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Myxococcus xanthus belongs to the delta class of the proteobacteria and is notable for its complex life-style
with social behaviors and relatively large genome. Although previous observations have suggested the existence
of horizontal gene transfer in M. xanthus, its ability to take up exogenous DNA via natural transformation has
not been experimentally demonstrated. In this study, we achieved natural transformation in M. xanthus using
the autonomously replicating myxobacterial plasmid pZJY41 as donor DNA. M. xanthus exopolysaccharide
(EPS) was shown to be an extracellular barrier for transformation. Cells deficient in EPS production, e.g.,
mutant strains carrying AdifA or AepsA, became naturally transformable. Among the inner barriers to
transformation were restriction-modification systems in M. xanthus, which could be partially overcome by
methylating DNA in vitro using cell extracts of M. xanthus prior to transformation. In addition, the incubation
time of DNA with cells and the presence of divalent magnesium ion affected transformation frequency of M.
xanthus. Furthermore, we also observed a potential involvement of the type IV pilus system in the DNA uptake
machinery of M. xanthus. The natural transformation was totally eliminated in the ApilQ/epsA and Atgl/epsA
mutants, and null mutation of pilB or pilC in an AepsA background diminished the transformation rate. Qur
study, to the best of our knowledge, provides the first example of a naturally transformable species among

deltaproteobacteria.

Myxococcus xanthus is a motile Gram-negative soil bacte-
rium with a fascinating life cycle, including many social behav-
iors such as swarming, predation, and development (30, 31). M.
xanthus cells move on a solid surface by gliding (17, 43), which
is regulated independently by the A (adventurous) and the S
(social) motility systems (25). Under vegetative conditions,
cells secrete antibiotics, bioactive compounds, or degradative
enzymes in amounts sufficient to immobilize and digest other
bacteria (53, 55). When deprived of nutrients, most cells ag-
gregate to form multicellular fruiting bodies, within which the
metabolically dormant spherical myxospores are developed
(13). Reflective of its complex life-style, M. xanthus has an
unusually large genome (9.14 Mb) within the sequenced del-
taproteobacteria, which (90% of the genome) consists of 7,388
predicted protein coding sequences (CDSs) (21). In addition to
frequent duplication events, at least 1.4 Mb of genomic expan-
sion in M. xanthus may arise from extensive horizontal (lateral)
gene transfer (HGT) (21). Further examination of the evolu-
tionary history of 78 genes essential for its fruiting body devel-
opment revealed that 22% of the genes, mostly encoding met-
abolic enzymes, exhibit an altered codon bias and/or phylogeny
suggestive of HGT (20).

While predation behavior has been suggested to enhance the
HGT process of M. xanthus (20), direct experimental evidence
is still lacking. Under laboratory conditions, M. xanthus has
been shown to obtain genes from Escherichia coli by transduc-
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tion (58) and conjugation (5). However, the natural gene trans-
fer of M. xanthus has not been experimentally demonstrated
(20). In addition to conjugation and transduction, uptake and
incorporation of exogenous DNA by cells via transformation
are one of the major mechanisms for bacterial genetic ex-
change in nature (22), which is widely distributed in both
Gram-positive and Gram-negative bacteria (16, 35). Many
transformable bacteria become transiently competent for ge-
netic transformation under specific conditions (10), except for
neisseriae, which are competent during all phases of growth
(22). The natural transformation process normally comprises
several discrete steps, including DNA binding, fragmentation,
uptake, and integration (2). In most competent bacteria, the
DNA uptake machinery is related to type IV pili (TFP) or type
II secretion systems (T2SSs) (9, 16). At the same time, active
barriers against such DNA transfer are present at different
phases of the transformation process (47, 59).

Although there was no previously known evidence to show
that M. xanthus regulates competence and uptake of DNA in
certain phases of growth, some of the new findings motivated
our investigations of such a possibility, including the discovery
of an autonomously replicating plasmid, pMF1, in Myxococcus
(69) and the extracellular DNA forming reticulated structures
with exopolysaccharide (EPS) in M. xanthus extracellular ma-
trix (W. Hu and W. Shi, unpublished data). In this study, we
sought to determine whether M. xanthus can acquire new genes
by natural transformation and to investigate the factors affect-
ing transformation efficiency.

MATERIALS AND METHODS

Bacterial strains and plasmids. The M. xanthus strains used in this study are
listed in Table 1. Plasmid pJWO01 carrying an in-frame deletion of eps4 was
constructed using SW810 (AepsA) genomic DNA as the PCR template and
EpsA-IFD1 and -2 as primers (Table 1). The amplified region was digested with
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TABLE 1. Bacterial strains, plasmids, and primers used in this study

Strain, plasmid, or primer

Relevant feature(s) or sequence

Reference or

source
Strains
M. xanthus
DK1622 Wild type
DK10405 DK1622, Atgl, missing PilQ and surface pili 64
DK10409 DK1622, ApilT, overpiliated 67
DK10410 DK1622, ApilA, missing PilA 66
DK10416 DK1622, ApilB, missing surface pili 67
DK10417 DK1622, ApilC, missing surface pili 67
DK3088 DK1622, stk, overproducing EPS 11
DK8615 DK1622, ApilQ, missing surface pili 63
SW504 DK1622, AdifA, missing EPS 68
SW505 DK1622, difA::Tn5, Km* 68
SW810 DK1622, AepsA, missing EPS 39
SW810-41 DK1622, transformant of SW810 (AepsA) by plasmid pZJY41, Km" This study
SW2051 DK1622, AepsA/ApilA This study
SW2052 DK1622, AepsA/ApilB This study
SW2053 DK1622, AepsA/ApilC This study
SW2054 DK1622, AepsA/ApilQ This study
SW2055 DK1622, AepsA/ApilT This study
SW2056 DK1622, AepsA/Atgl This study
SW2057 DK1622, SW810 (AepsA)::pJW02, constructed by electroporation, Km" This study
E. coli DH5a Host for cloning and plasmid preparation 23
Plasmids
pBJ113 Gene replacement vector with KG cassette, Km" 29
pSWU19 3-kb Smal-Smal attP fragment in pBGS18 at Dral sites, Km" 65
pZJY41l Shuttle plasmid for M. xanthus, Km', constructed from Myxococcus autonomously 69
replicating plasmid pMF1
pIWO01 epsA IFD PCR product cloned into pBJ113 using EcoRI and BamHI sites This study
pIWO02 940-bp PCR product homologous to DK1622 genome (part of MXAN_0606 and This study
MXAN_0607) cloned into pBJ113 using EcoRI and BamHI sites
Primers
EpsA-IFD

