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Virginiamycin M1 (VM1 ), produced by Streptomyces virginiae, is a polyunsaturated macrolactone antibiotic
belonging to the streptogramin family. The 10-kb regulatory gene cluster of VM1 production contains
the varM gene, which encodes the type II ATP-binding cassette (ABC) transporter. This transporter is
presumably involved in self-resistance to avoid suicide of the producer strain. Northern blot analyses
revealed that varM expression is transcriptionally controlled by the VM1 molecule, but not by virginiamycin
S, which is simultaneously produced to form a synergistic pair of the streptogramin family. Sequential
addition of VM1 at increasing concentrations secured constitutive activation of varM expression, which
suggested that the varM expression reﬂected an intracellular concentration of VM1 . Heterologous expression
of varM in Streptomyces lividans generated strains with no signiﬁcant VM1 resistance. The mechanism
underlying varM function in VM1 production is discussed.
binding cassette) transporter genes are frequently present in
close proximity to regulatory genes and biosynthetic genes
of macrolide antibiotics (Mendez & Salas, 2001). The
regulatory island for virginiamycin production includes one
putative ABC transporter gene, varM, located between
vmsR, which encodes the transcriptional activator for
virginiamycin production, and barS1, which encodes the
VB biosynthetic enzyme (Kawachi et al., 2000a, 2000b;
Shikura et al., 2002; Pulsawat et al., 2009). Although
varM and barS1 are present with the same transcriptional
direction, it seems that varM does not form a bicistronic
operon with barS1 because they showed diﬀerent transcriptional proﬁles (Pulsawat et al., 2009).
Regarding the self-resistance mechanism of S. virginiae,
we previously puriﬁed and characterized VM1 reductase as
an inactivating enzyme of VM1 (Lee et al., 1996; Suzuki
et al., 1998), and isolated a VS-resistance gene (varS)
that encodes the protein of 14-transmembrane domains
to export VS from cells with the aid of transmembrane
electrochemical gradients (Lee et al., 1999). The VM1
reductase reduces the 16-carbonyl group of VM1 , stereospeciﬁcally forming 16R-dihydro VM1 as an inactive
derivative. However, it remains obscure whether or not
VM1 reductase alone is responsible for the whole selfresistance mechanism against VM1 . Here, we report the
characterization of VarM on the production and resistance
of virginiamycin to obtain clues about the self-resistance
mechanism against VM1 in S. virginiae.

Introduction
Streptomyces virginiae produces the antibiotics virginiamycin M1 (VM1 ) and virginiamycin S (VS), a polyunsaturated macrolactone and a cyclic hexadepsipeptide, respectively. Both belong to the family of streptogramin
antibiotics and show strong synergy (Cocito, 1979; Di
Giambattista et al., 1989). Although virginiamycin was
used as a performance promoter in animal husbandry for
more than 30 years (Biot, 1984), its use has been prohibited
in order to suppress the emergence of virginiamycinresistant strains. However, chemical modiﬁcation of virginiamycins into water-soluble derivatives, such as quinupristin and dalfopristin, has created curing agents against
vancomycin-resistant Enterococcus faecium and other
Gram-positive bacteria (Barriere et al., 1998).
Virginiamycin production is genetically controlled by a
‘‘regulatory island’’, which is composed of ﬁve regulatory
genes, including varR encoding a VS-dependent regulator
for VS resistance (Namwat et al., 2001). Virginiamycin
biosynthesis is initiated by the production of virginiae
butanolide (VB), a small diﬀusible signaling molecule that
binds to VB-speciﬁc receptor protein (BarA) (Okamoto
et al., 1995). Subsequently, BarA transmits the VB-signal
to the lower transcriptional regulator in the hierarchical
regulatory network to activate the expression of virginiamycin biosynthetic genes (Matsuno et al., 2004; Pulsawat
et al., 2007; Pulsawat et al., 2009). The ABC (ATP

These authors contributed equally to this work.
Corresponding author: E-mail: nihira@icb.osaka-u.ac.jp. Tel: +81-6-6879-7452; Fax: +81-6-6879-7454

y

51

ACTINOMYCETOLOGICA

VOL. 24, NO. 2

round of RACE-PCR was carried out with the gene-speciﬁc
reverse primer, varM-T2 (50 -GGATCCTCCTGAAGTCATGT-30 ) and the GeneRacer 50 Nested Primer using the
initial PCR product as the template. PCR products were
cloned into a pCR4-TOPO vector for sequencing.

