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Bacteria obtain a significant proportion of their genetic diversity via acquisi-

tion of DNA from distantly related organisms, a phenomenon known as hor-

izontal gene transfer. The focus of horizontal gene transfer investigations

has been primarily on the impact of this phenomenon on the ecological

and/or pathogenic characteristics of bacterial species, with very little effort

devoted to investigating horizontal gene transfer as a means of drug discov-

ery. Here, we describe a novel approach to harness the power of horizontal

gene transfer to produce novel chemotherapeutic molecules, a process that

is easily scalable. We describe the state of the art in this field and discuss

the current limiting factors associated with this phenomenon. Utilising a

horizontal gene transfer method, we have identified and characterised a

novel antimicrobial compound. Production of this antibiotic, termed rhodos-

treptomycin, is associated with the transfer of DNA from a species of Strepto-

myces to Rhodococcus by an as yet identified mechanism. We believe

that horizontal gene transfer may represent the future of natural product

discovery and engineering.
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1. Introduction

It has become increasingly evident that horizontal gene transfer plays a crucial role
in microbial adaptation, speciation and evolution, as well as in contributing to a
myriad of environmental and public-health problems [1,2]. Horizontal gene transfer
enables bacteria to reorganise their genomes and to quickly acquire novel features
such as pathogenicity factors, drug resistance and metabolic properties [3-5]. Hori-
zontal gene transfer between prokaryotes is relatively well understood and occurs
via three fundamentally distinct mechanisms [5,6]: transformation, in which a cell
takes up foreign DNA molecules from the surrounding medium; conjugation,
which involves the direct transfer of DNA from one cell to another; and transduc-
tion, in which DNA transfer is mediated by bacterial viruses. These procedures have
become standard molecular biology tools. However, a mechanism by which a natu-
ral horizontal gene transfer process induces antibiotic production has not been
documented, although there is indirect evidence that such processes occur [7-9].
The focus of the majority of horizontal gene transfer investigations has been primar-
ily on the impact of this phenomenon on the ecological and/or pathogenic charac-
teristics of bacterial species. Very little effort has been devoted to investigating
horizontal gene transfer as a means of drug discovery.

The key to developing effective therapeutics is the identification of novel
compounds and chemical structures that increase the chemical diversity available
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for study at the molecular level for targeted therapies. Second-
ary metabolites produced by microorganisms and plants offer
molecular diversity with the opportunity to create new mole-
cules that form the basis of important drugs. However, it is
generally assumed that the majority of these secondary metab-
olite compounds have already been discovered and that we are
limited to the conventional techniques in use to search for
new natural products. Thus, we postulate that a paradigm
switch is necessary to identify novel secondary metabolites
that have therapeutic value. Identifying effective strategies to
discover and exploit new bioactive molecules is integral to
the success of future drug discovery efforts.
Recently, we isolated and characterised a strain of Rhodococ-

cus that previously was not able to produce antibiotics but had
acquired the capacity to biosynthesise a novel antibiotic fol-
lowing competitive co-culture between Rhodococcus and a
strain of Streptomyces [10]. In this article, we highlight recent
progress and discuss future prospects for the possible exploita-
tions of new methodologies for the discovery of novel
chemical entities.

2. Rhodostreptomycin, a novel antibiotic
biosynthesised following horizontal gene
transfer from Streptomyces to Rhodococcus

2.1 Co-cultivation of Rhodococcus and Streptomyces
Streptomyces are well known as producers of antibiotics [11,12].
The actinomycete Rhodococcus, a relative of Streptomyces, has
only rarely been reported to produce antibiotics [13]. Interest-
ingly, multiple polyketide synthase genes have been identi-
fied in the various Rhodococcus genomes suggesting that
these organisms possess the capability to produce antibiotic
compounds [14]. In Streptomyces, it has been shown that dif-
ferentiation and induction of secondary metabolism occurs
when the cells encounter adverse environmental condi-
tions [15,16]. Previous reports have demonstrated that some
ribosomal mutations, specifically mutations in the rpsL
gene encoding ribosomal protein S12, result in a dramatic
activation of antibiotic production. Thus, one can readily
modulate ribosome function, and subsequently antibiotic
production, by selecting for mutations within the ribosomal
proteins using antibiotics that specifically target these
structures [17]. To address the possibility that stress-
induced mutations might activate a latent antibiotic biosyn-
thesis pathway in Rhodococcus, physiological stresses and
external biological stimuli were imposed on Rhodococcus fas-
cians DDO356, a strain in which we have not previously
detected antibiotic production. In order to achieve this
goal, spontaneous R. fascians DDO356 streptomycin-
resistant (str) mutants were selected. Forty-two of the str
mutants were arbitrarily chosen and screened for antibiotic
production. Cultures of these strains did not display antimi-
crobial activities. In additional experiments, cells of strain
121, the DDO356 str-strain that revealed the highest level
of streptomycin-resistance (10 mg ml-1), were spread onto