Primer 1 (sense, 5'-3")

Primer 2 (antisense, 5'-3")
PMF-rep

Primer 1 (sense, 5'-3")

Primer 2 (antisense, 5'-3")
Int

Primer 1 (sense, 5'-3")

Primer 2 (antisense, 5'-3")
DifA-tn

Primer 1 (sense, 5'-3")

Primer 2 (antisense, 5'-3")

ATGTGGAGCCGAGTGCC
CAGCGTTGGTCAGGTAAGTC

CCGGAATTCACAGACGAACGTCGGTGTCG
CGCGGATCCCCGCAGCGTAGAAGAGTGCC

CCGGAATTCGAGCAGCGGCGTTTCATC
CGCGGATCCAAGAGGGTGGTGCCAATGAG

CCGGCTTGAAGTGGGAGGAC
CCGAGGACTATGAGTTGCTG

EcoRI and BamHI, ligated into pBJ113, and confirmed by sequencing. The
plasmid was electroporated (32) into Apild, ApilB, ApilC, ApilQ, ApilT, and Atgl
mutants, which were all null mutants in the DK1622 background, to construct
SW2051 (AepsA/ApilA), SW2052 (AepsA/ApilB), SW2053 (AepsA/ApilC),
SW2054 (AepsA/ApilQ), SW2055 (AepsA/ApilT), and SW2056 (AepsA/Atgl), re-
spectively. Deletion mutants were selected by their galactose-resistant and
kanamycin (Km)-sensitive phenotypes as described previously (61). The insertion
mutant SW2057 was constructed by electroporation (32) of plasmid pJW02 into
SW810 (AepsA) and selected by kanamycin resistance phenotype. All the mu-
tants were confirmed with PCR and sequence analyses.

Three plasmids were used as donor DNA in the transformation experiments.
(i) Plasmid pSWU19 was constructed by ligating the 3-kb Smal fragment into
Dral-digested pBGS18 (65), which contains Mx8 attP and allows expression of
Km" by site-specific recombination and insertion of the plasmid into the M.
xanthus genome. (ii) A DNA fragment (940 bp) randomly selected on the
DK1622 (wild-type [WT]) genome, which contained part of MXAN_0606 (610
bp) and MXAN_0607 (230 bp), was amplified by PCR using DK1622 genomic
DNA as the template and Intl and -2 as primers (Table 1). The PCR product was
cloned into pBJ113 using EcoRI and BamHI sites to construct the integration
plasmid pJW02, which allowed expression of Km" by homologous recombination.

(iii) The myxobacterial shuttle plasmid pZJY41, which is derived from plasmid
pMF1, an autonomously replicating plasmid isolated from Myxococcus fulvus
124B02 (69), was also used.

Media and growth conditions. M. xanthus cells were grown in CYE medium
(7) at 32°C on a rotary shaker at 300 rpm and harvested by centrifugation at
12,000 X g for 5 min. For transformation experiments, the cells were incubated
on MMC agar plates (10 mM MOPS [morpholinepropanesulfonic acid], 4 mM
MgSO,, 2 mM CaCl,, 1.5% agar, pH 7.6) (36), and transformants were screened
on CYE agar containing 100 pg/ml kanamycin as described below.

Natural transformation of M. xanthus. M. xanthus cells were harvested from
48-h CYE culture and concentrated to 5 X 10° cells/ml in MMC buffer (10 mM
MOPS, 4 mM MgSO,, 2 mM CaCl,, pH 7.6) (36). The donor DNA was added
to the cell suspension at a final concentration of 100 ng/ul (for most of the donor
DNA) or 10 ng/ul (for plasmid pZJY41 isolated from SW810-41). The mixture
was spread onto MMC agar and kept in a humidity chamber at 32°C for 7 days.
The cells were scraped off agar plates and transferred onto CYE agar containing
100 pg/ml kanamycin. Serial dilutions plated onto nonselective solid medium in
parallel were used to determine the total number of cells placed on the selective
plates. Kanamycin-resistant colonies that arose on the selective plates were
considered putative transformants. Transformation of cell extract (CFE)-modi-
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fied pSWU19 (see below) was confirmed by colony PCR with the primer pairs
described previously (12), which specifically target the Km" gene (930 bp). Trans-
formation of pZJY41 was further confirmed by colony PCR with the pair of
primers PMF-repl and PMF-rep2 (Table 1), which specifically target the rep
region on the plasmid (670 bp). At the same time, we performed plasmid
extractions from all the putative pZJY41 transformants as previously described
(69). PCR products and extracted plasmids were visualized by gel electrophoresis
in 1% Tris-acetate-EDTA (TAE)-agarose with ethidium bromide. The transfor-
mation frequency was calculated as the proportion of confirmed transformants
arising from the total cell population.

Plasmid DNA and EPS precipitation assay. Crude EPS was prepared from
wild-type DK1622 as described previously (8). To generate nucleic acid-free EPS,
200-pg/ml amounts of DNase I and RNase (Worthington) were added to the
EPS, and samples were incubated at 37°C for 24 h followed by pronase treatment
(38). Different amounts of pZJY41 plasmid DNA isolated from E. coli DH5a
(10, 1, and 0.1 pg, respectively) were mixed with 100 pg of purified EPS each in
100 pl MMC buffer. The samples were vortexed for 30 s, incubated at 32°C for
120 min, and centrifuged at 12,000 X g for 30 min at 4°C. Thirty microliters of the
supernatant was transferred into fresh tubes, and the plasmid DNA concentra-
tion was determined with a Quant-iT double-stranded DNA (dsDNA) high-
sensitivity DNA assay kit (Invitrogen). Solution containing EPS (1 wg/pl) or
plasmid DNA (0.1 pg/pl) alone was used as a negative control.