Materials and Methods
Bacterial strains, plasmids, media, and culture conditions
S. virginiae MAFF 10-06014 (National Food Research
Institute, Tsukuba, Japan) was grown as described previously (Nihira et al., 1988) at 28 C in liquid f-medium
for transcriptional analyses and for obtaining chromosomal
DNA. Streptomyces lividans TK21 (Kieser et al., 2000)
was used as a host for an antibiotic-susceptibility experiment. YEME medium was used for preparation of
Streptomyces protoplasts according to Kieser et al. (2000).
DNA manipulation of Streptomyces strains was performed
according to the method of Kieser et al. (2000). The
plasmids used were pUC19 for general cloning, pUWLKS (Wehmeier, 1995) as an E. coli/Streptomyces shuttle
vector, and pIJ4090 (Kieser et al., 2000) as a donor of the
strong and constitutive promoter ermEp . Escherichia coli
DH5 was used for general DNA manipulation according
to Sambrook & Russell (2001).

Antibiotic-susceptibility testing
A 2.7-kb (blunt-ended) FseI fragment, including varM
and the entire varM-vmsR intergenic region, was cloned
into the SmaI site of pUC19. An EcoRI fragment, recovered
from the resulting plasmid, was transferred into pUWL-KS,
thereby yielding pLT111. For ermEp -driven expression of
varM, an ermEp region was ampliﬁed with ermEp-M5 (50 AAGCATGCTCTGGGGAATTCGAGC-30 ) and ermEpM3 (50 -TCAGATCTGCAGCCAAGC-30 ) as primers and
pIJ4090 as a template, and digested by SphI. The resultant
fragment was ligated with SphI-digested pLT111 to generate pLT112. Each of these resultant plasmids was introduced into S. lividans TK21 by conventional protoplast
transformation (Kieser et al. 2000). The spores (1:0  103 )
were plated onto NE medium (Kieser et al. 2000) with the
indicated antibiotic. After incubation for 3 days at 30 C,
the minimal inhibitory concentration was determined as the
concentration lethal for cell growth.

Transcriptional analysis by Northern blot analysis
Total RNA was prepared from mycelium grown in
liquid medium as described by Namwat et al. (2002). RNA
(12 mg) was loaded on each lane, electrophoresed on a 1.2%
agarose gel, and transferred to Hybond-Nþ (GE Healthcare
Bio-Sciences) according to the manufacturer’s protocol.
Hybridization was carried out at 65 C for 2.5 h in RapidHyb Buﬀer (GE Healthcare Bio-Sciences) followed by
washing of the blot with washing buﬀer (7.5 mM sodium
citrate, 75 mM NaCl, and 0.1% sodium dodecyl sulfate, pH
7.7) at 50 C for 10 min. A 0.7-kb SacI fragment (internal
of varM) was used as a speciﬁc probe to detect varM
transcription. The amount of RNA was carefully analyzed
by electrophoresis and adjusted in each sample, because no
internal control gene, such as hrdB, has yet been isolated
in S. virginiae. The DNA fragment was labeled with
[-32 P]dCTP by using the Random Primer DNA Labeling
Kit Ver.2 (Takara Bio).