solidified peptone--yeast extract-iron salts medium (ISP 2
medium) supplemented with rifampicin. In all, 62 str-rif
double mutants were isolated, yet none of these strains pro-
duced detectable antibiotics. As an additional environmental
stress, strain 307, one of the double mutants which displayed
resistance to as much as 0.3 mg ml-1 rifampicin, was co-
cultured competitively with the actinomycin-producing
Streptomyces padanus MITKK-103 [18]. The cultures were
combined in baffled flasks with various ratios of strain
307 and MITKK-103, and then cultured on GS medium
consisting of 1% soluble starch, 2% glucose, 2.5% soytone,
0.4% dry yeast, 0.1% beef extract, 0.005% K2HPO4 and
0.2% NaCl, pH 7.0, on a rotary shaker at 30oC. After
5 days of co-culture, mycelia from each of the flasks were
streaked onto ISP medium 2 plates and incubated at 30oC
for an additional 7 days to elucidate the behaviour of the
culture. Colonies appearing on the plates were predomi-
nantly Rhodococcus, but a few colonies of Streptomyces arose
from every co-culture except for one (Figure 1A 3). The one
plate, streaked from a flask culture that had been inoculated
with a 5:15 ml ratio of Rhodococcus and Streptomyces, pro-
duced only Rhodococcus cells, and those cells exhibited a
change in colony morphology (Figure 1A 4). Astonishingly,
all of the Streptomyces had been eliminated from the culture.
Ten Rhodococcus colonies from the plate were randomly
chosen, cultured on GS medium at 30oC for 5 days and
screened for antibiotic production. Interestingly, one of the
isolates, designated strain 307CO, generated antimicro-
bial activity against Escherichia coli, Staphylococcus aureus,
Bacillus subtilis and S. padanus [10].

2.2 Product analysis of Rhodococcus variants
To evaluate the differences between the DDO356 variants,
strain 121, strain 307, and strain 307CO were each cultured
and characterised by HPLC. Among these, only strain
307CO produced an antibiotic with especially potent antimi-
crobial activity against S. padanus. As the bioactive fraction
was detected in the supernatant, 10 ml of the supernatant
from each culture was extracted twice with an equal volume
of n-butanol. The butanol was removed and the residual
material was dissolved in 1 ml of 5% acetonitrile in water
which was then subjected to reverse-phase HPLC. These
results demonstrated differences in the product profiles of
the DDO356 variants (Figure 1B 1--5). The retention time
of detected peaks from wild-type DDO356 (Figure 1B 2),
strain 121 (Figure 1B 3) and strain 307 (Figure 1B 4) were sim-
ilar, although the areas under some of the peaks from strain
121 and strain 307 were higher than those from DDO356,
suggesting that these strains had more active secondary metab-
olism in association with their acquired resistance to strepto-
mycin and rifampicin. On the other hand, several peaks that
were not detected in the DDO356, 121 or 307 extracts
appeared at the retention time of 3 -- 7 min and
15 -- 17 min in 307CO (Figure 1B 5). A bioactive component
with antimicrobial activities was eluted at the retention time
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of 3 -- 5 min. Using assay-guided fractionation, the bioactive
compounds were purified by a combination of cation
exchange and reversed-phase HPLC. Ten litres worth of the
culture broth had to be combined to purify and identify the
compounds. Two compounds were characterised, assigned a
molecular formula of C22H40N8O13, and shown to belong
to a new group of aminoglycosides (Figure 1C), which we
have since named rhodostreptomycin [10].