The EPS pellet precipitated from the buffer containing 100 wg/ml pZJY41
DNA was further treated with 50 pg/ml DNase I at 37°C for 6 h. The EPS pellets
(precipitated from 100-ug/ml DNA buffer) with or without DNase I treatment
were then subjected to staining, and EPS pellet (precipitated from buffer without
DNA) was used as a control. A 5 uM concentration of Sytox green and 5 pg/ml
of Alexa 633-conjugated derivatives of the wheat germ agglutinin (WGA) lectin
(Molecular Probes) were used to label DNA and carbohydrates (40) present in
EPS, respectively. Confocal laser scanning microscopy (CLSM) was employed to
image the stained EPS pellets as previously described (40). The samples were
viewed through a 40X oil-immersion objective (Plan-Neofluar/numerical aper-
ture [NA], 1.3). Excitation at 488 nm with an argon laser in combination with a
505- to 530-nm band-pass emission filter was used for Sytox green fluorescence
imaging. Excitation at 633 nm with a helium-neon laser and a 650-nm long-pass
emission filter was used to observe Alexa 633 signals.

Trypan blue binding assay. EPS production by different strains was measured
using a previously described trypan blue binding assay (4). The cell pellets were
vortexed, and total protein of the cells was used to determine the biomass of each
sample. The relative amounts of EPS were calculated according to trypan blue
bound to the wild-type cells.

Preparation of cell extracts of M. xanthus SW810 (AepsA). Cell extracts (CFE)
were prepared from M. xanthus cultures using a previously described assay (14)
with minor modifications. SW810 cells were harvested from 100 ml 12-h CYE
culture (32°C; 300 rpm; optical density at 600 nm [ODg], 0.6 to 0.8), and 0.5-g
cell pellets were resuspended in 2.5 ml extraction buffer (14). Bacterial cell
suspensions were sonicated 6 times for 10 s at a setting of 3 using the Sonic
Dismembrator-60 (Fisher) on ice and then centrifuged at 12,000 X g at 4°C for
5 min. Supernatants were used immediately for in vitro plasmid DNA digestion
or modification reactions (see below). Protein concentrations of the CFE were
determined with the bicinchoninic acid (BCA) assay (Pierce) using bovine serum
albumin as a standard.

Preparation of different donor DNAs for transformation. Plasmid DNA from
E. coli DH5a was prepared with the SV Minipreps DNA purification system
(Promega). Plasmid pZJY41 was isolated from SW810-41 according to the pub-
lished protocol (69), and genomic DNA of SW505 (dif4::Tn5) was prepared as
described previously (3). The SW505 genome (1 pg/pl) was partially digested by
DNase I (2 X 107> U/ul) at 37°C for 5 min, 10 min, and 15 min to obtain
fragments of genomic DNA at >20 kb, 5 to 20 kb, and <5 kb in size, respectively,
and fragment size was confirmed by 1% agarose gel electrophoresis. SW505
genomic DNA was used as a template to amplify an ~5-kb region containing the
difA::Tn5 insertion with the DifA-Tnl and -2 primers (Table 1). The PCR
fragments were purified with the Wizard SV gel and PCR cleanup system (Pro-
mega) by following the manufacturer’s instructions. Double-stranded DNA
(dsDNA) was denatured by alkaline treatment according to previously published
procedures (49) to obtain single-stranded DNA (ssDNA).

Plasmid DNA was modified with M. xanthus SW810 CFE as previously de-
scribed (14). In brief, 10 pg plasmid DNA, prepared from E. coli DH5a, was
mixed with SW810 CFE (see above; 290 pg of protein) in a 50-ul methylation
reaction solution containing 5 mM EDTA (14). Samples were incubated at 32°C
for 5 h and then extracted with phenol-chloroform. Plasmid DNA was precipi-
tated with ethanol and further purified using 1% TAE-agarose gel electropho-
resis and a Wizard SV gel and PCR cleanup system (Promega).

J. BACTERIOL.

Digestion of the M. hus g and pl id. A modified digestion assay
(42) was employed to test endonuclease activity of the CFE from SW810. Plas-
mid pZJY41 isolated from E. coli was used as substrate. Two different buffers
were used as reaction solutions: digestion I (10 mM Tris, 10 mM MgCl,, pH 8.0)
and digestion IT (10 mM Tris, 5 mM EDTA, pH 8.0). SW810 CFE (150 pg of
protein) was adjusted to 50 wl digestion I (without EDTA) or digestion IT (with
EDTA) containing 500 ng DNA and incubated at 32°C for 2 h. The products
were directly analyzed by gel electrophoresis in 1% TAE-agarose with ethidium
bromide.

To test the resistance of genomic and plasmid DNA to certain restriction
enzymes, the DNA samples were digested with HindIII, Sall, Pstl, and Xbal
(Fermentas) at 37°C for 2 h, respectively. In 50 pl digestion buffer (Fermentas),
20 units of enzyme was added together with 500 ng plasmid DNA or 4 ug
genomic DNA. All products were analyzed by gel electrophoresis in 1% TAE-
agarose with ethidium bromide.

