J Ind Microbiol Biotechnol (2008) 35:1157-1163
DOI 10.1007/s10295-008-0395-9

ORIGINAL PAPER

Improving conjugation efficacy of Sorangium cellulosum
by the addition of dual selection antibiotics

Zhi-Jie Xia - Jing Wang - Wei Hu - Hong Liu -
Xiu-Zhen Gao + Zhi-Hong Wu - Peng-Yi Zhang -
Yue-Zhong Li

Received: 15 February 2008 / Accepted: 7 July 2008 / Published online: 16 July 2008

© Society for Industrial Microbiology 2008

Abstract The conjugation protocols in myxobacterium
Sorangium cellulosum are often inapplicable due to the
strain-specific sensitivity to the presence of Escherichia
coli cells or the resistances to many antibiotics. Here we
report that the conjugative transfer of the mobilizable plas-
mid pCVD442 from E. coli DH5w (A pir) to Sorangium
strains could be greatly increased by the presence of low
doses of dual selection antibiotics in the mating medium.
The improvement was efficient in either E. coli-tolerant or
sensitive Sorangium strains. For those phleomycin and
hygromycin tolerant Sorangium strains, chloramphenicol-
resistance gene was developed as a new selectable marker
by driving the resistance gene with the aphll promoter.
Using the improved protocol, the epothilone biosynthetic
pathway was inactivated by an insertion mutation in the
biosynthetic genes of the producing Sorangium strains.
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Introduction

Myxobacteria are Gram-negative gliding bacteria that have
complicated social lives [1] and an excellent ability to pro-
duce various bioactive compounds [2]. As the complete
genome sequences of Myxococcus xanthus DK1622 and
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S. cellulosum So ce56 are available [3, 4], more functional
loci, such as the biosynthetic genes for diversified second-
ary metabolites have been found. The ability to make muta-
tions in myxobacteria is deeply required, especially to
identify genes responsible for the biosynthesis of secondary
metabolites. Transduction [5] and electroporation [6] have
been well applied in the model species M. xanthus, while
genetic transfer is usually difficult to achieve or low-
efficient in other myxobacterial taxa and even different
Myxococcus species or strains. For instance, in Sorangium,
the producer of almost half of the discovered myxobacterial
metabolites [7], there are many barriers limiting genetic
transfers [8§—11]. The sorangial cells grow slowly, tolerate
many antibiotics, produce abundant extracellular polysac-
charides, and tend to aggregate [12]. These characteristics
make the DNA transfer manipulation more discommodious
in Sorangium.

The major genetic tool in the genus Sorangium is conju-
gation, which was first reported by Jaoua et al. in 1992 [9].
It works in some Sorangium strains, such as S. cellulosum
So ce26 and S. cellulosum So ce90 [13, 14]. For example,
Pradella et al. disrupted the biosynthetic pathway of chiv-
osazole in S. cellulosum So ce56 using the established pro-
tocol with hygromycin as the selection antibiotic [15].
Julien et al. [8] further developed a mariner-based transpo-
son for DNA conjugative transfers in S. cellulosum So
ce90, and obtained many mutants. However, the conjuga-
tive transfer of pMycoMarHyg did not produce any mutants
in S. cellulosum So cel2, which was attributed to the sensi-
tivity of So cel2 cells to the presence of living E. coli cells
during the long mating time [10]. Kopp et al. suggested two
alternative methods to circumvent the problem, using a
markedly unequal ratio of sensitive Sorangium cells and
E. coli cells (1 x 10° vs. 1 x 10° cells mL™"), or liquid
conjugation with a reduced incubation time (from 24 to
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6 h). However, this suggestion led to reduced efficiencies
because of low number of donor cells or insufficient mating
time. Thus, the protocols for genetic manipulation in
Sorangium strains have not yet been adequately developed.
The genetic methods established in one Sorangium strain
probably cannot be applied to others, although they are
close related in phylogeny [16].

