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Abstract
Background: Genome mining facilitated by heterologous systems is an emerging approach to access the chemical
diversity encoded in basidiomycete genomes. In this study, three sesquiterpene synthase genes, GME3634, GME3638,
and GME9210, which were highly expressed in the sclerotium of the medicinal mushroom Lignosus rhinocerotis, were
cloned and heterologously expressed in a yeast system.
Results: Metabolite profile analysis of the yeast culture extracts by GC–MS showed the production of several ses‑
quiterpene alcohols (C15H26O), including cadinols and germacrene D-4-ol as major products. Other detected ses‑
quiterpenes include selina-6-en-4-ol, β-elemene, β-cubebene, and cedrene. Two purified major compounds namely
(+)-torreyol and α-cadinol synthesised by GME3638 and GME3634 respectively, are stereoisomers and their chemical
structures were confirmed by 1H and 13C NMR. Phylogenetic analysis revealed that GME3638 and GME3634 are a pair
of orthologues, and are grouped together with terpene synthases that synthesise cadinenes and related sesquiter‑
penes. (+)-Torreyol and α-cadinol were tested against a panel of human cancer cell lines and the latter was found to
exhibit selective potent cytotoxicity in breast adenocarcinoma cells (MCF7) with IC50 value of 3.5 ± 0.58 μg/ml while
α-cadinol is less active (IC50 = 18.0 ± 3.27 μg/ml).
Conclusions: This demonstrates that yeast-based genome mining, guided by transcriptomics, is a promising
approach for uncovering bioactive compounds from medicinal mushrooms.
Keywords: Lignosus rhinocerotis, Tiger milk mushroom, Sesquiterpene synthase, Sesquiterpenoid, (+)-Torreyol,
α-Cadinol, Heterologous expression, Saccharomyces cerevisiae
Background
Basidiomycete mushrooms are important sources of bioactive secondary metabolites including terpenoids, alkaloids, and polyketides [1]. Exploration of the medicinal
and pharmacological potential of these underexplored
mushroom species could be scientifically and biotechnologically rewarding. Lignosus rhinocerotis (Cooke)
Ryvarden (orthographic variant is L. rhinocerus; common
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name: tiger milk mushroom) belongs to the order Polyporales (Polyporaceae family). It has been found in tropical regions in China, East Africa, Sri Lanka, Thailand,
Philippines, Indonesia, Papua New Guinea, Australia,
Vanuatu, and Malaysia [2–4]. Lau et al. [5] has compiled
the ethnomycological uses of the sclerotia of the mushroom by different communities including the Malay, Chinese, and several sub-tribes of indigenous communities
in Peninsular Malaysia including the Temuans and Semai
aborigines to treat coughs, asthma, tuberculosis, and cancer; where several preparation methods of the fungus for
medicinal purposes have been documented. Both aqueous (e.g., decoction) and non-aqueous preparations (e.g.,
tincture) have been reported, which may indicate the

© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Yap et al. Microb Cell Fact (2017) 16:103

presence of hydrophilic and lipophilic active substances,
respectively [5].
The genome and transcriptome studies of L. rhinocerotis have provided insights into the biology of this
medicinal mushroom and opened up new opportunities for exploration via genomic approaches [6–9]. Transcriptomics analysis revealed genes encoding several
small secreted cysteine-rich proteins (cerato-platanins
and hydrophobins) and lectins were among the highest
expressed genes in the sclerotium of L. rhinocerotis and
may have important implications for various bioactivities
relevant to human diseases [7]. On the other hand, the L.
rhinocerotis genome harbours genes encoding a number
of secondary metabolite biosynthetic enzymes, including
12 sesquiterpene synthases (STSs), one non-ribosomal
peptide synthetase (NRPS), and a polyketide synthase
(PKS) [6]. These enzymes are crucial for the biosynthesis
of sesquiterpenes, non-ribosomal peptides, and polyketides, respectively. Among them, six secondary metabolite
gene clusters harbouring genes encoding four STS genes
and one each of NRPS and PKS were also found to express
at notable levels in the L. rhinocerotis sclerotium [7].
Genome mining has emerged as a potential avenue to
access the chemical diversity encoded in basidiomycete
fungal genomes [10]. The large number of STS genes in
the genome highlights the potential of L. rhinocerotis in
producing diverse sesquiterpenoids. Many sesquiterpenoids have potent antibiotic and cytotoxic activities due
to their high chemical reactivity [11]. Some renowned
fungal sesquiterpenoids include the anticancer active
illudins from Omphalotus olearius [12], the cytotoxic PR
toxin (from Penicillium roqueforti) with robust antimicrobial activity [13], and the platelet aggregation inhibitor
radulone A from Radulomyces confluens [11]. The basidiomycete STSs have been shown to be readily expressed in
well-established laboratory hosts, such as Escherichia coli
and Saccharomyces cerevisiae [12, 14]. This makes heterologous expression an attractive approach for accessing
the basidiomycete terpenoid chemistry, as many basidiomycete fungi are relatively slow growing in the laboratory environment.
We have only begun to appreciate the diversity of STSs
in basidiomycetes [10]. Nonetheless, sesquiterpene biosynthesis of Polyporales which consist of several medicinal mushrooms including Ganoderma lucidum [15],
Antrodia cinnamomea [16], Trametes versicolor [17] and
L. rhinocerotis (this study), remained largely unexplored.
Given that S. cerevisiae has proven to be extremely useful for genome mining and characterisation of fungal
secondary metabolite pathways [18] as well as for commercial production of terpenoids [19], we have chosen
to use the yeast as an expression host for L. rhinocerotis
STSs in this study. Guided by previous transcriptomic
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data, we cloned several sclerotium-expressed L. rhinocerotis STS genes for heterologous expression in a S. cerevisiae yeast system. The putative products from these
STSs were identified by gas chromatography-mass spectrometry (GC–MS). Two major sesquiterpene alcohol
products were isolated and further characterised structurally. The potential cytotoxic activities of the two compounds against a panel of human cancer cell lines were
also examined.