Plasmid transformation of M. xanthus SW810 (AepsA) under different condi-
tions. To investigate the effect of precultivation time for recipient cells on
transformation efficiency, SW810 cells were harvested from 12-, 24-, 48-, and
72-h CYE liquid cultures, respectively, and concentrated to 5 X 10° cells/ml in
MMC buffer. Their transformation frequencies with 10 ng/ul pZJY41 (isolated
from SW810-41) were determined on MMC medium after 7 days of incubation
(see above). To investigate the effect of incubation time of cells with DNA on
MMC medium, SW810 cells harvested from 48-h CYE cultures were mixed with
10 ng/ul pZJY41 (isolated from SW810-41) and incubated on MMC agar at 32°C
for 3 days, 7 days, 11 days, and 15 days, respectively. Then, the transformation
frequency was determined (see above). To test the effect of divalent cations,
different concentrations of MgSO, and CaCl, were added in resuspension buffer
and incubation medium used in the transformation assay described above. Heat
(45°C for 5 or 15 min) or UV (30- or 90-s) treatment was applied to SW810 cells
before they were mixed with DNA, and the effect of stress conditions on the
transformation efficiency was determined.

Western blot assay. To collect whole-cell protein, 1 X 107 M. xanthus cells
were lysed by being boiled in 1% SDS for 10 min. Cell surface proteins from 1 X
10? cells were purified as previously described (66). All samples were analyzed
for pilin protein with Western blot assays using anti-PilA antibody (37) according
to the published protocol (66).

RESULTS

EPS is an extracellular barrier to plasmid natural transfor-
mation of M. xanthus. The stable E. coli-M. xanthus shuttle
plasmid pZJY41, which was originally derived from the Myxo-
coccus autonomously replicating plasmid pMF1 (69), was cho-
sen as donor DNA for studying possible natural transformation
of M. xanthus. Our initial attempts to transform wild-type
DK1622 cells using various general transformation protocols
for other bacteria (1, 28, 44, 50) (data not shown) as well as the
transformation assay that we designed as described in Materi-
als and Methods (Fig. 1A) failed. During the course of our
experiments, we discovered that EPS of M. xanthus, which is
abundant in wild-type strains, has the ability to interact and
colocalize with extracellular DNA (Hu and Shi, unpublished).
This discovery led to our hypothesis that EPS could affect
transformation of M. xanthus.

To test our hypothesis, we investigated the interaction be-
tween pZJY41 DNA and M. xanthus EPS in vitro. As shown in
Table 2, significant reductions of the pZJY41 amount in the
supernatant were detected for different EPS-to-DNA ratios
after the precipitation of EPS. The following control experi-
ments were performed to confirm the presence of DNA in the
EPS pellet precipitated from the buffer containing 100 pg/ml
pZJY41. DNA (labeled with Sytox green) was observed in the
EPS pellet (labeled with WGA) incubated with the pZJY41
buffer while the EPS-only pellet displayed very little staining by
Sytox green (see Fig. S1 in the supplemental material). The
DNA signals in the EPS pellet could be drastically reduced by
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FIG. 1. The EPS-deficient M. xanthus mutants are transformable by plasmid pZJY41 (isolated from E. coli DH5«) at 100 ng/pl. (A) pZJY41
transformation frequencies of different strains were determined as described in Materials and Methods. Column 1, DK1622 (WT, normal EPS);
column 2, DK3088 (stk, EPS overproduction); column 3, SW504 (AdifA4, EPS deficient); column 4, SW504 cells were premixed with 1 pg/pl EPS
before transformation; column 5, SW810 (AepsA4, EPS deficient); column 6, SW810 cells were premixed with 1 pug/ul EPS; column 7, 5 ng DNase
I was added in the transformation system of SW810. The relative EPS amount was determined with a trypan blue binding assay. Results are from
three independent experiments, and averages = standard deviations are plotted. (B) Putative transformants of SW504 (AdifA) and SW810 (AepsA)
transformed by pZJY41 were confirmed by plasmid extraction (lanes 1 to 5) and colony PCR (lanes 6 to 10). Lane 1, pZJY41 plasmid isolated from
E. coli DH5a; lanes 2 and 3, plasmid extraction from SW504 and SW810, respectively; lanes 4 and 5, plasmid extraction from transformants of
SW504 and SW810, respectively; lane 6, PCR product using PMF-rep as primer and pZJY41 as template; lanes 7 to 10, colony PCR using the same
set of primers was performed on SW504 (lane 7), SW810 (lane 8), SW504 putative transformant (lane 9), and SW810 putative transformant (lane
10). Only representative results were shown. Lanes M, supercoiled DNA ladder (left) and 1 Kb Plus DNA ladder (right), both from Invitrogen.

additional DNase I treatment (Fig. S1). Furthermore, several tance marker could be transformed into the cells. Results
M. xanthus strains with different levels of EPS production were showed that M. xanthus cells with a normal (100% in DK1622,
tested for their abilities to take up pZJY41 DNA, which was WT) or an excessive (197% in DK3088, stk) EPS amount did
determined by whether a plasmid-encoded kanamycin resis- not yield detectable transformants when incubated in the pres-
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TABLE 2. Precipitation of plasmid DNA by
purified M. xanthus EPS

EPS pZIY41 DNA® Residual DNA

(ng/100 pl) (ng/100 pl) (%, +SD)P
0 10 99.4 £ 1.0
100 10 532 +54
100 1 32.0 £43
100 0.1 77 +75

“Isolated from E. coli DH5c.

®The amount of residual DNA was calculated as the percentage of DNA
remaining in the supernatant compared to the total amount of DNA that was
initially added to the sample. Triplicate experiments were conducted.

ence of 100 ng/pl pZJY41 DNA isolated from E. coli DH5«
(Fig. 1A). However, EPS™ strains (SW504-Adif4 and SW810-
AepsA) produced putative transformants with an average effi-
ciency of ~1077, a level that is more than 1,000 times the limit
of detection (Fig. 1A). When the EPS™ cells (both Adif4 and
AepsA) were premixed with EPS before plasmid DNA was
added, no transformants were detected (Fig. 1A). Since DNase
terminates or reduces the bacterial transformation through
hydrolysis of exogenous DNA (10, 19), we explored the sensi-
tivity of observed M. xanthus transformation to additive DNase
I. After 5 ng DNase I was added in the mixture of cells and
pZJY41, SW810 (AepsA) failed to produce any transformants
(Fig. 1A). At the same time, the frequency of spontaneous
kanamycin resistance was below the limit of detection
(<107®), as estimated on the same MMC medium in the ab-
sence of added pZJY41 DNA. Putative transformants were
further analyzed by a colony PCR screen with primers (PMF-
repl and -2) specific to the rep-pMF1 region of pZJY41 (Table
1). The appearance of PCR products of the predicted size
indicated that transformation had occurred in all putative

