tets

Kanamycin 250 100 41 100 0
Oxytetracycline 100 38 100 100 b

a Coliphage P1 grown on E. coli DZE168 (C600 containing plasmid pKO2) was used to transduce M. xanthus
DZF1 to kanamycin resistance or oxytetracycline resistance. The colonies were tested for oxytetracycline
resistance (Tetr) or kanamycin resistance (Kan') by picking onto CYE medium containing the tested drug. The
colonies were tested for hybridization to a 32P-labeled pHC79 DNA probe as described in the text.
b, None.

fortuitous pack-sites are unlikely in the M. xan-

thus portion of the plasmids since transduction
was successful with clones derived from at least
three different regions of the M. xanthus
genome. Although we have not worked with
vectors unrelated to pBR322, the literature re-

ports Pl transduction of plasmids whose deriva-
tions are independent of pBR322 (22, 31, 40).
These researchers have found that plasmids are
transduced by P1 with frequencies varying from
4 x 10-4 to 2 x 10-10. Frequencies of transduc-
tion of plasmid R100 reported include 4 x 10-
(40), 1 x 1i-0 (41), and 1 x 10-6 (23) per
adsorbed phage. Thus, the occurrence of fortu-
itous pack-sites is not limited to pBR322-derived
plasmids. In general, plasmids are transduced at
frequencies similar to those for chromosomal
markers-10-6 to 10-7/PFU (12). However,
pKO2 is transduced at a frequency of 10-3/PFU.
pBR322 may have a very favorable packlike site

(heterologous pack-site) which causes it to be
packaged by P1 at an elevated frequency.
The models which invoke multimeric forms of

the plasmid are consistent with the increased
efficiency of transduction which we observed for
the larger plasmids. Dimers of a 43-kb plasmid
would be sufficiently large to fill a Pl headfull
(100 kb) with DNA. In contrast, at least an

octomer or a nanomer of a 10-kb plasmid would
be required to fill the same phage head. Phage PI
often packages small-headed particles contain-
ing 40 kb ofDNA (17). These could be filled by a

dimer of a 20-kb plasmid but would require a

tetramer of a 10-kb plasmid. Since dimers of
plasmids are much more common than larger
multimers (32), the higher transduction frequen-
cies observed for the larger plasmids may be
related to the higher frequency of occurrence of
these dimers compared with higher-order mul-
timers. Small plasmids (<10 kb) could not be

TABLE 7. Stability of integrated chimeric plasmids in M. xanthus
Loss of drug resistance'

No. of Tet' Kans Tet' + Kans Kan' + Tetr

of outgrowth colonies % of % Per % of % Per % of % Per % of % Per
ofurttested colonies gener- colonies gener- colonies gener- colonies gener-

tested ation tested ation tested ation tested ation

0 153 <0.7 _C <0.7 - <0.7 <0.7
1 217 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
8 297 2 0.25 1 0.13 0.7 0.09 0.3 0.04

13 708 2 0.15 1.4 0.11 0.9 0.07 0.3 0.02
24 294 5 0.21 2.4 0.10 1.4 0.06 1.0 0.04
30 733 4.2 0.14 2.2 0.07 1.9 0.06 0.3 0.01
36 327 5.8 0.16 1.8 0.05 1.5 0.04 0.3 0.01

Avg % per 0.2 0.09 0.06 0.02
generation
a Generation times were monitored by absorbance. The average generation time under the experimental

conditions used was about 4 h. DZF3339 had the same generation time in CYE arnd in CYE plus drugs.
b A culture of DZF3339, pregrown in CYE broth containing kanamycin and oxytetracycine, was suspended in

CYE broth lacking these drugs. At specific intervals, samples were removed and tested for drug resistance as
described in the text. Tet', Sensitive to oxytetracycline; Kans, sensitive to kanamycin; Tetr, resistant to
oxytetracycline.

c , None.
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successfully transduced by Pl in our experi-
ments. Since some genetic analyses may require
the use of smaller plasmids, we suggest that
appropriate insertions, such as the 9.2-kb TnlO,
in the vector region of small clones might be
useful. This should permit the successful pack-
aging of even the smallest subclones of M.
xanthus DNA. A comparison of the work of
Watanabe and co-workers (40, 41) with that of
lida et al. (16) also shows that size may play a
role in the transduction of plasmids by Pl. Small
plasmids (6 to 7 kb) are transduced at frequen-
cies of 8 x 10-6 to 3 x 10-7 per absorbed phage
(16). However, R100 (>100 kb) is transduced at
frequencies of 4 x 10-4 to 1 x 10-6 (23, 40, 41).
R100 may be at the upper limit of the size of P1-
transducible plasmids since the phage must cop-
tain more than the usual amount ofDNA to give
some redundancy for recircularization.
While this work was in progress, Gill anId

Kaiser developed a pBR322-derived vector
(pREG411) which favors the formation of Pl-
plasmid cointegrates (R. Gill and D. Kaiser,
personal communication). The vector contains a
6.7-kb EcoRI restriction fragment encoding Pl-
specific incompatibility (37). This vector has
been successfully used by Shimkets et al. (35)
for the transduction of cloned M. xanthus genes
(spoC locus) from E. coli to M. xanthus. The
frequencies of transduction observed by these
workers were sometimes slightly higher than the
ones reported in this paper. However, the re-
sults presented here show that it is not necessary
to use a special vector since P1 packages
pBR322-derived plasmids at sufficiently high fre-
quency to be generally useful in the laboratory.
Thus, we have been able to use the specialized
vectors of Messing and his co-workers (28),
which are also useful for Sanger sequencing
work (34) for both genetic and sequence analysis
of M. xanthus DNA (J. Downard and D. Zus-
man, unpublished data).

In this study, we were able to follow the fate
of the cloned DNA, principally by analysis for
vector DNA and by Southern blot hybridiza-
tions. We found three kinds of kanamycin-resist-
ant transductants: (i) cells which had undergone
gene replacement (these strains lacked vector
DNA); (ii) cells which were heterozygous mero-
diploids (these strains contained vector DNA
and both the chromosomal and plasmid copies of
the cloned genes); and (iii) cells which were
homozygous merodiploids (these strains con-
tained vector DNA and two identical copies of
the TnS insertion). The Southern blots that we
examined did not show any evidence of the
transposition of the TnS element to new sites on
the chromosome, an event which had been
shown to occur at low frequencies in M. xanthus
(24).

The heterozygous merodiploids were found to
be relatively stable. They are particularly useful
for complementation analysis as illustrated in
Table 4. The presence of a significant class of
homozygous merodiploids was not expected.
Like Shimkets et al. (35), we think that they
originated during or immediately after the initial
recombination step between circularized plas-
mid DNA and M. xanthus chromosomes by gene
conversion. We attempted to measure the rate of
gene conversion during exponential growth of
M. xanthus by examining the rate of loss of
kanamycin resistance in cells which maintain
vector DNA (Tetr) (Table 7). This rate was so
low-much lower than the rate of loss of the
vector DNA-that it could not be accurately
measured in this experiment. The formation of
homozygous merodiploids after the transduction
of cloned DNA from E. coli to M. xanthus was
also observed by Shimkets et al. (35) for the
spoC loci. The presence of homozygous merodi-
ploids. adds complexity to complementation
analysis which is not encountered in plasmid-
associated merodiploids of E. coli. However, it
is possile to perform clear-cut complementation
studies with M. xanthus by carefully analyzing
the transductants.
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