Methods
Mushroom material and DNA extraction

L. rhinocerotis TM02 strain (TM02) was obtained from
LiGNO™ Biotech (Selangor, Malaysia). The fungus was
authenticated by its nuclear ribosomal internal transcribed spacer (ITS) region using FTM and ITS4 primers
[20]. A voucher specimen was deposited at Royal Botanic
Gardens, Kew (London, UK) with the accession number
K(M) 177812. DNA was extracted using a modified hexadecyl trimethyl-ammonium bromide method [21].
Gene cloning and plasmid construction

The coding sequences of the three STS genes, GME3634,
GME3638, and GME9210, in the sequenced TM02
genome, have been revised based on the recent RNA
sequencing data [6, 7]. The revised coding sequences
are presented in Additional file 1: Table S1 and deposited in GenBank for public access under accession numbers KX281943, KX281944, and KX281945, respectively.
Individual exons of the STS genes were amplified by PCR
with 35–40 bp overhangs that overlap with neighbouring
exons or plasmid backbone and stitched together to form
the respective ‘intronless’ cDNA genes by yeast-mediated
in vivo DNA recombination. The oligonucleotide primers used for constructing the genes are listed in Additional file 1: Table S2. PCR reactions were performed
using Q5® High-Fidelity DNA Polymerase (New England
Biolabs) according to the manufacturer’s protocol at an
annealing temperature of 66 °C. In vivo yeast recombination cloning was carried out using a Frozen-EZ Yeast
Transformation II Kit™ (Zymo Research) where competent S. cerevisiae BJ5464 [22] was transformed with the
DNA fragments (PCR products) of the respective genes
and linearized plasmid backbone derived from YEplacADH2p [23, 24]. Yeast transformants grown on synthetic
dropout agar plate lacking uracil were screened by PCR.
Plasmid DNA was isolated from positive transformants
using a Zymoprep™ Yeast Plasmid Miniprep II Kit (Zymo
Research) and used to transform NEB 5-alpha Electrocompetent E. coli (New England Biolabs) by electroporation. Plasmid DNA was isolated from the positive clones
grown on LB-ampicillin using the alkaline lysis method
and further verified by DNA sequencing.
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Heterologous expression in yeast system

Saccharomyces cerevisiae BJ5464 was transformed
with the three verified STSs (GME3634, GME3638, or
GME9210) expression constructs. For small scale analysis, individual single yeast colonies were grown in 3 ml
of yeast synthetic dropout medium lacking uracil as
a starter culture for 72 h at 28 °C under shaking conditions (200 rpm). A total of 100 ml YPD (or yeast extractpeptone-dextrose) broth was inoculated with 100 µl
of the starter culture and incubated for 90 h at 28 °C
under shaking conditions (200 rpm). Cells were pelleted at 5000×g for 15 min and extracted with an equal
volume of acetone at room temperature (RT). Samples
were analysed by GC–MS as described below. For large
scale production of the sesquiterpenes, the S. cerevisiae
BJ5464 harbouring GME3634, GME3638, or GME9210,
were grown in 7 ml of synthetic dropout medium lacking
uracil as a starter culture for 72 h at 28 °C under shaking
conditions (200 rpm). Six millilitres of the starter culture
were inoculated into 6 l of YPD broth and incubated 90 h
at 28 °C under shaking conditions (200 rpm). Cells were
pelleted as before and extracted with acetone.
Isolation, purification, and identification of sesquiterpenes

The extraction of sesquiterpenes from yeast was performed as described previously [25]. The yeast cell pellet
was extracted with an equal volume of acetone twice at
room temperature and concentrated by rotary evaporator to remove the acetone from the extract. The aqueous portion was partitioned twice with dichloromethane
(DCM). The DCM fraction was then subjected to silica
gel (SiO2) flash chromatography separation with a simple linear 100% hexane to 100% ethyl acetate gradient
using a R
 eveleris® X2 Flash Chromatography System
(GRACE, Columbia, MD, USA). Fractions were analysed by GC–MS on a Shimadzu GC–MS QP2010 to
confirm the presence of the sesquiterpene. Samples were
injected into the injector port at 250 °C in splitless mode
and eluted with helium into a Rtx-5MS column (30.0 m
length × 0.25 mm inner diameter × 0.25 µm film thickness) (Restek, Bellefonte, PA, USA). The following GC
oven temperature program was applied: 35 °C hold for a
minute, 30 °C/min ramp to 70 °C and hold for 2 min, followed by a 15 °C/min ramp to 159 °C, then a 6 °C/min
ramp to 217 °C and finally a 16 °C/min ramp to 325 °C
and hold for 3 min (total program time: 29.52 min). The
software used for the acquisition and data analysis was
GCMSsolution software (Shimadzu, Kyoto, Japan). Compounds were putatively identified by comparing the mass
spectra (45–320 m/z range) to the NIST 05 library (NIST,
Gaithersburg, MD, USA). 1H, 13C, and 2D NMR spectra
of (+)-torreyol and α-cadinol were obtained in deuterated chloroform (CDCl3) using either a Bruker Avance
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IIIHD 500 or 600 MHz spectrometer. The optical rotations of (+)-torreyol and α-cadinol were determined
using an Autopol 1 polarimeter (Rudolph Research Analytical, Hackettstown, NJ, USA).
Phylogenetic tree construction

Close protein sequence homologs of GME3634,
GME3638, and GME9210 obtained from NCBI using
BLASTP (E value <1e-114, Identity >47%), along with
several previously reported and characterised STSs from
Coprinus cinereus (Cop1, Cop2, Cop3, Cop4, Cop5,
Cop6) [14] and O. olearius (Omp1, Omp2, Omp3, Omp4,
Omp5a, Omp5b, Omp6, Omp7, Omp8. Omp9, Omp10)
[12], were used for phylogenetic analysis. In addition,
protein sequences of two STSs from Arabidopsis thaliana, At5g44630 and At5g23960 [26], were included to
root the phylogenetic tree. The protein sequences were
aligned with the sequence alignment integrated tool
(ClustalW) from MEGA6 [27] and the poorly alignable regions were removed by the GBlocks server using a
less stringent selection [28]. The ProtTest 2.4 server was
used to select the best fit empirical substitution model
of protein evolution based on the Bayesian information
criterion [29]. A bootstrap test of phylogeny to construct
maximum-likelihood tree was conducted using MEGA6
with 1000 replicates based on the Le_Gascuel_2008 (LG)
model [30]. From this, a single consensus tree with ≥ 70%
majority-rule was built.
Cell viability assay

