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Myxococcus xanthus is widely used as a model system for studying gliding motility, multicellular development, and cellular dif-
ferentiation. Moreover, M. xanthus is a rich source of novel secondary metabolites. The analysis of these processes has been
hampered by the limited set of tools for inducible gene expression. Here we report the construction of a set of plasmid vectors to
allow copper-inducible gene expression in M. xanthus. Analysis of the effect of copper on strain DK1622 revealed that copper
concentrations of up to 500 �M during growth and 60 �M during development do not affect physiological processes such as cell
viability, motility, or aggregation into fruiting bodies. Of the copper-responsive promoters in M. xanthus reported so far, the
multicopper oxidase cuoA promoter was used to construct expression vectors, because no basal expression is observed in the
absence of copper and induction linearly depends on the copper concentration in the culture medium. Four different plasmid
vectors have been constructed, with different marker selection genes and sites of integration in the M. xanthus chromosome.
The vectors have been tested and gene expression quantified using the lacZ gene. Moreover, we demonstrate the functional com-
plementation of the motility defect caused by lack of PilB by the copper-induced expression of the pilB gene. These versatile vec-
tors are likely to deepen our understanding of the biology of M. xanthus and may also have biotechnological applications.

Myxococcus xanthus is a deltaproteobacterium, belonging to
the myxobacteria, which exhibits a complex and unique life

cycle. In the presence of nutrients, cells feed cooperatively, being
able to prey on other microorganisms (16). In response to starva-
tion, cells initiate a developmental program that culminates in the
formation of multicellular fruiting bodies, within which cells dif-
ferentiate into dormant myxospores (21). Due to this fascinating
life cycle, M. xanthus is an excellent model organism to study
cellular processes such as social behavior, gliding motility, cell-cell
communication, signal transduction, regulation of gene expres-
sion, morphogenesis, and differentiation. Also, myxobacteria syn-
thesize a large variety of secondary metabolites with diverse struc-
tures and a multitude of biological activities (20).

Although many tools for the genetic manipulation of M. xan-
thus are available, robust tools that allow the conditional expres-
sion of genes of interest have not been well developed so far. Two
systems allow the constitutive overexpression of genes and are
based on the use of the oar promoter (5, 12) or the pilA promoter
(8, 22). Furthermore, three types of inducible vectors have been
designed, although all of them have features that make them un-
suitable for general use in a simple and controlled manner. One
system relies on the light-inducible extracytoplasmic function �
factor CarQ (2, 11, 19). To express genes under the control of
CarQ, cells have to be illuminated by blue light, while incubation
in the dark represses transcription. The nature of the inducing
signal requires a special incubator and complicates the reproduc-
ibility of the experiments. Moreover, light interferes with devel-
opment. A second system is based on the PpilA-lacO-RBS pro-
moter in combination with the LacI repressor and uses isopropyl
�-D-1-thiogalactopyranoside (IPTG) as an inducer (9). Unfortu-
nately, the expression level in the absence of IPTG is high, and the
addition of the inducer raises the amount of protein produced
only approximately 2-fold. The third system is based on the MerR-
like repressor CarH (3). Maximum expression levels with this vec-

tor are obtained in the absence of vitamin B12 and with cells under
constant illumination. This hampers the use of this expression
system during development, because light blocks development.

The M. xanthus genome carries a large number of copper-
inducible genes, which are differentially regulated (14, 15, 18).
Among the different expression profiles observed for these genes,
that exhibited by the multicopper oxidase cuoA offers the possi-
bility of using its promoter to express genes in a highly controlled
manner (18); i.e., no expression of the gene is detected in the
absence of copper, and the level of expression increases linearly
with the copper concentration in the culture medium.

In this report we describe the generation of a set of plasmid
vectors based on the cuoA promoter that can be used to express
genes in M. xanthus in a highly controlled manner by the addition
of copper and with expression levels that range from undetectable
in the absence of copper to high and constant levels that linearly
depend on the copper concentration.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The M. xanthus and
Escherichia coli strains used in this study are listed in Table 1. M. xanthus
strains were grown at 30°C in liquid Casitone-Tris (CTT) medium with
vigorous shaking as previously described (7). CTT agar plates containing
0.5% or 1.5% Bacto agar (Difco) were used to analyze social motility and
adventurous motility, respectively. When necessary, media were supple-
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mented with kanamycin (40 �g/ml), tetracycline (15 �g/ml), bromo-
chloro-indolyl-galactopyranoside (40 �g/ml), or copper sulfate (at the
concentrations indicated for each experiment). Specific growth condi-
tions are described in Results. E. coli strains were grown at 37°C in Luria-
Bertani medium, which was supplemented with ampicillin (50 �g/ml),
kanamycin (25 �g/ml), tetracycline (25 �g/ml), or bromo-chloro-indo-
lyl-galactopyranoside (40 �g/ml) when needed. The plasmids used in this
study are listed in Table 2.