In our genetic experiments with Sorangium strains, e.g.,
two epothilone producers So0157-2 and S002007-3 [17],
the reported conjugation protocols were impractical,
although the two strains are either tolerant or sensitive to
the presence of E. coli cells. In this paper, the method of
conjugation was improved by adding low concentrations of
dual selection antibiotics in the mating media. Besides,
chloramphenicol-resistance gene was developed as a new
selectable marker for the phleomycin and hygromycin tol-
erant strains. Using the improved conjugation method, the
biosynthesis of epothilones in the producing Sorangium
strains was disrupted by inserting a DNA fragment in the
biosynthetic gene cluster, leading to disappearance of the
epothilone products.

Materials and methods
Strains and culture conditions

The strains and plasmids used in this study are listed in
Table 1. The Sorangium strains were cultured at 30 °C in

Table 1 Strains and plasmids

liquid M26 medium as previously described [18] and on
VY/2 agar [12]. If required, the media were supplemented
with 15 ug mL~! gentamicin or 10 pg mL~" chloramphenicol.
E. coli cells were grown at 37 °C in LB medium supple-
mented, when required, with 30 pgmL~! kanamycin,
50 pg mL~! ampicillin, or 30 ug mL~! chloramphenicol.

Construction of plasmids

Standard techniques were used for genetic manipulation. A
371-bp aphll promoter element and a 682-bp chloramphen-
icol resistant (car) gene were PCR amplified from
pSUP2021 separately with primers 5'-GAGATCTAGAG
CTTCACGCTGC-3" and 5'-CAATCATATGAAACGAT
CCTCATCC-3’, and primers 5'-GCTCATATGGAGAAA
AAAATC-3' and 5-AACTGTCTAGAAAAAATTACG
C-3’. The two products were digested with Ndel and cloned
into the pGEM-T Easy vector (Promega, USA) together.
The ligation mixture was transferred into the competent
cells of E. coli GM48, resulting in the plasmid pT19. The
aphll promoter-cat gene cassette from pT19 was sub-
cloned into pCVD442 digested with Xbal, which was used
to transform E. coli DHSa (4 pir). The resulting plasmid
was designated pCC11 (Fig. 1). Two fragments of the epo-
thilone synthase gene (0.7 and 3.2 kb, Table 1) were PCR
separately amplified from the genome of S. cellulosum
strain So0157-2 with the primers 5’-TGACACCTGGC
TGTGGAC-3' and 5'-GGCAGCCAATGCCTACGATG-3/,
and 5'-CGATCGTACGGATTGTTCGGGCTGC-3' and

Strain or plasmid Relevant characteristics

Source or reference

Sorangium

So00157-2 Ap', Km', Gm', Sm', Hm', Pm", Cm* [17]

S002007-3 Ap', Km', Gm', Sm’, Hm', Pm', Cm* [17]

E. coli

DH5a (4 pir) Gift from H. Kaplan
GM48 dam-, dem- Gift from M. Marinus
Plasmid

pRK2013 Km" [26]

pCVD442 Ap', R6K ori, mobRP4, sacB [27]

pSUP2021 pBR325::Tn5; mobilizible [28]

pT19 pGEM-T Easy vector with aphll and cat Present work
pCCl11 pCVD442 inserted with aphll and cat Present work
pCCK700 pCCl11 inserted with a 0.7 kb fragment of epoF from So0157-2 Present work
pCDM2 pCCl11 inserted with a 1.5 kb fragment of the epo gene cluster from So0157-2 Present work
pCCMT61 pCCl11 inserted with a 3.2 kb fragment of the epo gene cluster from So0157-2 Present work