The
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay was used to
assess cell viability where the yellow tetrazolium dye is
reduced to the insoluble, purple crystalline formazan in
metabolically active viable cells by NAD(P)H-dependent cellular oxidoreductases. Mammary gland epithelium (184B5, CRL-8799™), epithelial mammary gland
adenocarcinoma (MCF7, HTB-22™), epithelial lung
carcinoma (A549, CCL-185™), and epithelial prostate
adenocarcinoma (PC-3, CRL-1435™) cells were purchased from A
 TCC® (Manassas, VA). MCF7, A549, and
PC-3 cell lines were maintained in Roswell Park Memorial Institute (RPMI)-1640 while 184B5 cell line was
cultured in Mammary Epithelial Cell Growth Medium
(MEGM) bullet kit. Monolayer cells grown in 96-well
plate were treated with the isolated sesquiterpenes dissolved in ≤0.4% dimethyl sulfoxide (DMSO) at different
concentrations (0.625–40 µg/ml). The MTT solution of
5 mg/ml in phosphate-buffered saline solution (PBS) was
added 72 h post-treatment and the plate was incubated
at 37 °C for an additional 4 h until formazan developed.
The MTT-containing spent medium was aspirated out
and an equal amount of DMSO was added to dissolve the
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formazan and absorption was measured at 570 nm. The
IC50 value was determined from the cell viability percentages against the concentrations curve. The untreated and
vehicle-treated cells served as control groups.

Results
Heterologous expression of L. rhinocerotis STS genes
resulted in the production of diverse sesquiterpenes
in yeast

Genome sequencing revealed that L. rhinocerotis is rich
in STS genes (12 in total) [6] while transcriptome study
showed that seven out of the 12 terpene synthase genes
are actively expressed in the sclerotium, which is the
part of the mushroom used in traditional medicine [7].
Based on this reported data from previous literature,
we attempted to express the three terpene synthase
genes GME3634, GME3638, and GME9210 that were
most highly expressed in the sclerotium. GME3634
and GME3638 clustered together on scaffold 22 which
also includes a gene encoding an aldo/keto reductase
(GME3639) while GME9210 forms another terpene gene
cluster together with a NAD-P-binding protein and an
ABC transporter located at scaffold 346 of the L. rhinocerotis genome assembly [6, 7]. Comparison of the GC–
MS profiles of the yeast cultures expressing GME3634,
GME3638, or GME9210 against the empty vector yeast
control revealed the putative sesquiterpene alcohols
(C15H26O) germacrene D-4-ol and cadinols as the major
products. Other minor compounds were putatively
identified as selina-6-en-4-ol, β-elemene, β-cubebene,
and cedrene based on strong matches with spectra in
the NIST database (Table 1). Among the synthases,
GME3638 produced the highest number of sesquiterpenes, 19 in total and six of them were sesquiterpene
alcohols, followed by GME3634 which produced eight
sesquiterpenes including five alcohols, and GME9210
with two sesquiterpenes, one of them an alcohol. No sesquiterpenes were detected in the empty vector control.
GC–MS metabolite profiles of the culture extracts are
shown in Fig. 1.
A single peak with a retention time (RT) of 12.1 min
identified as torreyol (syn. δ-cadinol) with significant
abundance was consistently present in the profile of
GME3638-expressing yeast. GME3634 produced two
notable peaks with moderate abundances at RT of 11.37
and 12.18 min identified as germacrene D-4-ol and
α-cadinol respectively. In contrast, GME9210 only produced sesquiterpenes at comparatively low abundances,
including 1,3,4,5,6,7-hexahydro-2,5,5-trimethyl-2H-2,4aethanonaphthalene (Fig. 1). Therefore, we focused on
isolating and identifying the major compounds from
GME3638 and GME3634.
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GME3638 and GME3634 expression in yeast produced
(+)‑torreyol and α‑cadinol

Extraction from six litre cultures of GME3638- and
GME6364-expressing yeast enabled the purification of
5.1 ± 0.50 and 1.0 ± 0.25 mg of the two putative compounds namely torreyol (RT = 12.1 min) and α-cadinol
(RT = 12.18 min) (Fig. 1). Mass spectra of the isolated
compounds compared to those compounds in the databases are shown in Additional file 1: Figure S1. Both compounds presented a similarity index of 95% in the NIST
library, which is highly significant. NMR experiments
were performed to confirm the identities of the compounds with the compound produced by GME3638 corresponding to (+)-torreyol, while GME3634 produced
α-cadinol (Additional file 1: Table S3; Fig. 2).
Polarimetric analysis showed that the optical rotation
of both compounds corresponded to those reported
previously for (+)-torreyol and α-cadinol, respectively
[31–33]. Taken together, we demonstrated that the sesquiterpene biosynthetic genes GME3638 and GME3634
are involved in the biosynthesis of (+)-torreyol and
α-cadinol, respectively (Table 1; Fig. 1). Both compounds
have been previously reported and identified as sesquiterpene alcohols isolated from plants but have been
reported in only limited cases from fungi [31, 34–36].
Phylogeny of STSs GME3634 and GME3638

BLAST searches across fungal genomes showed that
only a few of the STSs from basidiomycetes have been
functionally characterised with the majority from recent
genome-wide studies on O. olearius and C. cinereus [12,
14]. Phylogenetic analysis of GME3634, GME3638, and
GME9210 against 50 other STS sequences (both putative
and characterised) resulted in a phylogenetic tree revealing three distinct Basidiomycete sesquiterpene clades,
termed Clades I, II, and III based on previous analysis [12,
14], with the outgroup consisting of the florally expressed
terpene synthase genes At5g23960 and At5g44630 of
A. thaliana [26] (Fig. 3). Both GME3634 and GME3638
(sharing 57.2% protein identity) were grouped into Clade
I and were further segregated into subclade Ia and Ib,
respectively. Ib consists of STSs from diverse basidiomycete fungi but Ia exclusively consists of uncharacterised
STSs of the Polyporaceae family, including those from T.
versicolor, T. cinnabarina, Dichomitus squalens, Postia
placenta, and Fomitopsis pinicola, suggesting that STSs
in subclade 1a are conserved taxonomically. Interestingly, the occurrence of GME3634 and GME3638 gene
homologs as a pair in a gene cluster were also observed
in T. versicolor (XP008039662.1/XP0080339659.1), T. cinnabarina (CDO74941.1/CDO74937.1), and D. squalens
(XP007362515.1/XP007362521.1).
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Table 1 Heterologous production of sesquiterpenes in S. cerevisiae BJ5464 expressing GME3634, GME3638,
and GME9210
RT (min)