J. BACTERIOL.

transformants (representative results are shown in lanes 9 and
10 of Fig. 1B). Since pZJY41 is an autonomously replicating
plasmid, the natural transformation was further confirmed in
the transformants by isolation of the plasmid (representative
results are shown in lanes 4 and 5 of Fig. 1B). Our results
suggest that EPS may act as an extracellular barrier to natural
transformation of M. xanthus by binding exogenous DNA,
while M. xanthus cells deficient in EPS production are naturally
transformable by the plasmid pZJY41.

Transformation of EPS™ strain SW810 (AepsA) depends on
the type of donor DNA. In bacterial natural transformation,
different DNA molecules can act as donors, including plas-
mids, genome, and PCR products (52). We wanted to deter-
mine what type of DNA would be taken up and incorporated
most efficiently by SW810 (AepsA) cells. Genomic DNA was
isolated from M. xanthus strain SW505 (containing a Tn5 in-
sertion with Km" on dif4) (68), and fragments of genomic
DNA in different sizes were prepared by partial digestion of
the SW505 genome with DNase 1. With use of SW505 genomic
DNA as the template, PCR DNA (about 5 kb in size) was
produced by amplification of the region surrounding the dif4
gene carrying a Tn5 insertion. In addition, three plasmids were
tested: the site-specific integration plasmid pSWU19 isolated
from E. coli DH5« (65), the integration plasmid pJWO02 (Table
1) isolated from E. coli DHS«, and the autonomously replicat-
ing plasmid pZJY41 isolated from E. coli DH5a or SW810-41
(pZJY41 transformant of SW810-AepsA).

As shown in Table 3, transformation of SW810 (AepsA4) with
SW505 (difA::TnS5) genomic DNA was not detected, which
could be due to the low number of Km" gene copies within the
genomic fragments. In order to increase the number of Km"
gene copies in the donor DNA, a PCR product of dif4::Tn5
was used. However, no transformants were detected using ei-

TABLE 3. Efficiencies of natural transformation of SW810 (AepsA4) by different donor DNAs”

Pretreatment and Mean .
DNA form” Host* d . transformation Range
escription frequency?
q
Genomic DNA
Genome SW505 (difA::Tn5) Untreated — —
DNase I digested >20 kb in size — —
5-20 kb in size — —
<5 kb in size — —
PCR product 5 kb of difA4::Tn5 Untreated, ds — —
Alkaline denatured, ss — —
Plasmid DNA
pIWO02 DH5a Untreated, ds — —
Alkaline denatured, ss — —
Modified by SW810 CFE — —
pSWU19 DHS5a Untreated, ds — —
Alkaline denatured, ss — —
Modified by SW810 CFE 0.9 0-3
pZJY41 DH5a Untreated 140 100-190
SW810-41 Untreated 85,000 37,000-130,000
DHS5« Modified by SW810 CFE 1,100 120-2,300

¢ In this experiment, the observed transformation frequency could vary by as much as several orders of magnitude, and so both the means and ranges of frequencies

were reported.
® All the donor DNA was used at 100 ng/pl in the transformation assay.

¢ Represents the host cells from which donor DNA was isolated or the target of the PCR product.

@ Average of three experiments (X107).
¢ —, not detected.
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ther ds or alkaline-denatured ss PCR product as donor, despite
the fact that ssDNA has been described as being able to in-
crease the efficiency of homologous recombination in certain
bacteria (49). Since the transformation of linear DNA
(genomic fragments or PCR product) depended on double
crossover events, an integration vector (pJW02) in ds or ss
form was used as the donor; still, no transformants were de-
tected. To rule out the chance that the lack of transformants
could be due to adverse effects caused by integration of pJW02
into the M. xanthus chromosome, the plasmid was introduced
into SW810 (AepsA) via electroporation (strain SW2057, Table
1). Typical transformation efficiencies of 5.5 X 10° colonies/ug
pJWO02 plasmid were obtained. Although plasmid pZJY41
DNA isolated from E. coli gave a relatively high frequency,
transformation with ds or ss plasmid pPSWU19 DNA (a site-
specifically integrative plasmid) was not observed. More inter-
estingly, when used as donor DNA, pZJY41 isolated from M.
xanthus SW810-41 was about 600-fold more efficient at trans-
forming the EPS™ strain than was pZJY41 isolated from E. coil
(Table 3).

The R/M system is an inner barrier to natural plasmid
transformation of M. xanthus. The observation that M. xanthus
was more transformable by pZJY41 isolated from M. xanthus
SW810-41 than by the same plasmid isolated from E. coli
DH5a suggested that the restriction-modification (R/M) sys-
tem might interfere with the transformation of SW810 (AepsA)
cells, a phenomenon that has been documented in different
bacterial species (47, 59). Considerable restriction endonu-
clease activities were found in myxobacterial strains (42), and
several restriction enzymes and DNA methyltransferases were
identified or predicted in M. xanthus DK1622 (WT) (54). In
our experiments, the treatment of plasmid pZJY41 isolated
from E. coli with SW810 cell extracts (CFE) in digestion buffer
I (without EDTA) resulted in rapid degradation (lane 3, Fig.
2A), which was prevented by adding EDTA to the buffer (di-
gestion buffer II, lane 4, Fig. 2A). This was consistent with the
finding in Helicobacter pylori that adding EDTA to chelate
divalent cations inhibited the nuclease activity of CFE (14). In
the presence of EDTA, plasmid pZJY41 was mostly converted
from the supercoiled monomer form (covalently closed circu-
lar DNA, lane 1, Fig. 2A) to the open circular form (lane 4,
Fig. 2A). This change might be due to the activity of nicking
enzymes in M. xanthus DK1622 (parent strain of SW810) (54).