Results
Features of type II ABC transporter gene, varM
ABC transporters are classiﬁed into three types, labeled
I, II, and III, based on the number and organization of
the nucleotide-binding domains and the composition of the
transporter system (Mendez & Salas, 2001). Type II ABC
transporters are frequently found in producers of macrolide
antibiotics and characterized as single and hydrophilic
polypeptides containing two ATP-binding domains with no
cognate membrane protein identiﬁed. A BLASTP analysis
of VarM revealed that ATP-binding domains composed of
Walker A, Walker B, Q-loop, D-loop, and H-loop motifs
are present in both the N and C termini (Fig. 1A). In
addition, the varM-ﬂanking region has no plausible gene
encoding the hydrophobic membrane protein. These ﬁndings clearly demonstrated that VarM can be classiﬁed into
the group of type II ABC transporter. A phylogenetic tree
of VarM with other ABC transporters, including type I or
type III (Fig. 1B), indicated that type II ABC transporters
are separately positioned from the other types. Moreover,
the type II clade appeared to have two subgroups: group A
includes CarA, SrmB, and VarL, while group B includes
VarM and LmrC (lincomycin resistance) (Peschke et al.,
1995). These results implied that VarM might be involved
in self-resistance against virginiamycin M1 as a type II
ABC transporter, similar to LmrC.
Previously, Pulsawat et al. (2009) reported that transcription of varM shows a proﬁle similar to those of
virginiamycin biosynthetic genes. To gain more information on varM transcription, Northern blot analysis was

Determination of transcriptional start sites
For S1 nuclease mapping, the probe for varM was
generated by PCR using 32 P-labeled primer (50 -GCAGACGACGGATGTGTTGGTCAAGGTC-30 ) and the unlabeled
M13-Rev primer. The S1 protection assay was conducted
with total RNA extracted from mycelium at 12-h cultivation as described by Namwat et al. (2002). Sequence
ladders were generated with the same 32 P-labeled primer
and a BcaBEST Dideoxy Sequencing Kit (Takara Bio).
For rapid ampliﬁcation of 50 cDNA ends (RACE), the
GeneRacer Kit (Invitrogen) was used with total RNA
extracted from 12-h mycelium according to the manufacturer’s instructions without dephosphorylation of RNA.
The ﬁrst round of RACE-PCR was performed with the
gene-speciﬁc reverse primer, varM-T1 (50 -GTCGAGCAGCAGGACATCGG-30 ) and the GeneRacer 50 Primer, using
GoTaq Green Master Mix (Promega KK). The second
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performed (Fig. 2B), demonstrating that no varM transcription occurred until 10 h cultivation where no virginiamycin production took place, whereas the transcription
was clearly triggered after 11 h cultivation, in good
agreement with the initiation of virginiamycin production.
This indicated that varM transcription is closely related to
virginiamycin production. varM gene is oriented divergently from vmsR, a pathway-speciﬁc regulatory gene for
virginiamycin production (Kawachi et al., 2000b; Pulsawat
et al., 2009) (Fig. 2A), and the intergenic region between
varM and vmsR is 447 bp in length. To localize the
transcriptional start site of varM, high-resolution S1
nuclease mapping was carried out (Fig. 2C), showing two
protected fragments composed of a major band starting
at a G residue and a faint band starting at an A residue.
Furthermore, 50 RACE analysis (Fig. 2D) also showed that
the varM transcript had two transcriptional start sites at G
and A, situated 214 and 213 bp upstream from the translational start codon of varM, which corresponds to 234 and
235 bp upstream of the translational start codon of vmsR.
In front of the transcriptional start sites, the hexameric
sequence TACGCT is present, which may act as the 10
region of the varM promoter (Bourn & Babb, 1995),
although no typical 35 site is detected.
Exogenous addition of virginiamycin M1 transiently
induces transcription of varM
The transcription of varM occurred coordinately with
those of virginiamycin biosynthetic genes (Pulsawat et al.,
2009), and deletion of barA, which encodes the VB
receptor functioning as a VB-responsive transcriptional
repressor, caused earlier transcription of both varM and
virginiamycin biosynthetic genes with precocious production of virginiamycin (Nakano et al., 1998; Pulsawat et al.,
2007). To test how the VB signaling molecule aﬀects
the transcription of varM, VB was added exogenously to
the culture at 8 h cultivation, inducing the production of
virginiamycin from 9 h cultivation. Figure 3A demonstrates
that varM transcription occurred concomitantly with the
induced virginiamycin production, suggesting that VB
induces the coordinated expression of varM and virginiamycin biosynthetic genes. Next, to investigate whether
virginiamycin is the eﬀector of varM transcription, the
transcriptional level of varM was examined in the cells with
VM1 or VS added at 8 h cultivation, at which time no
endogenous VB is produced. Figure 3B demonstrates that
transient and intense transcription of varM occurred at
9 h cultivation by the addition of VM1 , while only a
faint band was detected by the addition of VS. These
ﬁndings indicated that varM expression is under the control
of VM1 , which is a ﬁnal product in the VB-regulatory
cascade.