Motility assays, developmental conditions, and spore quantifica-
tion. Motility assays were performed using cells from exponentially grow-
ing cultures. The cells were harvested and resuspended in CTT medium or
TM buffer (10 mM Tris-HCl [pH 7.6], 1 mM MgSO4) to a calculated
density of 5 � 109 cells/ml. Ten-microliter aliquots of cell suspensions
were spotted on CTT medium supplemented with 1.5 or 0.5% agar and
the indicated copper concentrations. After 24 h, colony morphology was
observed visually in a Nikon SMZ800 stereomicroscope and the diameter
of the spots measured. Clone fruiting (CF) medium (6) was used to induce
development as previously reported (13). When required, copper was
added at the concentrations indicated for each experiment. Specific de-
velopmental conditions are described in Results. For counting spores, 10
drops of 20 �l each were spotted onto CF plates with various copper
concentrations. At different time points, the fruiting bodies of one plate
were harvested, resuspended in 200 �l of TM buffer, and dispersed by
sonication. Myxospores were counted in a Petroff-Hausser chamber.

Construction of the series of plasmid vectors. Routine molecular bi-
ology techniques were used for the construction of the plasmid vectors
(17). The plasmid vectors pNG10A and pNG1A, which harbor tetracy-
cline and kanamycin resistance markers (Tetr and Kanr), respectively,
were derived from pUC19. First, pUC19 was digested with SspI and DraI
to eliminate a 0.94-kb DNA fragment containing the ampicillin resistance
marker. The correct fragment was ligated to a 1.44-kb SalI-digested frag-
ment (blunt ended with Klenow) containing the Tetr gene previously
obtained from plasmid pUC7Tc(B�S�) (kindly provided by S. Inouye).
The resulting plasmid was then digested with KpnI and BamHI and li-
gated to a 0.98-kb PCR-amplified DNA fragment containing the cuoA
promoter. This cuoA promoter was previously amplified using M. xanthus
DK1622 chromosomal DNA as a template. The final vector was desig-
nated pNG10A. To obtain pNG1A, the same procedure was followed,
with the exception that a 1.35-kb Kanr marker was inserted instead of the
Tetr gene, which was obtained from plasmid pUC7(KmPstI�) digested
with SalI.

Vectors pMAT3 and pMAT4 are derived from pSWU30 (22) and
pMAT1, respectively. pMAT1 was constructed by replacing the pilA pro-
moter of pSL105 (8) with a cuoA promoter fragment including 825 bp
upstream of the cuoA start codon. This fragment was amplified using M.
xanthus DK1622 chromosomal DNA as a template. The PCR fragment
was treated with EcoRI and XbaI and ligated into pSL105 restricted with
the same enzymes. To construct pMAT4, the pilB gene from pMAT1 was
removed by digestion with XbaI and HindIII and filling of the gap with a
fragment of two partially complementary oligonucleotides. To obtain the

plasmid pMAT3, the enzymes EcoRI and HindIII were used to cleave the
cuoA promoter with the XbaI-BamHI-HindIII multilinker from pMAT4,
and the obtained fragment was cloned into the EcoRI- and HindIII-re-
stricted vector pSWU30 (22).

Gene reporter studies. To analyze and quantify the expression of
genes under the control of PcuoA, E. coli lacZY genes (the permease is not
encoded in the M. xanthus genome and has to be included in the plasmid
for qualitative analyses) were amplified by PCR using plasmid pKY481 (1)
as a template. The products were then digested with either BamHI-XbaI
or BamHI-HindIII and ligated to pNG10A and pMAT3, respectively. The
resulting plasmids (pNG10AZY and pMAT3ZY, respectively) were elec-
troporated into M. xanthus DK1622, and several Tetr strains were checked
by Southern blotting to confirm that the plasmids were integrated at the
PcuoA site (in the case of pNG10AZY) or at the Mx8 attB site (in the case of
pMAT3ZY).

Specific �-galactosidase activity in cell extracts obtained by sonication
of the strains harboring lacZY genes was determined as previously de-
scribed (18) and is expressed as nmol of o-nitrophenol produced per min
per mg of protein. Measurements shown are the averages of data from
triplicate experiments.