Based on the prototypes of M. xanthus restriction enzymes
indicated in the REBASE database (54), four restriction en-
zymes were chosen to digest genomic DNA of SW810 (AepsA).
As shown in Fig. 2B, SW810 genomic DNA was sensitive to
Sall and Pstl (lanes 2 and 3, respectively) and resistant to
HindIII and Xbal (lanes 4 and 5, respectively). Since EDTA
did not interfere with DNA methyltransferase activity, pZJY41
from E. coli was treated with SW810 CFE in a methylation
reaction solution containing 5 mM EDTA (14), and the CFE-
modified pZJY41 was extracted (lane 2, Fig. 2C). As shown in
Fig. 2C, the untreated pZJY41 was completely digested by all
four enzymes (lanes 3, 5, 7, and 9), while the modified pZJY41
was sensitive to digestion by Sall (lane 4) and PstI (lane 6) and
partially resistant to digestion by HindIII (lane 8) and Xbal
(lane 10). These results suggested that pZJY41 from E. coli
modified in vitro by methyltransferases in SW810 CFE
would acquire the same pattern of sensitivity/resistance to
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selected restriction enzymes as that characteristic of SW810
genomic DNA.

Furthermore, transformation frequencies with the SW810
CFE-methylated pZJY41, pJW02, and pSWU19 (all isolated
from E. coli DHS5a) were determined. As expected, the mod-
ified pZJY41 was more effective than untreated plasmid in
transforming EPS null strains (about 8-fold increase in fre-
quency [Table 3]). While no transformation was detected with
untreated pSWU19, transformants transformed by CFE-mod-
ified pPSWU19 were observed on the selective plate, albeit with
a low frequency (Table 3). These results suggested that the
R/M system was an inner barrier to natural plasmid transfor-
mation of M. xanthus, which could be overcome by direct
isolation of plasmids from M. xanthus strains or modification of
plasmids from E. coli with M. xanthus CFE. This finding is
consistent with the previous suggestion that variation in plas-
mid transformation frequency reflects the involvement of
DNA R/M mechanisms (24).

Plasmid transformation of M. xanthus SW810 (AepsA) un-
der different conditions. Using the plasmid pZJY41 isolated
from M. xanthus as efficient donor DNA, we were able to
investigate basic physiological characteristics of plasmid trans-
formation of SW810 (AepsA). As shown in Table 4, when
provided with the same amounts of donor DNA, the cells
collected from liquid CYE medium after cultivation for more
than 24 h produced transformants and 48-h-cultivated cells
gave the highest transformation frequency. After the cells were
mixed with pZJY41, a relatively long incubation on starvation
medium seemed to be necessary, since the highest transforma-
tion frequency was obtained only after 7 days of incubation on
MMC agar (Table 4) and no transformants were detected on
nutritious medium, such as CYE agar (data not shown).
SW810 (AepsA) cells failed to form fruiting bodies due to their
EPS deficiency (39), making it unlikely that the induction of
competence in M. xanthus cells depended on developmental
processes.

In some bacteria, transformation is dependent on the pres-
ence of divalent cations (50). We investigated the effect of
Mg?* and Ca®* on the efficiency of transformation of SW810
(AepsA) by plasmid pZJY41. As shown in Table 5, SW810 cells
were not transformable in the absence of Mg®" and Ca®" in
buffer and medium. Addition of Ca®" at a 2 to 6 mM concen-
tration yielded only a very low transformation frequency, which
was about 0.5% of the frequency on MMC medium (contain-
ing 4 mM Mg”* and 2 mM Ca*"; Table 5). Addition of 2 mM
Mg** partially restored transformation up to 80% of the fre-
quency on MMC medium, and 4 or 6 mM Mg>" gave a trans-
formation with a frequency similar to that on MMC medium,
indicating that 4 mM was likely the saturating concentration
for Mg>*.

There are several reports suggesting that natural trans-
formation in bacteria has evolved as a DNA repair system
(15, 45). We investigated the transformability of SW810
(AepsA) cells subjected to UV irradiation, a treatment that
could induce DNA damage. Heat shock at 45°C was used as
a control. As shown in Table 6, both treatments decreased
the survival of SW810 cells at different levels after incuba-
tion for 7 days on MMC medium. Heat treatment of cells at
45°C for 5 min gave a transformation frequency similar to
that of untreated cells. A slight increase in frequency was



2128 WANG ET AL.

A

EDTA

wl++

N+
»+++

+
1

M

ar~Ioo
[o's'sY
[s==]
[s=le)

C Sall

pzJYal
CFE Digestion

12000

5000
3000

2000

——1000

J. BACTERIOL.

& Hind 1l
v Xba |

=
[%]
a
3

12000

5000

1000

Pstl Hindll Xbal

-+ - + - + - + - +
M1 2 3 45 6 7 8 910M

CFE Modification

12000

5000

3000

2000

1000

FIG. 2. Restriction-modification systems in M. xanthus SW810 (AepsA). (A) Agarose gel electrophoresis of pZJY41 DNA (isolated from E. coli
DH5a) incubated with cell extracts (CFE) from SW810 in the digestion buffer without (lane 3) or with (lane 4) 5 mM EDTA. Lane 1, undigested
pZJY41; lane 2, SW810 CFE. The absence or presence of plasmid, CFE, and EDTA is indicated above each lane by a minus or plus sign,
respectively. (B) Restriction endonuclease digestions of SW810 genome by Sall (lane 2), PstI (lane 3), HindIII (lane 4), and Xbal (lane 5). Lane
1, undigested SW810 genome; lane M, 1 Kb Plus DNA ladder. (C) In vitro methylation of pZJY41 (isolated from E. coli DH5a) by SW810 CFE
results in partial resistance to HindIII and Xbal digestion. The absence or presence of CFE treatment in methylation buffer with 5 mM EDTA
is indicated above each lane by a minus or plus sign, respectively. Lanes 1 and 2, pZJY41 without or with CFE modification, respectively. Samples
to which Sall, Pstl, HindIII, or Xbal was added are indicated above the appropriate lanes. Lanes M in panels A and C, supercoiled DNA ladder

(left) and 1 Kb Plus DNA ladder (right).

observed in the 30-s-UV-irradiated cells, while a lower
transformation frequency was detected for SW810 cells sub-
jected to 15 min of heat shock at 45°C or 90 s of UV
irradiation treatment. Although natural transformation of
M. xanthus likely occurs at late stationary phase (Table 4),

when the DNA damage and cell death could be detected
(46, 56), an obvious correlation between stress conditions
and competence induction was not observed.