The lethal concentration of living E. coli cells in a 40 h mating with 1 x 10'° Sorangium cells mL ™" is about 1 x 10° cells mL~! for S00157-2 and

less than 1 x 10° cells mL~" for S002007-3

The similarity of 16s rRNA sequence between So0157-2 and S002007-3 was 99%

Ap ampicillin, Km kanamycin, Gm gentamicin, Sm streptomycin, Hm hygromycin, Pm phleomycin, Cm chloramphenicol, Tet tetracycline
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Fig. 1 Map of the plasmids Smal
pCC11, pCCK700, pCDM2, and

pCCMT61. The arrowheads in cat
pCC11 indicate the Smal and
Pvul sites to insertion of epothi-
lone biosynthetic gene frag-
ments, and the resulting
plasmids were termed pCCK700
(0.7-kb insert at Pvul), pPCDM2
(1.5-kb insert at Smal), and
pCCMT61 (3.2-kb insert at
Pyul). mobRP4 RP4-specific
mobilization site, bla ampicillin-
resistance gene, sacB sucrose-
sensitive gene of Gram-negative
bacteria, epoD and epoF homol-
ogous fragments of Sorangium
strains

aphill

sacB

Pvul

oriR6K

cat

aphll

sacB

5'-CGATCGCAGACATGGGGGCCTCTAC-3".

After
verification by DNA sequencing, the fragments were
cloned into the Pvul site of plasmid pCCl11, resulted in
plasmids pCCK700 and pCCMT61. The above 3.2 kb frag-
ment was further digested using Smal and the 1.5 kb prod-
uct was cloned into the Smal site of pCC11, resulting in the
plasmid pCDM2 (Fig. 1; Table 1).

Matings

The epo-fragment-containing plasmids were introduced
into the pRK2013-containing E. coli strain DHS5a (A pir),
respectively. Normal conjugation was performed according
to the methods reported [9, 10, 15]. The improved conjuga-
tion protocol proceeded as follows. The plasmid-containing
E. coli cells were cultured to late log-phase in LB contain-
ing kanamycin and chloramphenicol. The cells were har-
vested and re-suspended in M26 to attain a cell density of
2 x 10® cells mL~!. The Sorangium strains were cultured
in M26 for 5 days. The harvested cells were re-suspended
in M26 to attain a density of 1 x 10'° cells mL~'. 150 ul of
each suspension was mixed, spotted onto a 0.45-pm pore-
size membrane spread on a VY/2 plate containing
7 ug mL~! gentamicin and 5 pgmL~!' chloramphenicol

cat oriR6K

oriR6K

aphll
mobRP4

mobRP4

sacB

epoF

cat oriR6K

aphll

mobRP4 mobRP4

sacB

bla epoD

and incubated at 30 °C for 40 h. The cells were then
scraped from the membrane, suspended in 1 mL liquid M26
medium, and dispersed using a small tissue grinder. Before
spreading onto the VY/2 selection plate containing genta-
micin and chloramphenicol, the suspension was diluted by
10 and 100 times. An aliquot of 100 pl suspension was
inoculated per plate. After 8-12 days of incubation at
30 °C, the colonies were counted and transferred to fresh
selection plates. Sorangium cells without E. coli were
spotted onto the mating and selection plates as the blank
control.

Southern hybridization

Genomic DNAs from Sorangium cellulosum So0157-2 and
transconjugants were hydrolyzed with Pst/ and subjected to
agarose gel electrophoresis. Separated DNA was trans-
ferred onto Hybond™ N+ membranes (Amersham Biosci-
ences) by capillary blotting. Hybridization probe was
generated by isolation of a 1.2 kb methyltransferase gene
fragment from the 3.2 kb epo gene (Table 1). The DIG
DNA Labeling and Detection Kit (Roche) was used to label
DNA fragments and for hybridization experiments accord-
ing to the manufacturer’s instructions. The hybridization
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temperature was 46 °C in a formamide buffer. Stringent
washes took place at 68 °C.

Analysis of epothilone production

The Sorangium strains were inoculated on M26 agar [19]
and incubated at 30 °C for 4-5 days. Then several beads of
Amberlite XAD-16 resin (Rohm and Haas) were added on
the colony (about 1 ml resin per plate containing 20 ml
medium), and the cultures were incubated for additional
9-10 days. The resin from ten plates (about 200 ml culture)
of each strain was harvested, washed with distilled water,
air-dried, and extracted with 50 ml of methanol. The
extracts were then dried in vacuo at 40 °C and stored at
—20 °C. For HPLC analysis, the samples were redissolved
in 300 pl methanol.