2.3 Genome analysis of Rhodococcus variants
The product profile in strain 307CO suggested that a geno-
mic alteration might have occurred in Rhodococcus as a result
of the competitive co-culture with Streptomyces. Pulsed-
field gel electrophoresis (PFGE) analysis of the genome of
wild-type Rhodococcus DDO356 and the isolated variants sup-
ported this hypothesis. Agarose-embedded DNA from the
variants cultured under identical conditions for 48 h was
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Figure 1. Product analyses of Rhodococcus fascians ariants. A. Colonies arising from competitive co-culture of Rhodococcus

and Streptomyces. 1, Streptomyces padanus MITKK-103 alone; 2, R. fascians strain 307 (str-rif-resistant mutant of R. fascians

DDO356) alone; 3 and 4, co-cultured flask of R. fascians strain 307 and S. padanus MITKK-103. While we generally observed

both Rhodococcus and Streptomyces in the co-culture experiments (3), in one co-culture flask we were only able to isolate

Rhodococcus. B. HPLC profiles of the extracts. 1, medium alone control; 2, wild-type DDO356; 3, strain 121, str mutant of

DDO356; 4, strain 307, rif mutant of strain 121; 5, strain 307CO, isolated from a co-culture of strain 307 and S. padanus

MITKK-103. Product analysis was performed by an analytical HPLC (Hitachi D-7000 system) using a J.T. Baker Octadecyl (C18)

SP-120 column (5 µm, 4.6 � 250 mm); mobile phase, 5% CH3CN in 0.05% H3PO4 at 0 -- 20 min and 5 -- 100% CH3CN gradient in

0.05% H3PO4 at 20 -- 50 min; flow rate, 1 ml/min. C. Structures of rhodostreptomycins, antibiotics produced by strain 307CO.
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electrophoresed under conditions that allow separation of
linear fragments between 30 and 600 kb. A large extrachro-
mosomal element (megaplasmid) of around 50 kb that was
absent in the wild-type DDO356, 121 and 307 strains was
found in 307CO (Figure 2A, lane 1--4). DNA from S. padanus
MITKK-103 that had been cultured for 16, 24 or 96 h
revealed one or more megaplasmids ranging in mobility
from 160 to 380 kb (Figure 2A, lane 5--7). We postulated
that the observed shift may be the result of intercalation
of actinomycins, which are synthesised and secreted by
S. padanus, within the plasmid DNA. To address this possibil-
ity, we incubated the purified megaplasmid in S. padanus
cultured media. We found that we could reliably reproduce
the mobility shift under these conditions suggesting that
the observed shift was in fact due to a compound secreted
by the bacterium. The shift in the apparent molecular
mass of the megaplasmid from S. padanus MITKK-103 is
most likely due to the accumulation of actinomycins in this
strain. To elucidate the relationship between the Rhodococcus-
megaplasmid and the Streptomyces-megaplasmid, Southern
hybridisation was carried out using a probe containing a frag-
ment derived from the Streptomyces megaplasmid (which we
call pSPM1) that had been cultivated for 24 h. Southern
hybridisation was carried out using the DIG high prime
DNA labelling and detection starter kit II (Roche). Probe
DNA was labelled with digoxigenin-dUTP and hybridisation
conditions, washing and detection were performed according
to the manufacturer’s instruction. Megaplasmid DNA was

purified from a pulsed-field gel using b-Agarase I (New Eng-
land Bio Labs) and digested by PspOMI. Restriction frag-
ments were ligated into the NotI site of pCR2.1-TOPO and
transformed into competent E. coli cells, as per the manufac-
turer’s instructions (Invitrogen). After selecting and analyzing
colonies, the plasmids were digested by ApaI and restriction
fragments isolated from several clones were prepared as probes
for Southern hybridisations. When one (a fragment of
230-bp: the nucleotide sequence of which has been deposited
in GenBank under the accession number EU247609) of the
fragments was used as a probe, hybridisation of the labelled
DNA fragment against the filter with the 307CO megaplas-
mid (50 kb) revealed a signal, as shown in Figure 2B, lane 4.
This indicated that the megaplasmid of 307CO possesses
homology to a portion of pSPM1. We were unable to detect
hybridisation using any of the other Rhodococcus variants
(Figure 2B, lane 1--3). Subsequent analysis of DNA fragments
derived from the 307CO megaplasmid showed them to be
identical to fragments derived from Streptomyces, indicating
that 307CO had obtained pSPM1 DNA from Streptomyces.