SI (%)

Peak area

Formula

Name

10.315

65

400,382

(C15H24)

Unknown sesquiterpene

10.790

74

282,208

(C15H24)

Unknown sesquiterpene

10.855

68

187,589

(C15H24)

Unknown sesquiterpene

11.370

91

3,367,644

C15H26O

Germacrene D-4-ol

11.820

75

66,158

(C15H26O)

Unknown sesquiterpene

12.035

89

525,206

C15H26O

τ-Muurolol

12.080

74

84,666

(C15H26O)

Unknown sesquiterpene

12.175

95

4,408,840

C15H26O

α-Cadinol

9.510

92

501,063

C15H24

α-Copaene

9.590

88

506,236

C15H24

β-Elemene

9.655

94

4,396,543

C15H24

β-Elemene

9.915

76

197,793

(C15H24)

Unknown sesquiterpene

10.200

86

764,201

C15H24

Isoledene

10.315

55

707,826

(C15H24)

Unknown sesquiterpene

10.430

89

1,820,157

C15H24

Germacrene D

GME3634

GME3638

Structure
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Table 1 continued
RT (min)

SI (%)

Peak area

Formula

Name

10.480

94

1,041,092

C15H24

Germacrene D

10.590

87

1,068,119

C15H24

β-Cubebene

10.645

95

2,408,088

C15H24

α-Muurolene

10.855

83

1,246,428

C15H24

δ-Cadinene

10.940

68

603,336

(C15H24)

Unknown sesquiterpene

11.455

69

254,072

(C15H24)

Unknown sesquiterpene

10.795

82

3,768,107

C15H26O

Selina-6-en-4-ol

11.375

94

8,944,970

C15H26O

Germacrene D-4-ol

11.510

75

963,361

(C15H26O)

Unknown sesquiterpene

11.830

86

805,039

C15H26O

Germacrene D-4-ol

12.100

95

41,559,921

C15H26O

Torreyol

12.180

93

1,713,657

C15H26O

α-Cadinol

Structure
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Table 1 continued
RT (min)

SI (%)

Peak area

Formula

Name

9.535

88

734,814

C15H24

1,3,4,5,6,7-Hexahydro-2,5,5-trimethyl-2H-2,4a-ethanonaphthalene

11.375

74

512,708

(C15H26O)

Unknown sesquiterpene

Structure

GME9210

Possible candidate with the highest SI is shown for compound identification. Sesquiterpenes with SI lower than 80 but with predicted molecular formula typical of
sesquiterpenes are listed as unknown sesquiterpene
RT retention time, SI similarity index

Fig. 1 Heterologous production of sesquiterpenes in S. cerevisiae BJ5464 expressing GME3634, GME3638, and GME9210. GC–MS profile of the
culture extracts in comparison to the profile of the empty vector (control)
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Fig. 2 Structures of (+)-torreyol (1) and α-cadinol (2)

STSs from O. olearius and C. cinereus have been characterised in previous genome-wide studies using E. coli
and/or S. cerevisiae as heterologous expression systems
[12, 14]. The STSs from C. cinereus (Cop1—3) and O.
olearius (Omp1—3) that utilize a 1,10-cyclization of
(2E,6E)-farnesyl pyrophosphate (FPP) to produce sesquiterpenes derived from an (E,E)-germacradienyl cation fall into Clade I, but they formed separate subclades
from GME3634 and GME3638. Cop1 and Cop2 synthesise germacrene A as the major product while Cop3 and
Omp1 are α-muurolene synthases [12, 14]. In addition to
α-muurolene, Omp3 also synthesises β-elemene, selina4,7-diene, and δ-cadinene. Omp2 was reported to be
not functional by Wawrzyn et al. [12]. In contrast to the
Clade I STSs from C. cinereus and O. olearius, GME3634
and GME3638 produce the related sesquiterpene alcohols from 1,10-cyclization of (2E,6E)-FPP as major products, including germacrene-4-ol and cadinols (Fig. 1).
GME9210 was grouped into Clade II, which consists of
Omp6 and Omp7 which is involved in the synthesis of the
anticancer illudin precursor, Δ-6 protoilludene. Further
pairwise sequence identity and similarity calculations
from the multiple sequence alignment of GME9210 to
Omp6 and Omp7 indicated that GME9210 is 58 and 62%
identical and 64 and 68% similar to Omp6 and Omp7,
respectively. Majority of STSs in this clade were postulated to share a common 1,11-cyclization of (2E,6E)-FPP
mechanism, producing the trans-humulyl cation [12]. We
were unable to obtain the sesquiterpene product from
GME9210 in sufficient amount for NMR analysis due to
the low yield in S. cerevisiae, though it was tentatively
assigned with the putative structure 1,3,4,5,6,7-hexahydro-2,5,5-trimethyl-2H-2,4a-ethanonaphthalene

(Table 1) based on GC–MS analysis. No biosynthetic
pathway has been proposed for 1,3,4,5,6,7-hexahydro-2,5,5-trimethyl-2H-2,4a-ethanonaphthalene. It is
yet unknown if the sesquiterpene could be formed via
1,11-cyclization or 1,6-cylization of FPP.
(+)‑Torreyol and α‑cadinol exhibited selective cytotoxicity
against MCF7 cells