Fig. 1. Analysis of ABC transporter, VarM, by amino acid
alignment (A) and phylogenetic tree (B). CarA (AAC32027)
from Streptomyces thermotolerans (carbomycin producer), DrrA
(AAA74717) from Streptomyces peucetius (daunorubicin producer), KasK (BAA95019) from Streptomyces kasugaensis (kasugamycin producer), LmrC (ABX00624) from Streptomyces lincolnensis (lincomycin producer), MtrA (CAK50797) from Streptomyces argillaceus (mithramycin producer), NovA (AAF67494)
from Streptomyces caeruleus (novobiocin producer), NysG and
NysH (AAF71763 and AAF71764) from Streptomyces noursei
(nystatin producer), OleB and OleC-Orf4 (AAA50325 and
AAA26793) from Streptomyces antibioticus (oleandomycin producer), Orf9 and Orf10 (BAC76467 and BAC76468) from
Streptomyces rochei (lankacidin producer), Srm (CAM96590)
from Streptomyces ambofaciens (spiramycin producer), StrV
(CAA07372) from Streptomyces glaucescens (streptomycin producer), TlrC (AAA26832) from Streptomyces fradiae (tylosin
producer), and VarL and VarM (BAF50716 and BAA96297) from
S. virginiae. (A) Sequence alignment of the regions encoding the
potential ATP-binding site of VarM with those of type II ABC
transporters. Walker A, Walker B, Q-loop, D-loop, and H-loop
form the nucleotide binding site. Black boxes indicate positions in
the alignment at which the same amino acid is found in at least
three of the ﬁve sequences. (B) Phylogenetic tree of the three
types of ABC transporters. An unrooted radial tree was drawn by
the neighbor-joining method by using the CLUSTALW program
(http://align.genome.jp/).

Sequential addition of virginiamycin M1 re-induces
transcription of varM
After the VM1 addition resulted in transient induction of
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Fig. 2. The gene organization of varM and its ﬂanking region
(A), transcriptional analysis of varM by Northern blot analysis
(B), and determination of the varM transcriptional start site by
high-resolution S1 mapping (C) and the 50 -RACE method (D). (B)
Total RNA was extracted from cells cultivated for the indicated
period. Virginiamycin production started at 11 h cultivation under
the experimental conditions. (C) Lanes T, G, C, and A are
sequencing ladders derived from the same labeled primer used
for probe preparation. Two varM transcripts were detected at 12 h
cultivation. A major varM transcript started at a G residue, as
the black arrow indicates, and a minor transcript started at an A
residue, as the grey arrow indicates. (D) Three PCR products
(0.25 kb, 0.65 kb, and 0.75 kb) were detected after the second
round of RACE-PCR. The sequence alignment of the 0.25-kb
fragment with GeneRacer RNA Oligo Sequence used as an
adaptor is shown. The transcript that has an A residue at the 50 -end
also appeared at a similar frequency (approximately 17%) in the
other two fragments (0.65 and 0.75 kb).
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Fig. 3. Northern blot analysis of the varM transcript during
cultivation with (A) VB addition, (B) virginiamycin addition, and
(C) virginiamycin M1 (VM1 ) addition. Total RNAs were extracted
from mycelia harvested at indicated periods. (A) (), without
exogenous VB addition; (+), with VB (70 ng/ml) addition at 8 h
cultivation. Virginiamycin production started from 9 h cultivation
with VB addition. (B) VM1 (10 mg/ml) or virginiamycin S (VS)
(10 mg/ml) addition at 8 h cultivation. (C) (), without VM1
addition.