Natural transformation of M. xanthus is correlated with
certain components of the type IV pilus system. After estab-
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TABLE 4. Effect of incubation time on efficiency of natural
transformation of SW810 (AepsA4) by plasmid pZJY41*
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TABLE 6. Effect of heat and UV treatments on efficiency of
natural transformation of SW810 (AepsA4) by plasmid pZJY41¢

Cultured time Incubation time

Total no. of

. Mean Mean
(h) for the (days) m transformation Range Pretreatment of ‘cells/m'l after transformation Range
ce_lls_ as transformgtlon frequency? cells mcubatloq for frequency?
recipient” assay” q 7 days® q
12 7 — — Heat
24 7 210 170-530 45°C, 5 min 2.1 % 107 7,400 2,700-14,000
48 7 7,600 3,300-12,000 45°C, 15 min 9.5 X 10° 2,300 680-4,900
72 7 1,400 350-2,700
48 3 870 170-1,800 uv?
11 5,700 2,000-9,800 30s 5.6 X 10° 8,200 1,900-16,000
15 1,200 150-3,000 90 s 1.2 x 10° 5,400 1,100-9,200
“ Plasmid was isolated from SW810-41 and used at 10 ng/pl in the transfor- None 7.0 X 107 7,600 3,300-12,000

mation assay.
b Cells were grown in CYE medium at 32°C on a rotary shaker at 300 rpm.
¢ Cells with plasmid pZJY41 were coincubated on MMC medium.
4 Average of three experiments (X107).
¢ —, not detected.

lishing an efficient natural transformation assay for M. xanthus,
we sought to explore the components involved in the DNA
uptake apparatus. In most Gram-negative bacteria, transport
of exogenous DNA through the outer membrane involves TFP
or a TFP-like apparatus (9, 16). In M. xanthus, TFP is the
engine to power S motility (65), while its possible involvement
in DNA uptake has not been investigated. In order to evaluate
the transformability of a group of defined TFP-related null
mutants, the epsA gene was inactivated in all the mutants to
generate EPS-deficient cells. The TFP biogenesis of the new
generated mutants was examined by immunoblotting assays
using anti-PilA antibody. As shown in Fig. 3 (panel designated
“Whole Cell”), in an immunoblot prepared with whole-cell
protein from strains, the 25-kDa band corresponding to PilA
was absent from strain SW2051 carrying null mutations of the
pilA and epsA genes. PilA was expressed at a level similar to
that from the Aeps4 mutant in all the other five double mu-
tants. Immunoblot analysis was also used to detect PilA in
surface pili prepared by vortexing (panel designated “Surface”
in Fig. 3). Similar levels of expressed surface pili were detected

TABLE 5. Effect of divalent cations on efficiency of natural
transformation of SW810 (AepsA) by plasmid pZJY41*

Transformation medium

and buffer” Mean
transformation Range
MgSO, CaCl, frequency®
(mM) (mM)
0 0 — —
2 0 5,900 1,700-9,300
4 0 7,300 2,700-11,000
6 0 7,100 3,600-9,900
0 2 36 25-53
0 4 31 16-46
0 6 39 24-56
4 2 7,600 3,300-12,000

“ Plasmid was isolated from SW810-41 and used at 10 ng/pl in the transfor-
mation assay.

» The buffer was used to suspend cells, and the solid medium was used to
incubate cells with DNA in the transformation assay (see Materials and Meth-
ods). Both contained 10 mM MOPS at pH 7.6.

¢ Average of three experiments (X107).

¢ __ not detected.

“ Plasmid was isolated from SW810 transformant and used at 10 ng/ul in the
transformation assay.

> UV treatment was performed in an XL-1000 UV cross-linker (Fisher).

¢ Total cell number was determined by CFU counting on CYE plates without
kanamycin.

4 Average of three experiments (X107).

in preparations from AepsA and AepsA/ApilT mutants, but no
surface PilA was detected in preparations from all the other
five double mutants. These results of double mutants were
identical to the PilA expression patterns in epsA, pilA, pilB,
pilC, pilQ, pilT, and tgl null single mutants (39, 63, 66), respec-
tively. This indicated that the deletion of the epsA4 gene did not
change the PilA expression and surface pilus biogenesis (as-
sembly of PilA) in this group of TFP-related null mutants.
As shown in Fig. 3 (upper plot), pilA/epsA (SW2051) and
epsA (SW810) mutants showed similar transformation fre-

Transformation Frequency

epsA  pilA/epsA pilB/epsA pilC/epsA pilQ/epsA tgl/epsA pilT/epsA

Whole Cell |l

Surface “ 4

FIG. 3. Plasmid pZJY41 (isolated from SW810-41, 10 ng/ul) trans-
formation frequencies of different mutants. Full names of genes rep-
resent in-frame deletions of corresponding genes in DK1622 (WT).
Results are from three independent experiments, and averages +
standard deviations are plotted. The bottom panels show immunoblots
of M. xanthus whole-cell protein (top) and sheared-off surface protein
(bottom) probed with anti-PilA polyclonal antibody. Lanes are iden-
tical to the labels in the x axis of the upper plot.
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quencies, and the frequency of the pilT/epsA (SW2055) mutant
was slightly lower than that of the eps4 mutant. A decrease of
transformation frequency was observed in both pilB/epsA
(SW2052) and pilC/epsA (SW2053) mutants. PilB is an ATPase
responsible for PilA assembling to pilus (41), and PilC is a
inner membrane protein for the pilus filament’s extension in
M. xanthus (66). Interestingly, plasmid transformation was
abolished in both pilQ/epsA (SW2054) and tgl/epsA (SW2056)
mutants. In M. xanthus, PilQ forms a large oligomeric channel
through which TFP filaments span the outer membrane (63).
The Tgl is required for PilQ assembly, and no PilQ complexes
are present in a zg/ mutant (48). These results suggest that part
of the TFP system may be involved in the DNA uptake ma-
chinery of M. xanthus.