(+)-Torreyol and α-cadinol have been found to be a part
of major constituents of essential oils of different plant
species displaying cytotoxic effect against human oral,
liver, lung and colon melanoma, and leukemic cancer
cells [37, 38]. However, reports on the anticancer activity of these compounds in pure form are still limited.
Thus, we examined the role of the isolated (+)-torreyol and α-cadinol as potential anticancer agent(s).
We tested the anti-proliferative and cytotoxic activities of both compounds against MCF7 using an MTT
assay. Both compounds showed marked toxicity against
MCF7 cells where (+)-torreyol was approximately five
times more potent than α-cadinol (Fig. 4). According
to the criteria established by the USA National Cancer
Institute (NCI), pure compounds with IC50 values less
than 4 μg/ml following an incubation period of 48–72 h
are considered to be cytotoxic agents [39]. Therefore,
(+)-torreyol can be considered cytotoxic against MCF7
cells with IC50 of 3.5 ± 0.58 μg/ml. We further tested
the cytotoxic effect of (+)-torreyol against A549, PC-3
and the non-tumorigenic 184B5 mammary gland cell
line corresponding to MCF7. (+)-Torreyol showed
less cytotoxicity to A549 (IC50 = 6.5 ± 3.28 µg/ml) and
PC-3 cells (IC50 = 12.5 ± 1.50 µg/ml) while its cytotoxicity was at least sixfold lower towards 184B5 cells
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Fig. 3 Phylogeny and distribution of GME3634, GME3638, and GME9210 from L. rhinocerotis TM02 with selected fungal sesquiterpene synthase
homologs. Rooted maximum-likelihood tree with the highest log likelihood (−14290.4851) is shown. The tree is drawn to scale, with branch lengths
measured in the number of substitutions per site. Percentage of trees in which the associated taxa clustered together is shown next to the branches
labelled with gene names or gene accession numbers with abbreviated strain names
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Fig. 4 Cytotoxic activity of α-cadinol and (+)-torreyol in MCF7 and
184B5 cells. Effect of compounds on the viability of cells was exam‑
ined by measuring relative cell viability via MTT assay (values are as
mean ± SD, n = 3)

(IC50 = 22.7 ± 1.15 µg/ml) (Fig. 4). The selective cytotoxicity of (+)-torreyol against MCF7 makes it a good candidate for potential anticancer agent development.

Discussion
Saccharomyces cerevisiae yeast has emerged as a powerful host cell for genome mining, biosynthetic studies, and
production of fungal secondary metabolites, as it has many
advantages [18, 19]. For expression of isoprenoid pathways, yeast readily provides the FPP substrate for STSs and
has the added advantage of the ability to co-express functional cytochrome P450 monooxygenases that are often
found encoded in terpene synthase gene clusters with
compatible fungal cytochrome P450 reductase [40–43].
Successful expression of basidiomycete (Agaricales) STSs
have been previously demonstrated in yeast [14]. However,
this is the first report of the characterisation of STSs from
the Polyporaceae family of mushrooms, which include several well-known medicinal mushrooms including G. lucidum and Antrodia camphorata.
Previous studies reported the expression of several
sesquiterpene biosynthetic gene clusters in the genome
and transcriptome of L. rhinocerotis [6, 7] but identification of their metabolic products remains elusive. In this
study, we heterologously expressed three STSs namely
GME3634, GME3638, and GME9210 in order to functionally characterise their metabolic products. GME9210
produced several sesquiterpenes at low abundances
including 1,3,4,5,6,7-hexahydro-2,5,5-trimethyl-2H-2,4aethanonaphthalene (C15H24) while GME3638 and
GME3634 encoded STSs that produce (+)-torreyol and
α-cadinol, respectively, as major products. Both compounds are sesquiterpene alcohols and have been previously characterised but for the first time, the polypore L.
rhinocerotis (Polyporaceae) has been shown to encode the
pathways for biosynthesis of these sesquiterpene alcohols.
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In this study, using the sequence and function data of
the characterised STSs from C. cinereus (Cop1—6) and
O. olearius (Omp1—10) as guide [12, 14], we extended
the analysis by including the newly identified STSs from
L. rhinocerotis as well as putative STS sequences from
various Polyporaceae basidiomycetes to provide insights
into the diversity and biochemical functions of STSs in L.
rhinocerotis. It is interesting to note that GME3634 and
GME3638 gene homologs exist as a pair in a gene cluster
and are responsible for production of isomeric sesquiterpenes, (+)-torreyol and α-cadinol, with different stereochemistry. Similar paired GME3634/GME3638 homologs
were also found in T. versicolor, T. cinnabarina, and D.
squalens as clustered genes, suggesting that they are conserved in multiple Polyporaceae mushrooms. Their high
homology and conserved synteny suggest that these STS
homologs may be involved in the biosynthesis of (+)-torreyol and α-cadinol and/or related sesquiterpenes, which
may serve common biological functions.
The occurrence of the major sesquiterpenic alcohols in the cultures of yeast harbouring GME3634 and
GME3638 presents an interesting question whether these
alcohols are the direct product of the enzymes. Wawrzyn
et al. [12] suggested that (+)-torreyol from the Agaricales mushroom O. olearius is derived from α-muurolene
synthesised by the α-muurolene synthase Omp1. A single P450 oxygenase gene collocated with omp1 in the
biosynthetic cluster was proposed to be responsible for
converting α-muurolene to (+)-torreyol [12]. GME3638,
which synthesises (+)-torreyol, shares 43% identity to
Omp1. However, we have not detected the major production of α-muurolene in the culture of yeast expressing GME3638, but just a minor one. Instead, we have
detected germacrene D-4-ol as the second major product
in addition to (+)-torreyol (Fig. 1). The same is true for
GME3634, in which the gene clustered with GME3638
and produced the stereoisomer α-cadinol with germacrene D-4-ol as the second major product in yeast culture.
Although we cannot completely ruled out that an endogenous yeast enzyme (e.g. a hydroxylase) could affect the
end product of the two STSs observed in the yeast cultures, we proposed that GME3638 and GME3634 could
produce (+)-torreyol and α-cadinol as the direct product
resulting from hydrolysis of the muurolenyl or cadinenyl
cation, respectively (Additional file 1: Figure S2). Further
in vitro characterisation of the enzymes is required to
elucidate the biosynthetic mechanism of GME3634 and
GME3638.
Phylogenetic analysis indicates that GME3638 and
GME3634 belong to the same clade (Clade I) together
with the α-muurolene synthase Omp1, the germacrene A
synthases Cop1 and Cop2 [14], as well as several putative
uncharacterised STSs from closely related taxa (Fig. 3).
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Of note is that the germacranyl cation is the key intermediate of many cadinene group compounds (which
includes muurolenes) [44, 45], while germacrene D and
germacrene D-4-ol are constantly detected as a side
product in the yeast strains expressing GME3634 and
GME3638 (Table 1). This is congruent with the germacranyl cation being an essential biosynthetic intermediate
of muurolenes and cadinenes (Additional file 1: Figure
S2). In line with the previous study [12], it appears that
although the STS phylogenetic analysis was unable to
provide an accurate prediction of the structures of the
sesquiterpene products at this stage due to the lack of
characterised STSs from basidiomycetes, the grouping of
the STSs into major clades gave a good indication of the
initial cyclization step.
α-Cadinol is a common major constituent of various
bioactive essential oils and plant extracts, such as those
obtained from Lindera nacusua, Zingiber nimmonii, and
Beilschmiedia madang [46–48]. A structure–activity relationship study of cadinane skeletal sesquiterpenes from
Taiwania heartwood (Taiwania cryptomerioides) indicated that the presence of an equatorial hydroxyl (–OH)
group at C-10 with a trans-fused configuration at the
ring junction has a positive influence on their antifungal
activities [36], such is the case of α-cadinol and therefore
some antifungal activity may be expected. On the other
hand, with a cis-fused rings feature, the torreyol belongs
to the muurolene-type of compounds in contrast to the
cadinene and their related cadinols which have a transfused ring structure [34]. Torreyol can be (+) or (−)
depending if it is dextrorotatory or levorotatory; these
isomers have been described by the names δ-cadinol,
sesquigoyol, pilgerol, cedrelanol, and albicaulol [34]. The
name torreyol is widely used due to its priority in usage.
(+)-Torreyol was first isolated as white crystalline needles from the leaves of Torreya nucifera [49] and later in
a few basidiomycetes including Clitocybe illudens (synonym O. olearius) grown on agar medium, Lentinus lepideus, and Xylobolus frustulatus [31, 50].
Investigations into elucidating the bioactive compounds in order to discover the scientific basis of the
traditional uses of L. rhinocerotis recorded by ethnomycological surveys are currently emerging. In particular, its
anticancer activities have been well explored by several
research groups [9, 51, 52]. A partially purified fraction
made up of two putative cytotoxic subtilisin-like fungal
serine proteases has been recently reported to exhibit
apoptosis-inducing activity in MCF7 cells [9] and more
recently, Pushparajah et al. [52] synthesised a functional
recombinant lectin-like fungal immunomodulatory protein using cDNA of L. rhinocerotis, which exhibit cytotoxicity against cancer cell lines. While the reported
bioactive compounds are of high molecular weight
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protein molecules, here, we characterised three STSs
from L. rhinocerotis using yeast heterologous system,
which led to the discovery of (+)-torreyol that exhibited
potent cytotoxicity against MCF7 and α-cadinol that is
less active. To our knowledge, this is the first report on
the bioactivity of (+)-torreyol and α-cadinol in pure form
as these compounds are usually assayed in mixture. In
view of the promising bioactivity of (+)-torreyol, future
directions may include in-depth studies on its pharmacological activities in vivo and the underlying molecular
mechanisms.