expression of varM after 9 h cultivation. To further
examine the VM1 -dependent transcriptional changes of
varM, VM1 was added to the culture not only at 8 h
cultivation but also at 9 h cultivation. As shown in Fig. 3C,
although no transcript was detected by the sequential
addition of VM1 at the same concentration (10 mg/ml),
VM1 addition at excess concentration (100 mg/ml or
400 mg/ml) re-induced varM transcription at 10 h cul-

transcription at 9 h cultivation, varM transcription decreased signiﬁcantly at 10 h cultivation, suggesting that a onetime VM1 addition might be insuﬃcient to retain the
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Discussion
Antibiotic-producing actinomycetes protect themselves
from the produced antibiotic by developing self-resistance
mechanisms. We previously puriﬁed and characterized a
VM1 reductase that functions as an inactivating enzyme
of VM1 as a self-resistance mechanism toward VM1 (Lee
et al., 1996; Suzuki et al., 1998) and the varR-varS system
toward VS in S. virginiae (Namwat et al., 2001). The
presence of several types of ABC transporter system has
been reported to be a general phenomenon in many
biosynthetic gene clusters of antibiotics, particularly those
for polyketide compounds. A regulatory island for virginiamycin production, which lies in the ﬂanking region of
virginiamycin biosynthetic genes, contains type II ABC
transporter gene, varM. The expression of varM is intensely
and tightly regulated by VM1 , not by VS, in a concentration-dependent manner. These results, taken together
with the VB-triggered production of both VM1 and VS,
indicated that varM is a member of VB-virginiamycin
regulon and suggested that VarM is probably involved in
the secretion of VM1 through the cell membrane to
contribute to the self-resistance mechanism.
In the present experiment, the heterologous expression of
varM, with either its native promoter or constitutive ermE
promoter, did not confer any enhanced VM1 resistance to
S. lividans, unlike the case with LmrC, another group B
type II ABC transporter, in which heterologous expression
of lmrC gave suﬃcient resistance in S. lividans toward
lincomycin (Peschke et al., 1995). Although one feature of
type II ABC transporters can be the lack of membrane
proteins as accessory partners (Mendez & Salas, 2001), it
remains unclear whether or not one or more membrane
proteins are really unnecessary for antibiotic transportation,
because the feature was deduced solely from the absence of
genes encoding the membrane protein(s) in close proximity
to the transporter genes. There is a moderate possibility that
the absence of any increase in VM1 resistance by varM in
S. lividans might be due to a lack of proper accessory
protein in S. lividans to support the function of VarM for
VM1 transportation. Studies on a full set of components of
group B type II ABC transporters will be important for
understanding the self-resistance mechanism of VM1 in
S. virginiae.
The expression of varM is induced by a low VM1
concentration (10 mg/ml) 1 h after the addition, and it
readily declined at 2 h after the addition (Fig. 3B),
suggesting that enough VarM protein should be existing
inside the cells from the induced varM transcript and no
further varM transcription became necessary. This transient
expression of varM may confer a minimum level of
resistance toward VM1 , but it would be insuﬃcient for the
higher concentrations of VM1 (50 mg/ml) that S. virginiae
generally produces in the stationary phase. To mimic the
in vivo proﬁle of VM1 production, VM1 was added
sequentially at higher concentrations to cause higher

Fig. 4. Northern blot analysis of the varM transcript during
cultivation in the presence of diﬀerent antibiotics. (A) (),
without exogenous VB addition. Each antibiotic (ﬁnal concentration of 10 mg/ml) was added to the culture at 8 h cultivation.
Cultivation was carried out for another 1 h. Ery, erythromycin;
Tyl, tylosin; Pol, polymixin; Gra, gramicidin; Rif, rifampicin; Str,
streptomycin; Tet, tetracycline; Chl, chloramphenicol; Lin, lincomycin. (B) (+), lincomycin (10 mg/ml) was added at 8 h, and
cultivation was carried out for another 1 to 2 h; (++), lincomycin
(10 mg/ml) was added at 8 h, followed by the second lincomycin
addition (100 mg/ml) at 9 h cultivation. Cultivation was carried out
for another 1 h.