Western blotting. Generally, cells from exponentially growing cul-
tures were harvested, and total protein was separated by SDS-PAGE (pro-
teins from 5 � 107 cells loaded per lane) and analyzed by Western blotting
(17). PilB was detected using anti-PilB antibodies (8) and peroxidase-
conjugated goat anti-rabbit secondary antibodies as recommended by the
manufacturer (Roche). Blots were developed using SuperSignal West Pico
chemiluminescence reagent (Pierce).

Nucleotide sequence accession numbers. The complete nucleotide
sequences of pNG1A, pNG10A, pMAT3, and pMAT4 have been depos-
ited in the GenBank database under accession numbers JN940926,
JN940923, JN940924, and JN940925, respectively.

RESULTS
Copper tolerance of M. xanthus DK1622. Previous studies on
the copper response in M. xanthus have been carried out using
strain DZF1 because it does not agglutinate in liquid cultures.
However, the wild-type strain most frequently used is DK1622,
for which the complete genome sequence is available (4). For
this reason, we studied the copper tolerance of DK1622 in or-
der to establish the range of copper concentrations that do not
significantly alter growth, motility, and development. To de-

TABLE 2 Plasmids used in this study

Name Descriptiona

Plasmid from
which derived

Reference
or source

pUC19 Apr 23
pKY481 lacZY Kanr 1
pUC7(KmPstI�) Kanr Provided by

S. Inouye
pUC7Tc(B�S�) Tetr Provided by

S. Inouye
pNG1A PcuoA Kanr pUC19 This study
pNG10A PcuoA Tetr pUC19 This study
pSL105 PpilA-pilB Kanr 8
pSWU30 Mx8 attP int Tetr 22
pMAT3 PcuoA Mx8 attP int Tetr pSWU30 This study
pMAT4 PcuoA Mx8 attP int Kanr pMAT1 This study
pNG10AZY PcuoA lacZY Tetr pNG10A This study
pMAT3ZY PcuoA lacZY Mx8 attP

int Tetr

pMAT3 This study

pMAT1 PcuoA-pilB Mx8 attP int
Kanr

pSL105 This study

a Kanr, Tetr, and Apr, resistance to kanamycin, tetracycline, and ampicillin, respectively.

TABLE 1 Bacterial strains used in this study

Species and
strain Genotype Reference

E. coli JM109 F=[traD36 proAB� lacIq lacZ�M15] recA1
supE44 endA1 hsdR17 gyrA96 relA1 thi
�(lac-proAB)

23

M. xanthus
DK1622 Wild type 10
JM10AZY DK1622 PcuoA-lacZY(pNG10AZY) This study
JMMAT3ZY DK1622 PcuoA-lacZY(pMAT3ZY) This study
DK10416 DK1622 �pilB 22
SA4100 DK1622 �pilB PcuoA pilB(pMAT1) This study
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termine the effect of copper on growth, DK1622 cells were
grown in liquid cultures containing CTT medium without cop-
per and then diluted to an optical density at 600 nm (OD600) of
0.05 in fresh CTT liquid medium supplemented with the cop-
per concentrations indicated in Fig. 1. Cultures were incubated
for 24 h (only 4 to 5 generations) at 30°C before the OD600 was
determined again. As shown in Fig. 1, cell yields of DK1622
with copper concentrations of up to 0.5 mM were similar to
those observed in the absence of metal. Higher copper concen-
trations diminish cell yield, and no growth was observed with
copper concentrations of between 0.9 and 1 mM. The copper
tolerance of DK1622 during growth is similar to that reported
for strain DZF1 (18).

Next, the effect of copper on adventurous and social motil-
ity was examined. For this purpose, M. xanthus cells were
grown in the absence of copper, concentrated, and spotted
onto CTT agar plates containing either 0.5% agar (for social
motility assays) or 1.5% agar (for adventurous motility assays)
and different concentrations of copper. The results obtained
revealed that copper concentrations of lower than 0.5 mM only
slightly interfered with either type of motility. The diameters of
the colonies in this range of copper concentrations were just
around 10% smaller (for both A and S motility) than those
observed in the absence of copper. Increasing copper concen-
trations caused a fairly linear regression in motility (Fig. 2).
The effect of copper on motility was not studied before for
strain DZF1.

To study the effect of copper on development, liquid cul-
tures of M. xanthus cells were concentrated and spotted onto
CF agar plates (starvation medium) with different copper con-
centrations. The concentrations used were 10-fold lower than
those used in rich medium because growing M. xanthus cells
are more resistant to copper than developing cells (18). As
shown in Fig. 3A, cells aggregated normally with copper con-
centrations of up to 60 �M. A delay in aggregation was ob-
served with copper concentrations of between 60 and 120 �M.
With higher concentrations, cells not only did not form fruit-
ing bodies but also died. In contrast, and although aggregation
seemed to be normal, the yield of myxospores diminished to
77% with a copper concentration of 20 �M and to 59% with 60

�M (Fig. 3B). According to these data, copper concentrations
of up to 60 �M can be used when aggregation is studied. How-
ever, caution should be taken in sporulation analyses. M. xan-
thus DK1622 is slightly more resistant to copper than DZF1,
which dies on CF agar plates with copper concentrations higher
than 60 �M (18).