DISCUSSION

In the proteobacteria, natural transformation has been dis-
covered in the species of the alpha, beta, gamma, and epsilon
classes (27). We demonstrate that M. xanthus cells are able to
take up exogenous DNA via natural transformation under
specific conditions, a finding which, to our knowledge, provides
the first example of a naturally transformable species in the
deltaproteobacteria. The prevalence of natural transformation
ability in proteobacteria, with the only exception being the zeta
lineage (represented by many sequences in environmental
small-subunit rRNA genes and infrequent cultured isolates
[18]), supports the hypothesis that the ancestor of this mono-
phyletic group may possess this property (27).

Consistent with the notion that barriers against natural
transformation are present (47, 59), our study demonstrated
that natural transformation of M. xanthus is also affected by
some barriers. EPS, as an extracellular component, blocks the
natural plasmid transformation of M. xanthus, possibly by in-
teracting with exogenous DNA and lowering its local effective
concentration. Restriction, which is an important barrier to
bacterial natural transformation (9), has been speculated to
eliminate the possibility of HGT in M. xanthus (21). Under our
transformation conditions, only the autonomously replicating
plasmid pZJY41 could be efficiently transformed into EPS™ M.
xanthus cells (Table 3). Many plasmids carry R/M systems (34)
that potentially affect transfer to new hosts (9), but proteins
related to the R/M system were not identified among the prod-
ucts encoded by all 23 predicted open reading frames (ORFs)
on pMF1 (parent plasmid of pZJY41) (69). At the same time,
a remarkable difference was observed in the transformation
frequencies with pZJY41 isolated from E. coli and M. xanthus
(Table 3). This was likely due to the modification of plasmid by
M. xanthus cells (Fig. 2), which is consistent with the observa-
tion that DNA from the same or closely related bacterial spe-
cies is more efficient in transformation (59). In addition, the
incorporation efficiency of incoming DNA in recipient cells
also affected transformation frequency in M. xanthus. The do-
nor DNA that integrated into the genome by homologous or
site-specific recombination did not generate any transformants
under the conditions tested, and only the CFE-modified site-
specific recombinant plasmid transformed at a very low fre-
quency. In contrast, plasmid pZJY41 generated a relatively
high frequency of transformation, which could be due to its
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ability to replicate in M. xanthus (69) and therefore avoid
recombination into a replicon like the chromosome (59).

In M. xanthus, PilQ belongs to the superfamily of general
secretion pathway secretins (51, 60) and forms a membrane-
associated channel involved in the extrusion of TFP (63). Tgl is
a lipoprotein necessary for PilQ assembly (48). The natural
transformation of M. xanthus was totally eliminated in the pilQ
and #gl mutants, which is consistent with the observation in
several microorganisms that secretins are involved in the DNA
uptake process (9). The traffic nucleoside triphosphatase(s)
(NTPase([s]) plays important roles in both TFP functions (62)
and DNA uptake (9). Two traffic ATPases, PilB and PilT, are
required in M. xanthus to assemble the pilin (PilA) subunits
into a filament and depolymerize the TFP filament (6, 26),
respectively. It was shown that only a mutation in pilB dimin-
ished the transformation rate of M. xanthus. In some bacterial
species, like Neisseria gonorrhoeae, PilF (equivalent to PilB in
M. xanthus) and PilT in the TFP apparatus are both required
for DNA uptake (9). However, in other bacteria, like Klebsiella
oxytoca (57), the second traffic NTPase (equivalent to PilT in
TFP) is absent in the T2SS responsible for DNA uptake (9).
PilC is designated a polytopic membrane protein in M. xanthus
and is important for the pilus filament’s extension outwards
from the cytoplasmic membrane (66). The M. xanthus pilC
mutant produced natural transformants with a decreased fre-
quency. In N. gonorrhoeae, mutation in pilG (equivalent to pilC
in M. xanthus) abolishes the cell’s transformation ability (22).
Unexpectedly, the deletion of the pil4 (pilin) gene did not
remarkably affect the transformation frequency of M. xanthus,
while the expression of pilin protein is normally essential for
DNA uptake in many other bacterial species (9).

Natural transformation has been suggested to be one of the
major ways for bacteria to acquire genetic material and to be
the driving force in evolution (27). However, there are still
many questions that need to be answered before we can un-
derstand its real function in the expansion of the genome and
ecological diversification of M. xanthus. Since EPS has an in-
hibiting effect on transformation, in natural habitats, the wild-
type (EPS™) M. xanthus may use the EPS layer as protection to
prevent the uptake of foreign DNA fragments. Another pos-
sibility would be that M. xanthus cells regulate and reduce their
EPS amount to be transformable. However, while some studies
have indicated that EPS production is regulated under differ-
ent growth conditions (33), nothing is known about similar
processes in Myxococcus bacteria in their natural environ-
ments. The existence of a complicated R/M system in M. xan-
thus limits the source of donor DNA to similar bacterial spe-
cies, which is consistent with the finding that much of the
genome expansion of M. xanthus is specific to the lineage of
myxobacteria (21). In this study, only the plasmid pZJY41 has
yielded efficient transformation, and it is important to note that
the existence of an autonomously replicating plasmid in Myxo-
coccus is very rare (69). The donor DNA that can partake in M.
xanthus transformation in natural environments is still un-
known.
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