The detection of epothilones was performed on a Sur-
veyor HPLC (Thermo Finnigan, USA) using our previously
described method [18]. Eluted with 60% methanol and 40%
buffer, the peaks of epothilone A appeared at 13.5 min and B
at 16.3 min with baseline resolution. The production was
qualitatively determined using authentic epothilone A and B.

Results and discussion
Construction of plasmids for conjugation in Sorangium

Sorangium cells can tolerate many antibiotics and the
resistance is often strain-specific. Before this work, the
mostly used selection antibiotics in Sorangium conjuga-
tion protocols were phleomycin and hygromycin [9, 15].
However, the two strains, So0157-2 and S002007-3 used
in this work tolerated phleomycin and hygromycin, and the
minimum inhibitory concentrations (MICs) were higher
than 20 and 100 pg mL ™", respectively. To select a compe-
tent selectable marker, a screening was performed on
different Sorangium strains, and chloramphenicol was one
of the few antibiotics to which all of the screened Soran-
gium strains were sensitive (MIC is less than 5 pg mL™1).
However, the chloramphenicol-resistance gene in
pSUP2021 did not express in Sorangium cells, which is
probably due to the identification of its promoter sequence
in host cells. The Tn5 aphll promoter element was
reported to be recognized by a wide variety of M. xanthus
and S. cellulosum strains [15, 20]. And the element was
constructed into the plasmids to drive the chlorampheni-
col-resistance gene (Fig. 1), based on the method
described by Pradella et al. [15]. The constructed mobiliz-
able plasmids (Fig. 1) were used for DNA conjugation
transfer from DHS5 o (4 pir) to S. cellulosum strains with
the help of pRK2013. The inserted homologous fragments
were 0.7, 1.5, and 3.2-kb in size, and the conjugation
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efficiency of different lengths was compared. Plasmids are
unable to replicate in Sorangium cells, and expression of
the chloramphenicol-resistance gene was achieved only
after the plasmids were site-specifically integrated into the
chromosome by homologous recombination.

Conjugation between S. cellulosum So0157-2 and E. coli

S. cellulosum So0157-2 was able to produce epothilones
[17, 18, 21, 22]. We had tried to make genetic engineering
on the strain using the previously published protocols
[9, 10, 15], but it was difficult to obtain a transconjugant.
Each step in the conjugation process was adjusted such as
changing the mating medium, the ratio of donor and recipi-
ent cells, the mating time, and the selection medium, but
the efforts were in vain. So0157-2 strain was rather tolerant
to the presence of living E. coli cells (Table 1) and was able
to survive after a long mixing time. It was inferred there
were probably two major reasons for the unsuccessful con-
jugation. One is the mutual inhibition of the donor and
recipient cells during mating, while the other is the highly
unequal doubling time of Sorangium and E. coli cells
(about half an hour vs. 16-20 h).

To verify the speculation, one or both of the selection
antibiotics gentamicin and chloramphenicol were added at
different concentrations into the mating medium to decrease
the interferences from the opposite cells. The MIC of gen-
tamicin for E. coli cells was about 5 ug mL~!, while the
MIC of chloramphenicol for S. cellulosum So0157-2 cells
was less than 5 pg mL~'. Interestingly, when low concen-
trations of dual selection antibiotics, i.e., 7 ug mL~! genta-
micin and 5 pg mL~! chloramphenicol were added into the
mating medium, conjugation transfer of pCCMT61 into
S. cellulosum So0157-2 was achieved, whereas single
selection antibiotics had no effect. Addition of lower con-
centrations of the two selection antibiotics (4 pg mL™" gen-
tamicin and 3 pgmL~" chloramphenicol or lower)
decreased the effects or had no effects, while higher concen-
trations (10 ug mL~! gentamicin and 10 pg mL~" chloram-
phenicol) led to massive death of both cells. The
appropriate concentrations of both antibiotics were similar
to or small higher than the MICs of the separate mating
cells. The reason was probably produced by the enzymatic
metabolism of the tolerant counterpart cells. Besides, some
other antibiotics such as hygromycin, phleomycin, and
kanamycin or their combinations were also tested, but no
effects for the improvement of the conjugational DNA
transfer. To exclude false positives from contamination of
E. coli cells, randomly selected pCCMT61 resistant colo-
nies were transferred onto selection plates several times fol-
lowed by inoculation of the cells in LB medium [12]. The
chromosomes from the pure resistant colonies were deter-
mined for the existence of the chloramphenicol-resistance