tivation. These results suggested that varM expression
is maintined by increasing VM1 concentration in the
culture.
Eﬀects of diﬀerent antibiotics on transcription of varM
To test whether antibiotics other than VM1 can aﬀect
varM expression, several kinds of antibiotics were added to
the culture. Figure 4A demonstrates that the transcription
of varM was induced remarkably by external lincomycin,
to a level similar to that induced by VM1 . Minor induction
was observed by the addition of tetracycline. When added
sequentially, lincomycin was also capable of re-inducing
varM expression, although the inﬂuence on varM transcription was slightly weaker than that by VM1 (Fig. 4B).
These ﬁndings suggested that lincomycin, with a diﬀerent
chemical structure than VM1 , is recognized in S. virginiae
and eventually activates varM expression by a similar
mechanism.
Virginiamycin M1 resistance of S. lividans carrying
varM
Heterologous expression of the ABC transporter occasionally confers resistance toward the cognate antibiotic
(Peschke et al., 1995; Menendez et al., 2007; Ostash et al.,
2008). To test the function of varM in vivo, heterologous
expression of varM in S. lividans TK21 was performed by
using pUWL-KS, a high-copy-number plasmid. However,
S. lividans carrying varM together with its putative
promoter, showed no increased resistance to either VM1
or other antibiotics used in the previous experiment, when
compared to the parental strain (data not shown). Furthermore, pLT112, in which varM expression is under the
control of a constitutive and strong promoter (ermEp ), did
not confer any diﬀerence in resistance in S. lividans
transformants toward antibiotics including VM1 in comparison with the parental strain (data not shown).
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intracellular VM1 by diﬀusion, which re-initiated varM
transcription, indicating that varM expression responded
well to higher concentrations of VM1 . These ﬁndings
suggested that the self-resistance mechanism against VM1
is closely associated with VM1 production by regulating
varM expression in a VM1 -dependent manner.
In the wild-type strain, transcription of genes related to
VM biosynthesis occurred from 11/12-h cultivation while
those for VB biosynthesis occurred from as early as 8-h
cultivation (Pulsawat et al., 2009), and the pattern of varM
transcription agreed well with those of VM biosynthesis.
Transcription of varM occurred at an earlier cultivation
time than the wild-type strain in the knockout mutants of
either barA encoding the VB-speciﬁc receptor or barB
encoding a transcriptional repressor for the initiation of VM
production (Matsuno et al., 2004). In both mutants, VM1
production starts at an earlier cultivation time than that
in the wild-type strain. These ﬁndings indicated that the
initiation timing of varM expression synchronized well
with that of VM1 production, namely, varM expression
precisely responds to the presence of VM1 in the cell. In
contrast, in the mutants lacking VM1 production, such as
vmsT- or vmsS-disruptants (Pulsawat et al., 2009), the varM
transcription was almost the same as that in the wild-type
strain, suggesting that varM may have two independent
system on its transcription: VM1 -dependent system and
VM1 -independent system. Regarding the VM1 -dependent
system, the results above suggest that a kind of VM1 responsive transcriptional regulator should be present to
control varM expression. In the case of self-resistance
toward VS, VarR encoded by the varS-varR operon in
the VB-dependent regulatory island acts as the VS sensor
and regulates the transcription of varS that encodes a VSspeciﬁc transporter (Namwat et al., 2001). The DNAbinding activity of VarR, a TetR-type transcriptional
repressor, to the dyad sequences in the varS-promoter
region is abolished by the binding of VS to VarR. In regard
to the probable VM1 -responsive regulator, although the
varM-ﬂanking region has the barZ gene (Kawachi et al.,
2000a), encoding a member of the TetR-type repressor,
BarZ functions as a transcriptional regulator for the
production of both VM1 and VS (our unpublished data).
In addition, it seems that the promoter region of varM has
no signiﬁcant sequence motif, such as a dyad sequence.
Thus, a VM1 -responsive regulator for varM expression
seems to be present outside the identiﬁed virginiamycin
biosynthetic gene cluster. Furthermore, based on the fact
that the addition of lincomycin, which is distinct in its
chemical structure from VM1 , induced varM expression, a
plausible VM1 -responsive regulator would probably recognize lincomycin as well as VM1 . This ﬁnding, taken
together with the close lineage between VarM and LmrC
(Fig. 1B), is of interest for the clariﬁcation of the VM1 perception mechanism of S. virginiae in view of the control
of antibiotic resistance. We would like to pursue this in our
future work.
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