To determine the identity of the DNA transferred from
Streptomyces to Rhodococcus, a cosmid library of the pSPM1me-
gaplasmid was constructed in the cosmid vector SuperCos1
(Stratagene), and screening was carried out using the afore-
mentioned probe (the fragment of 230-bp) as we knew this
region was positively correlated to the aforementioned anti-
biotic production. A positive cosmid clone (cosmid 24) was
isolated and sequenced. The cosmid bore a 24416-bp insert

A. B.

(kb)

436.5 –

194 –

48.5 –

M 1 2 3 4 5 6 7 1 2 3 4 5 6 7

Figure 2. PFGE and Southern blot analyses of Rhodococcus variants and Streptomyces padanus MITKK-103. A. PFGE.

B. Southern hybridisation. Lanes: 1, DNA from 48 h culture of Rhodococcus fascians DDO356; 2, DNA from 48 h culture of

strain 121; 3, DNA from 48 h culture of strain 307; 4, DNA from 48 h culture of strain 307CO; 5, DNA from 16 h culture of

Streptomyces; 6, DNA from 24 h culture of Streptomyces; 7, DNA from 96 h culture of Streptomyces. M indicates l ladder as

molecular mass markers. Hybridisation was carried out using a digoxigenin-labelled fragment (230-bp) derived from the

Streptomyces megaplasmid isolated from the 24 h culture.
PFGE: Pulsed-field gel electrophoresis.
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with a GC content of 68.3%, revealing a total of at least
nine open reading frames (ORFs) (Figure 3A). BLAST analysis
of protein databases (blastx) using the obtained sequence
revealed that six of the ORFs have homologies with known
genes: a putative acetyltransferase from Streptomyces hygroscopicus
(GenBank accession no. ZP05517589.1), a transcriptional
regulator from Streptomyces flavogriseus (ZP05806390.1), a
resolvase domain protein from Nakamurella multipartita
(YP003202886.1), a putative transcriptional regulator from
Streptomyces viridochromogenes (ZP05529456.1), a threonine
dehydratase from Streptomyces albus (ZP04703027.1) and
a DNA integrase/recombinase from Rhodococcus jostii
(YP708625.1) with 62, 45, 68, 73, 62 and 57% identities,
respectively. The remaining ORFs are homologous to hypo-
thetical proteins from Streptomyces sp. (YP001661505.1), Strep-
tomyces clavuligerus (ZP05008406.1) and Streptomyces sp.
(ZP06272626.1) with 42, 43 and 69% identities, respectively.
To confirm the presence of the Streptomyces-derived DNA in
Rhodococcus strain 307CO, PCR was conducted on both the
various Rhodococcus strains. While no PCR products were
obtained from Rhodococcus strain 307 genomic DNA, the
PCR products amplified from genomic DNA of the

Streptomyces and Rhodococcus strain 307CO were of the
expected size (4037-, 3052- and 3305-bp) (Figure 3B, lane
1--3). The PCR products were each sequenced, and it was
found that all the sequences obtained from the two strains share
an identity of > 99.9% (data not shown). These data suggest
that Rhodococcus had taken up DNA from the Streptomyces,
including at least a 9.2 kbp fragment of a Streptomyces mega-
plasmid. In subsequent PFGE experiments, mobility of the
megaplasmid from strain 307CO varied between culture
batches despite growth under identical conditions. The erratic
behaviour of the Rhodococcus megaplasmid observed using
PFGE suggested that this genetic element is unstable in the
new host, thus, resulting in instability of the antibiotic-
producing phenotype. Loss of the Streptomyces-derived DNA
correlated with loss of the ability of Rhodococcus strain
307CO to produce rhodostreptomycins, showing a cor-
relation between antibiotic production and presence of the
Streptomyces DNA in Rhodococcus. In some cases, strain
307CO also appeared to lose the capacity to produce the
antibiotic on multiple rounds of subculturing (data not
shown). It is noteworthy that the antibiotics biosynthesised
in Rhodococcus following horizontal gene transfer from
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Figure 3. Detection of the Streptomyces-derived DNA in Rhodococcus strain 307CO. A. Diagram of the 24416-bp fragment

cloned from the Streptomyces padanus MITKK-103 megaplasmid pSPM1 into cosmid 24. The probe described in Figure 2 is

labelled as ‘original 230-bp fragment’. B. Amplification products obtained by PCR of genomic DNA from strain 307, strain