J Ind Microbiol Biotechnol (2008) 35:1157-1163

1161

gene by slot blot hybridization (not shown), and all were
positive.

The plasmid pCCMT61 contained a DNA fragment of
the epothilone synthase encoding gene, truncated at the
5’-end and 3'-end. Therefore, single cross-over integration
into the epothilone biosynthesis gene cluster should result
in destruction of the production. Several transconjugants
were assayed of the production of epothilone A. In contrast
to the wild-type strain, none of these mutants was able to
produce epothilone A (Fig. 2), which indicated that the epo-
thilone biosynthetic pathway had been disrupted.

Applicability of the improved protocol

Using the optimized conditions, the mating for transfer of
pCCMT61 into S. cellulosum So0157-2 produced 15-50
transconjugants on one plate (inoculated of about 1.5 x 10’
Sorangium cells). The transconjugation efficiency of
pCCMTG61 was improved more than 100 times by adding
low concentrations of dual selection antibiotics into the
mating plates (Table 2). To demonstrate the effect of dual
selection antibiotics in mating plates, the transconjugation
of different plasmids pCDM?2 and pCCK700 was also per-
formed. For the plasmid pCDM2 with smaller sizes of
cloned inserts, the resulting transconjugant efficiency for
S. cellulosum So0157-2 was also enhanced, almost the
same as that of pCCMT61 (Table 2). Southern blot was
done to verify site-specific integration of pPCDM2 (Fig. 3).

There are many repeated domains in epothilone biosynthe-
sis gene cluster [14], so that the only methyltransferase
gene fragment was used as a probe to improve hybridiza-
tion specificity. For plasmid pCCK700, many transconju-
gants were obtained by using the improved protocol, even
the efficiency was some lower than that of pCCMT61. The
homologous fragment in plasmid pCCK700 was less than
1-kb, and the efficiency reached 1 x 107 (Table 2). The
transconjugant efficiency was calculated as the proportion
of transconjugants from the total number of Sorangium
cells used at the start of mating, and the efficiency could be
much higher when calculated according to the viable soran-
gial cells [9]. The improved protocol met the needs for
genetic manipulation of different sizes of homologous frag-
ments in the epothilone-producer S. cellulosum So0157-2,
and the metabolic engineering is being undertaken.

For the strains employed in this study, S. cellulosum
S002007-3 exhibits sensitivity to the existence of living
E. coli cells (Table 1), as the case in S. cellulosum So cel2
[10]. During a 24-h mating without antibiotics, the lethal
concentration of living E. coli cells is less than 1 x 10°
cells mL~! for 1 x 10'° S002007-3 cells mL~!. With the
presence of dual selection antibiotics in the mating plate,
survivals of S. cellulosum S002007-3 cells with the pres-
ence of E. coli cells was greatly improved (the performing
protocol was the same as S00157-2). Thus, in the present
conjugation process with dual selection antibiotics, the ratio
of donor and recipient cells was rather high, not only in the

Fig. 2 HPLC profiles of p
epothilones production in
Sorangium strains. Numbers 3
correspond to substances as S. cellulosum S. cellulosum
follows: I and 3 are epothilone E S00157-2 Wild Type S00157-2 Mutant-126
A and B, 2 and 4 are unknown
peaks; mAU mili absorption
units
3
2 2
4 4
5 10 15 20 25 5 10 15 20 25
-
E
1+ S.cellulosum S. cellulosum
S002007-3 Wild Type S002007-3 Mutant-167
i 3 kJ\‘,\,\‘
T T T T T j¥n T
5 10 15 20 25 s 10 15 20 25
Time [min]
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Table 2 Transfer of mobilizable plasmids into S. cellulosum
So0157-2