Construction of a set of plasmid vectors designed for the con-
ditional expression of genes in M. xanthus by copper supple-
mentation. A set of plasmid vectors for the conditional expres-
sion of genes in M. xanthus was constructed. All the plasmids
contain a DNA fragment with the PcuoA promoter followed by
multiple restriction sites to allow the cloning of the gene of
interest (Fig. 4). Two of these vectors, pNG10A and pMAT3,
harbor a Tetr marker, while the other two, pNG1A and pMAT4,
confer Kanr, to allow the simultaneous manipulation of M.
xanthus cells with other vectors. The two vectors of the series
pNG integrate at the PcuoA site by a single homologous recom-
bination event, ensuring that all the cis elements required for
the expression of the genes are present (Fig. 4C, D, F, and H). In
contrast, the vectors of the pMAT series integrate at the chro-
mosomal phage Mx8 attB site by specific recombination using
the phage attachment site attP and the integrase, both of which
are encoded by the two plasmids (Fig. 4A, B, E, and G). Having
vectors that integrate at different positions in the M. xanthus
genome increases the flexibility for strain constructions.

Analysis of promoter induction using the lacZ gene from E.
coli as a reporter. Plasmids pMAT3ZY and pNG10AZY contain
the lacZY genes cloned downstream of the cuoA promoter in
pMAT3 and pNG10A, respectively (Fig. 4A and D). Strains
derived from M. xanthus DK1622, obtained after integration of
these two plasmids at the proper sites, were grown in the ab-
sence and in the presence of different copper concentrations.
Cell extracts obtained at different time points after copper
induction were assayed for specific �-galactosidase activity.
The two strains showed no �-galactosidase activity in the ab-
sence of copper (Fig. 5). The addition of copper caused the
induction of lacZ expression, with a linear correlation between
�-galactosidase activity and copper concentration for both
vectors during growth (compare Fig. 5A and C). The profiles

FIG 1 Sensitivity of M. xanthus DK1622 to copper during growth. Cells grown
in the absence of copper were diluted to an OD600 of 0.05 in CTT medium with
the indicated copper concentrations. Cell density was monitored after incuba-
tion at 30°C for 24 h. Experiments were performed in triplicate. Error bars
indicate standard deviations.

FIG 2 Effect of copper on motility. M. xanthus DK1622 cells were grown in the
absence of copper and concentrated to an OD600 of 15. Ten microliters of these
cells was spotted onto CTT agar plates containing 0.5% agar for S motility
(circles) or 1.5% agar for A motility (squares) and the indicated copper con-
centrations. The diameter of the spots was determined at 96 h of incubation.
Experiments were performed in triplicate. Error bars indicate standard devia-
tions.

Inducible Gene Expression in M. xanthus

April 2012 Volume 78 Number 8 aem.asm.org 2517

http://aem.asm.org


obtained were similar for the two vectors, with a plateau being
reached at between 24 and 48 h after copper addition. However,
2-fold-higher levels of activity were obtained with the pMAT3
vector. During development, much lower copper concentrations
were required to obtain levels of �-galactosidase activity similar to
those observed during growth, as was already reported for strain
DZF1 (18). Two differences could be observed in the expression of
lacZ cloned in each type of vector (compare Fig. 5B and D) during
development: (i) no plateau is obtained between 24 and 48 h in

case of the pNG10A vector, and (ii) the highest levels of expression
are again obtained with the pMAT3 vector at 24 h, although the
values are very similar with both vectors at 48 h.

Expression of M. xanthus genes by copper induction. To as-
sess the functionality of copper-inducible gene expression, the
pilB gene, which encodes an ATPase essential for social motility
(8), was cloned under the control of PcuoA (plasmid pMAT1)
and introduced into strain DK10416 (�pilB) to generate strain
SA4100. As shown in Fig. 6A, PilB was not detectable in SA4100
in Western blot analysis using specific anti-PilB antibodies
with copper concentrations of up to 60 �M. However, PilB
accumulated to close to wild-type levels with 120 �M copper.
When SA4100 cells were spotted onto plates with different cop-
per concentrations, social motility was partially restored by 60
�M copper and was completely restored in the presence of 120
�M copper (Fig. 6B), clearly demonstrating the usefulness of
these vectors for conditional complementation studies.