Conclusions
Two cytotoxic sesquiterpene alcohols, (+)-torreyol and
α-cadinol, were isolated and purified from the yeast system expressing the L. rhinocerotis STSs GME3638 and
GME3634, respectively. (+)-Torreyol is selectively active
against MCF7 cells with IC50 value of 3.5 ± 0.58 μg/ml.
This study provided insights into the biocatalytic activities of basidiomycete STSs and provides a platform for
further genome mining of bioactive secondary metabolites from medicinal mushrooms of the Polyporaceae
family. Future work will focus on characterisation of
other STSs in L. rhinocerotis as well as on elucidating the
in vivo anticancer activity and mechanism(s) of action of
(+)-torreyol.
Additional file
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the biosynthesis of torreyol and α-cadinol from farnesyl pyrophosphate.

Authors’ contributions
HYYY, MJMG, YHC, and BHK conducted the experiments. HYYY, MJMG, and
YHC analysed the results, and wrote the main manuscript text. YHC and MJMG
designed the experiments. KS, PS, CST, STN, NHT, SYF, and YHC conceived
the project and contributed reagents/materials/analysis tools. All authors
reviewed the manuscript. All authors read and approved the final manuscript.
Author details
1
Department of Molecular Medicine, Faculty of Medicine, University
of Malaya, 50603 Kuala Lumpur, Malaysia. 2 Research School of Biology, The
Australian National University, Canberra, Australia. 3 School of Molecular
Sciences, University of Western Australia, Crawley, WA 6009, Australia. 4 Ligno
Biotech, 43300 Balakong Jaya, Selangor, Malaysia. 5 Present Address: Centre
for Crop and Disease Management, Curtin University, Perth, WA 6102, Australia.
Acknowledgements
We thank Dr. Anthony Reeder and Dr. Campbell Mackenzie from Centre for
Microscopy, Characterisation and Analysis (CMCA), University of Western
Australia, Australia for training and technical support on GC–MS and NMR
analysis, respectively. We thank Mauro Mocerino for the use of the optical
rotation measurement at Curtin University, Australia. Special appreciation to
Dr. Hsiao-Ching Lin (Academia Sinica, Taiwan) for her advice on sesquiterpene
purification.

Yap et al. Microb Cell Fact (2017) 16:103

Competing interests
STN and CST are affiliated with Ligno Biotech Sdn. Bhd. which commercialised
the tiger milk mushroom.
Availability of data and materials
The revised coding sequences of GME3634, GME3638, and GME9210 are
deposited in GenBank under accession numbers KX281943, KX281944, and
KX281945, respectively. Other data generated or analysed during this study
are included within the article and its supplementary information. Additional
datasets are available from the corresponding author on reasonable request.
Funding
H-YYY is supported by an Australian Awards Endeavour Research Fellowship.
MJM-G received an Australian Awards Endeavour Scholarship and a Mexican
CONACYT scholarship. YH-C is supported by an Australian Research Council
Future Fellowship (FT160100233). This work was partially supported by Funda‑
mental Research Grant Scheme (FRGS): FP029-2014A from Ministry of Science,
Technology and Innovation, Malaysia, and Postgraduate Research Grant (PPP):
PG144/2014B from University of Malaya.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.
Received: 28 March 2017 Accepted: 1 June 2017