Mobilizable Size of the DNA Antibiotics Transconjugant

plasmid insert in in mating efficiencies®
pCVD442 (kb) medium

pCCMT61 3.2 None” <1 x 1078

pCCMT61 3.2 Gm, Cm 1-3x107°

pCDM2 1.5 Gm, Cm 12 x 10°¢

pCCK700 0.7 Gm, Cm 1x 1077

# The transconjugant efficiencies were calculated as the proportion of
transconjugants from the total number of Sorangium cells used at the
start of mating

® The normal conjugation method was used

tolerant, but also in sensitive Sorangium strains. More
donor cells certainly allow more sufficient mating. The
transconjugant frequency for transferring the plasmid
pCCMT61 into So002007-3 also reached 1-2 x 107°,
almost the same frequency as that of S. cellulosum So0157-2.
The epothilone biosynthesis in the S002007-3 mutants was
also disrupted (Fig. 2).

In classical conjugation protocols, no antibiotic is added
during the mating time. It is not clear why and how the
addition of two selection antibiotics worked. The reason of
achieving the conjugative plasmid transfers in Sorangium
strains is inferred to be more than the presence of the high
number of E. coli cells. Low concentrations of antibiotics

Pstl

Fig. 3 Insertional inactivation of the S. cellulosum So 0157-2 epoD
gene. a Schematic representation of the S. cellulosum So 0157-2 epoD
integration event. Heavy box S. cellulosum So 0157-2 epoD gene,
hatched boxes the fragment of the S. cellulosum So 0157-2 epoD gene
used for the disruption, black line S. cellulosum So 0157-2 chromo-
some, heavy black line pCDM2 vector sequences. The result of the
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not only inhibit the specific targets, but also probably
behave as global regulators of cellular functions [23, 24].
The presence of antibiotics may repress some important
metabolic pathways and consequently the growth of sensi-
tive cells. The dual selection antibiotics may make the mat-
ing cells in a sick stage. DNA transfer is an invasion course
for host cells, and the sick stage is probably competent for
the conjugation transfer. On the other hand, stress of the
presence of antibiotics may also induce expression of the
genes involving in DNA transfer of the tolerant cells [25],
which may strengthen cellular transferring ability. In our
experiments, the concentrations of the dual selection antibi-
otics were either equal to or small higher than the MICs.
The antibiotics concentrations were stepped down by the
degradation of the tolerant counterpart cells, allowing the
sensitive counterparts to survive. Thus, it is suggested that
the presence of low and stepping-down concentrations of
the two selection antibiotics have dual effects on the coun-
terpart cells. The involved mechanisms are being studied.
In the present experiments, the presence of dual selec-
tion antibiotics in the mating plate is a crucial factor for the
conjugational transfer of mobilizable plasmids from E. coli
to Sorangium cells. For those phleomycin and hygromycin
resistant Sorangium strains, chloramphenicol was devel-
oped as a new selectable marker by introducing the aphll
promoter before the resistance gene. The improved protocol
obviously enhanced the genetic manipulation efficiency of
S. cellulosum strains. It improved the transconjugation

' -— 231k

W «— 94k

W e— 65k

B <« 44k

homologous integration event is two truncated copies of the epoD gene
interspersed with vector sequences. b Southern hybridization of Pstl-
digested S. cellulosum chromosomal DNA with the DIG-labeled epoD
gene fragment as a probe. Lane I chromosomal DNA from the wild
type So 0157-2 strain, lane 2 chromosomal DNA from mutant-167,
lane 3 size marker
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efficiency of not only non-sensitive Sorangium strains to
living E. coli cells but also the sensitive ones. The method
described here provides a valuable genetic manipulation
choice for newly isolated Sorangium strains or non-model
organisms for genetic research.
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