DISCUSSION

A set of plasmids has been constructed to express genes in M.
xanthus by copper supplementation, a genetic tool that was not
so far well developed in this bacterium. The design of the vec-
tors was based on previous work demonstrating that M. xan-
thus harbors several copper-dependent promoters that are ex-
pressed at high levels during both growth and development
(14, 15, 18). Among the copper-inducible promoters, the cuoA
promoter exhibits the properties required for the expression of
other genes: (i) there is no detectable expression in the absence
of copper (Fig. 5); (ii) expression linearly increases as a func-
tion of the copper concentration and reaches a plateau after 24
to 48 h, ensuring that the protein concentration in the cells will
be maintained after 24 h of incubation in the presence of cop-
per; and (iii) although the copper concentration that can be
used during development is approximately 10-fold lower than
that during growth, the copper dependency is similar during
both stages of the life cycle. Other M. xanthus promoters that
depend on copper either exhibit quite high expression levels in
the absence of metal, do not reach a plateau at any time, or have
diminished expression at 2 h after copper addition (5, 14,
15, 18).

Four different vectors have been designed, with two antibi-
otic resistance markers. Two encode resistance to kanamycin,
while the other two encode resistance to tetracycline. One set
of vectors integrates by homologous recombination at the na-
tive cuoA site, and two vectors have been designed to contain
the Mx8 attP site for integration at the chromosomal attB site.
The differences in gene expression observed when the same
gene was cloned in vectors of the series pMAT or pNG could be
explained by the location where they are integrated, i.e., the
Mx8 attB site and the cuoA promoter, respectively. It is plausi-
ble that the control of gene expression achieved when the vec-
tor is integrated at the attB site will be different from that
observed when the vector is integrated at the native site, be-
cause all the elements required for a tight regulation might be
present only in the latter case. Since vectors integrated at the
attB site yield higher levels of expression than those integrated
at the native PcuoA site, these types of vectors can also be used to
produce larger amounts of protein in the cells with lower cop-
per concentrations.

According to all the data presented here, the vectors con-

FIG 3 Effect of copper on development. (A) M. xanthus DK1622 cells were
grown in the absence of copper and concentrated to an OD600 of 15. Ten
microliters of cells was spotted onto CF agar plates containing the indicated
copper concentrations. Aggregation was monitored by taking pictures under a
dissecting microscope. (B) To quantify the number of spores, cells were con-
centrated as indicated in panel A. Ten drops of 20 �l each were then spotted
onto CF agar plates containing the indicated copper concentrations. After
incubation for 72 h, fruiting bodies were harvested from the plates and dis-
rupted by sonication, and spores were quantified in a Petroff-Hausser cham-
ber. Experiments were performed in triplicate. Error bars indicate standard
deviations.
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structed in this study represent a clear improvement over all
the other vectors that have previously been constructed to ex-
press genes in M. xanthus in a controlled manner. The fact that
they are highly dependent on copper ensures no expression in
the absence of metal, a clear advantage compared to vectors
based on lacI (9). The vectors presented here exhibit several

features that make them complementary to those based on vi-
tamin B12. For instance, the amount of protein in the cells can
be more easily controlled with copper than with B12 and light
(3). As shown in Fig. 1, 2, and 3, many copper concentrations
can be used to obtain high gene expression levels without in-
terfering with growth, motility, or development. It is likely that

FIG 4 (A to D) A set of plasmid vectors for copper-inducible gene expression. Unique restriction sites for cloning genes under the control of the cuoA promoter
are indicated. (E and F) Cloning sites and regulatory sequences in the cuoA promoter regions present in the pMAT and pNG vectors. The asterisks in the pNG
set indicate that the HindIII and PstI sites are unique in pNG1A and pNG10A, respectively (see panels C and D). Two putative �54 promoters, one putative
upstream-activating sequence (UAS) where an enhancer-binding protein may bind, and one putative ribosome-binding site (RBS) identified upstream of cuoA
are depicted. (G and H) Schematic illustrating chromosomal integration of the pMAT vectors (G) and the pNG vectors (H) by site-specific and homologous
recombination, respectively. Note that the integrase catalyzing the site-specific integration of the pMAT vectors is encoded by the plasmids (indicated in green
in A and B).
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it was due to these differences that the vector designed by
García-Moreno et al. (3) was unsuitable for the construction of
a conditional deletion mutation of the ftsZ gene. Experiments
are in progress to test use of the vectors presented here to
generate conditional mutations in genes such as ftsZ that have
been unable to be deleted in M. xanthus using other expression
systems.
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