References
1. Zhong J-J, Xiao J-H. Secondary metabolites from higher fungi: discovery,
bioactivity, and bioproduction. In: Zhong J-J, Bai F-W, Zhang W, editors.
Biotechnology in China I: from bioreaction to bioseparation and bioreme‑
diation. Berlin: Springer; 2009. p. 79–150.
2. Cui BK, Tang LP, Dai YC. Morphological and molecular evidences for a
new species of Lignosus (polyporales, basidiomycota) from tropical China.
Mycol Prog. 2011;10:267–71.
3. Huang NL. Identification of the scientific name of hurulingzhi. Acta Edulis
Fungi. 1999;6:32–4.
4. Núñez M, Ryvarden L. East Asian polypores 2. Polyporaceae s. lato. Syn
Fungorum. 2001;14:170–522.
5. Lau BF, Abdullah N, Aminudin N, Lee HB, Tan PJ. Ethnomedicinal uses,
pharmacological activities, and cultivation of Lignosus spp. (tiger׳s milk
mushrooms) in Malaysia—a review. J Ethnopharmacol. 2015;169:441–58.
6. Yap HY, Chooi YH, Firdaus-Raih M, Fung SY, Ng ST, Tan CS, Tan NH. The
genome of the Tiger Milk mushroom, Lignosus rhinocerotis, provides
insights into the genetic basis of its medicinal properties. BMC Genomics.
2014;15:635.
7. Yap H-YY, Chooi Y-H, Fung S-Y, Arun S-T, Tan C-S, Tan N-H. Transcriptome
analysis revealed highly expressed genes encoding secondary metabolite
pathways and small cysteine-rich proteins in the sclerotium of Lignosus
rhinocerotis. PLoS ONE. 2015;10:e0143549.
8. Yap HY, Fung SY, Ng ST, Tan CS, Tan NH. Genome-based proteomic analy‑
sis of Lignosus rhinocerotis (Cooke) Ryvarden sclerotium. Int J Med Sci.
2015;12:23–31.
9. Yap HY, Fung SY, Ng ST, Tan CS, Tan NH. Shotgun proteomic analysis
of tiger milk mushroom (Lignosus rhinocerotis) and the isolation of a
cytotoxic fungal serine protease from its sclerotium. J Ethnopharmacol.
2015;174:437–51.
10. Quin MB, Flynn CM, Schmidt-Dannert C. Traversing the fungal terpe‑
nome. Nat Prod Rep. 2014;31:1449–73.
11. Schüffler A, Anke T. Secondary metabolites of basidiomycetes. In: Anke T,
Weber D, editors. Physiology and genetics, vol. 15. Berlin: Springer; 2009.
p. 209–31.
12. Wawrzyn GT, Quin MB, Choudhary S, Lopez-Gallego F, Schmidt-Dannert
C. Draft genome of Omphalotus olearius provides a predictive framework
for sesquiterpenoid natural product biosynthesis in Basidiomycota. Chem
Biol. 2012;19:772–83.

Page 12 of 13

13. Moule Y, Moreau S, Bousquet JF. Relationships between the chemical
structure and the biological properties of some eremophilane com‑
pounds related to PR toxin. Chem Biol Interact. 1977;17:185–92.
14. Agger S, Lopez-Gallego F, Schmidt-Dannert C. Diversity of sesquiter‑
pene synthases in the basidiomycete Coprinus cinereus. Mol Microbiol.
2009;72:1181–95.
15. Chen S, Xu J, Liu C, Zhu Y, Nelson DR, Zhou S, Li C, Wang L, Guo X, Sun Y,
et al. Genome sequence of the model medicinal mushroom Ganoderma
lucidum. Nat Commun. 2012;3:913.
16. Lu MY, Fan WL, Wang WF, Chen T, Tang YC, Chu FH, Chang TT, Wang SY, Li
MY, Chen YH, et al. Genomic and transcriptomic analyses of the medicinal
fungus Antrodia cinnamomea for its metabolite biosynthesis and sexual
development. Proc Natl Acad Sci. 2014;111:E4743–52.
17. Floudas D, Binder M, Riley R, Barry K, Blanchette RA, Henrissat B, Martinez
AT, Otillar R, Spatafora JW, Yadav JS, et al. The Paleozoic origin of enzy‑
matic lignin decomposition reconstructed from 31 fungal genomes.
Science. 2012;336:1715–9.
18. Tsunematsu Y, Ishiuchi K, Hotta K, Watanabe K. Yeast-based genome
mining, production and mechanistic studies of the biosynthesis
of fungal polyketide and peptide natural products. Nat Prod Rep.
2013;30:1139–49.
19. Mattanovich D, Sauer M, Gasser B. Yeast biotechnology: teaching the old
dog new tricks. Microb Cell Fact. 2014;13:34.
20. Tan CS, Ng ST, Vikineswary S, Lo FP, Tee CS. Genetic markers for identifica‑
tion of a Malaysian medicinal mushroom, Lignosus rhinocerus (Cendawan
Susu Rimau). Acta Horti. 2010;859:161–7.
21. Cota-Sánchez JH, Remarchuk K, Ubayasena K. Ready-to-use DNA
extracted with a CTAB method adapted for herbarium specimens and
mucilaginous plant tissue. Plant Mol Biol Rep. 2006;24:161–7.
22. Jones EW. Tackling the protease problem in Saccharomyces cerevisiae.
Methods Enzymol. 1991;194:428–53.
23. Chooi YH, Krill C, Barrow RA, Chen S, Trengove R, Oliver RP, Solomon PS.
An in planta-expressed polyketide synthase produces (R)-mellein in the
wheat pathogen Parastagonospora nodorum. Appl Environ Microbiol.
2015;81:177–86.
24. Lee KM, DaSilva NA. Evaluation of the Saccharomyces cerevisiae ADH2
promoter for protein synthesis. Yeast. 2005;22:431–40.
25. Lin HC, Chooi YH, Dhingra S, Xu W, Calvo AM, Tang Y. The fumagillin
biosynthetic gene cluster in Aspergillus fumigatus encodes a cryptic
terpene cyclase involved in the formation of beta-trans-bergamotene. J
Am Chem Soc. 2013;135:4616–9.
26. Tholl D, Chen F, Petri J, Gershenzon J, Pichersky E. Two sesquiterpene
synthases are responsible for the complex mixture of sesquiterpenes
emitted from Arabidopsis flowers. Plant J. 2005;42:757–71.
27. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6:
molecular evolutionary genetics analysis version 6.0. Mol Biol Evol.
2013;30:2725–9.
28. Castresana J. Selection of conserved blocks from multiple alignments for
their use in phylogenetic analysis. Mol Biol Evol. 2000;17:540–52.
29. Abascal F, Zardoya R, Posada D. ProtTest: selection of best-fit models of
protein evolution. Bioinformatics. 2005;21:2104–5.
30. Le SQ, Gascuel O. An improved general amino acid replacement matrix.
Mol Biol Evol. 2008;25:1307–20.
31. Van Eijk GW, Roeijmans HJ, Verwiel PEJ. Isolation and identification of
the sesquiterpenoid (+)-torreyol from Xylobolus frustulatus. Exp Mycol.
1984;8:273–5.
32. Salmoun M, Braekman JC, Ranarivelo Y, Rasamoelisendra R, Ralamboma‑
nana D, Dewelle J, Darro F, Kiss R. New calamenene sesquiterpenes from
Tarenna madagascariensis. Nat Prod Res. 2007;21:111–20.
33. Krasnoslobodtseva OY, Valeev FA, Shitikova OV, Tolstikov GA. Inhibi‑
tion of intramolecular reactions of (+)-δ-cadinol. Russ J Org Chem.
2006;42:1321–4.
34. Borg-Karlson A-K, Norin T, Talvitie A. Configurations and conformations
of torreyol (δ-cadinol), α-cadinol, T-muurolol and T-cadinol. Tetrahedron.
1981;37:425–30.
35. Ainsworth AM, Rayner ADM, Broxholme SJ, Beeching JR, Pryke JA, Scard
PR, Berriman J, Powell KA, Floyd AJ, Branch SK. Production and properties
of the sesquiterpene, (+)-torreyol, in degenerative mycelial interactions
between strains of Stereum. Mycol Res. 1990;94:799–809.