307CO and S. padanus MITKK-103 using the primer pairs 4656f/8692r (I), 7559f/10610r (II) and 10640f/13944r (III) shown in

Figure 3A. Lane 1, strain 307; lane 2, strain 307CO; lane 3, S. padanus MITKK-103. M indicates l ladder as molecular

mass markers.
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Streptomyces are aminoglycosides and differ widely in the
structure from actinomycins, polypeptide antibiotics that are
produced by Streptomyces [10]. How those phenomena influ-
ence antibiotic production in Rhodococcus strain 307CO
remains unclear and will require further experimentation.
While the underlying molecular and biochemical mecha-

nisms responsible for rhodostreptomycin biosynthesis remain
elusive, there is no doubt that the transfer of DNA from
Streptomyces to Rhodococcus is associated with the observed
biosynthesis of rhodostreptomycin. The route of this transfer,
transduction, conjugation or transformation is unknown but
one can readily rule out transduction as generally phage trans-
duction is limited to within a genera. As to how this transfer
of DNA leads to the biosynthesis of rhodostreptomycin, three
hypotheses may explain how a DNA transfer event may have
triggered production in a new host (Rhodococcus) of an antibi-
otic that was produced by neither parent. First, the most
probable mechanism is the combined action of genes and
enzymes encoded by both the transferred DNA and those
that already existed in Rhodococcus, which may have enabled
biosynthetic processes that existed in neither parental strain.
Second, the transferred DNA itself encodes the enzymes
required for synthesis of the rhodostreptomycins. Third, the
presence and maintenance of the transferred DNA in the
new host causes a physiological stress or leads to derepression
of antibiotic biosynthetic genes in Rhodococcus that results in
activation of latent antibiotic biosynthetic pathways. Further
studies are required to elucidate the mechanisms by which
R. fascians DDO356 produces rhodostreptomycin.

3. Expert opinion

Currently, the majority of drug discovery studies utilise large
libraries of chemicals paired with high-throughput screening
techniques to identify compounds with a specific biolog-
ical activity. While this approach has yielded a significant
number of novel pharmaceuticals, it is often limited to the
content of said library and the ability to synthesise a diversity
of compounds to create a truly thorough library. Despite
the best efforts, the majority of such libraries carry some
structural bias. Thus, novel approaches to identifying new
pharmaceuticals are necessary.
We believe that one future avenue of drug discovery would

be to utilise co-culture techniques, similar to those used
previously by our lab, to create novel bioactive compounds.
One can easily envision the usage of such techniques to
create a vast array of novel antibiotic and chemotherapeutic
compounds with a rich diversity of potentially novel
structures. As has been stated numerous times, bacteria have

been locked in a state of ‘biowarfare’ for billions of years, con-
tinually upgrading their arsenals of antimicrobial compounds
in an effort to out-compete their neighbours. Through the
usage of competitive co-culture, we can harness this
evolutionary drive to create novel antimicrobial compounds.

The key to the success of competitive co-culture as a means
of generating truly novel pharmaceutical compounds is a bet-
ter understanding of the underlying molecular mechanisms
responsible for both the observed transfer of DNA from one
strain to another as well as the resulting production of rhodos-
treptomycin. The relative instability of the transferred genetic
elements has hindered these efforts. Through an enhanced
understanding of these processes, it may be possible to
increase the rate of success.

The true test of the competitive co-culture model will be its
application in a high-throughput, commercial scale. As is
often the case, the conversion of laboratory scale practices
and discoveries to an industrial one is far from trivial. That
being said, it is the authors’ opinion that the competitive
co-culture method naturally lends itself to a commercial set-
ting. The assays, as we have performed them, are adaptable
to a high-throughput approach and have a fairly simple,
straightforward output, life or death. Thus, with minimal
modification, one can envision matching up numerous donor
and recipient strains and simply screening for survival of the
recipient, which can be accomplished by any number of dif-
ferent simple, high-throughput techniques including PCR,
nucleic acid hybridisation or, even, in the most simplistic
form, growth on a selective medium.

While much attention has been focused on synthetic chem-
istry to design novel chemotherapeutics, we believe that har-
nessing arguably the greatest synthetic chemist, nature, can
provide a rich diversity of novel compounds. The competitive
co-culture techniques described herein as well as elucidation
of the molecular mechanism underlying this process could
lead to a revolution in the identification and characterisation
of novel natural products.
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