Yap et al. Microb Cell Fact (2017) 16:103

36. Chang S-T, Wang S-Y, Wu C-L, Chen P-F, Kuo Y-H. Comparison of the anti‑
fungal activity of cadinane skeletal sesquiterpenoids from Taiwania (Taiwania cryptomerioides Hayata) heartwood. Holzforschung. 2000;54:241–5.
37. Su YC, Ho CL. Composition, in vitro anticancer, and antimicrobial activities
of the leaf essential oil of Machilus mushaensis from Taiwan. Nat Prod
Commun. 2013;8:273–5.
38. Ali NA, Wursterb M, Denkert A, Arnold N, Fadail I, Al-Didamony G, Lind‑
equist U, Wessjohann L, Setzer WN. Chemical composition, antimicro‑
bial, antioxidant and cytotoxic activity of essential oils of Plectranthus
cylindraceus and Meriandra benghalensis from Yemen. Nat Prod Commun.
2012;7:1099–102.
39. Boik J. Natural compounds in cancer therapy. Princeton: Oregon Medical
Press; 2001.
40. Barriuso J, Nguyen DT, Li JW, Roberts JN, MacNevin G, Chaytor JL, Marcus
SL, Vederas JC, Ro DK. Double oxidation of the cyclic nonaketide dihyd‑
romonacolin L to monacolin J by a single cytochrome P450 monooxyge‑
nase, LovA. J Am Chem Soc. 2011;133:8078–81.
41. Lin HC, Tsunematsu Y, Dhingra S, Xu W, Fukutomi M, Chooi YH, Cane
DE, Calvo AM, Watanabe K, Tang Y. Generation of complexity in fungal
terpene biosynthesis: discovery of a multifunctional cytochrome P450 in
the fumagillin pathway. J Am Chem Soc. 2014;136:4426–36.
42. Chooi YH, Hong YJ, Cacho RA, Tantillo DJ, Tang Y. A cytochrome P450
serves as an unexpected terpene cyclase during fungal meroterpenoid
biosynthesis. J Am Chem Soc. 2013;135:16805–8.
43. Scalcinati G, Partow S, Siewers V, Schalk M, Daviet L, Nielsen J. Combined
metabolic engineering of precursor and co-factor supply to increase
alpha-santalene production by Saccharomyces cerevisiae. Microb Cell Fact.
2012;11:117.

Page 13 of 13

44. Yoshihara K, Ohta Y, Sakai T, Hirose Y. Germacrene D, a key intermediate
of cadinene group compounds and bourbonenes. Tetrahedron Lett.
1969;10:2263–4.
45. Bülow N, König WA. The role of germacrene D as a precursor in sesquiter‑
pene biosynthesis: investigations of acid catalyzed, photochemically and
thermally induced rearrangements. Phytochemistry. 2000;55:141–68.
46. Salleh WM, Ahmad F, Yen KH. Chemical compositions and biological
activities of the essential oils of Beilschmiedia madang Blume (Lauraceae).
Arch Pharm Res. 2015;38:485–93.
47. Wei G, Kong L, Zhang J, Ma C, Wu X, Li X, Jiang H. Essential oil composi‑
tion and antibacterial activity of Lindera nacusua (D. Don) Merr. Nat Prod
Res. 2016;30:2704–6.
48. Govindarajan M, Rajeswary M, Arivoli S, Tennyson S, Benelli G. Larvicidal
and repellent potential of Zingiber nimmonii (J. Graham) Dalzell (Zingib‑
eraceae) essential oil: an eco-friendly tool against malaria, dengue, and
lymphatic filariasis mosquito vectors? Parasitol Res. 2016;115:1807–16.
49. Westfelt L. (−)-Torreyol (“delta-Cadinol”. Acta Chem Scand.
1970;24:1618–22.
50. Nair M, Anchel M. Metabolic products of Clitocybe illuden. X. (+)-torreyol.
Lloydia. 1973;36:106.
51. Lee ML, Tan NH, Fung SY, Tan CS, Ng ST. The antiproliferative activity of
sclerotia of Lignosus rhinocerus (Tiger Milk Mushroom). Evid Based Com‑
plement Alternat Med. 2012;2012:697603. doi:10.1155/2012/697603.
52. Pushparajah V, Fatima A, Chong CH, Gambule TZ, Chan CJ, Ng ST, Tan CS,
Fung SY, Lee SS, Tan NH, Lim RL. Characterisation of a new fungal immu‑
nomodulatory protein from Tiger Milk mushroom, Lignosus rhinocerotis.
Sci Rep. 2016;6:30010.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

