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Abstract

The Tiger Milk mushrooms (Lignosus spp.) have long been used as traditional folk medicines throughout Southeast
Asia. However, the chemical constituents of these species remain largely unexplored. In this study, four type | sesquit-
erpene synthases (LrhTS1—LrhTS4) from Lignosus rhinocerus TMO2® were functionally characterized through genome
mining, in vitro enzymatic assays, and heterologous expression in an Escherichia coli host engineered to overexpress
an exogenous mevalonate pathway. The enzyme products were analyzed by GC—MS and further purified and struc-
turally elucidated by NMR spectroscopy. A total of 11 sesquiterpenes (1-11) were identified, among which two
were unstable and converted to stable derivatives (2 to 2a and 7 to 7a). Notably, compounds 1-10 are reported
from the genus Lignosus for the first time. LrhTS1 and LrhTS3 exhibited high catalytic specificity, whereas LrhTS2

and LrhTS4 displayed product promiscuity. This work expands the knowledge of terpene synthase from mushroom,
and advances the understanding of the chemical basis underlying the bioactivity of the Lignosus rhinocerus TM02®.
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1 Introduction
Basidiomycetous mushrooms, a distinct subgroup of
fungi featuring fruiting bodies-forming, are particularly
significant as sources of bioactive secondary metabo-
lites, including terpenoids, alkaloids, and polyketides [1].
Exploration of the medicinal and pharmacological poten-
tial of these underexplored mushroom species offers
both scientific and biotechnological benefits [2—4]. Tiger
Milk mushrooms (Lignosus spp.), which belong to the
Polyporaceae family, are rare medicinal fungi found only
in tropical rainforests across regions such as Southern
China, Thailand, Malaysia, Indonesia, Philippines, and
Papua New Guinea [5]. Recognized as a national treasure
of Malaysia, three Lignosus species have been reported
there, the L. rhinocerus, L. tigris, and L. cameronensis [6,
7]. These mushrooms are valued in traditional medicine
for their healthy and therapeutic properties, including
the treatment of ailments such as cancer, asthma, and
bronchitis, as well as for their role in enhancing immu-
nity [6]. However, research on the secondary metabo-
lite profiles of Lignosus spp. has lagged far behind their
widespread medicinal usage, only a few volatile compo-
nents, amino acids, and polysaccharides, and specialized
metabolites have been reported. Given this, the special-
ized metabolites of Lignosus spp. are worthy of further
investigation. Unfortunately, the natural population of
Tiger Milk mushrooms is extremely limited, unable to
meet the growing market demand in recent years. The
genomic sequence of L. rhinocerus TM02® was reported
in 2014 [8] with a genome size of 34.3 Mb and encod-
ing 10,742 putative genes, which offers an opportunity
for investigating its natural product profiles by genome
mining.

Genome mining, facilitated by heterologous expres-
sion in genetically modified microbial hosts, is a proven

technique for exploring the chemical potential of genes
encoded in basidiomycetous genomes that are difficult
to obtain under natural or standard laboratory condi-
tions [9]. Genome annotation of L. rhinocerus TM02®
revealed that it contains numerous genes involved in the
production of specialized metabolites, including polyke-
tides, nonribosomal peptides, and terpenoids [6, 10-12].
Previous studies on three sesquiterpene synthase genes
(GME3634, GME3638, GME9210) from L. rhinocerus by
heterologous expression in Saccharomyces cerevisiae led
to the identification of several sesquiterpenes, includ-
ing the two cadinanes, the (+)-torreyol and a-cadinol,
which were characterized by NMR [13]. Other sesquit-
erpenes were identified by GC-MS analysis, with their
EI-MS fragmentation peaks compared to those in NIST
(National Institute of Standards and Technology) Mass
Spectral Libraries database, a widely used reference
database for identifying chemical compounds based on
EI-MS data [14]. In this study, we revisited the genome
of L. rhinocerus TM02®, from which revealed a con-
siderable number of uncharacterized terpene synthase
genes. Here, we report the mining of terpene synthase
genes from L. rhinoceros TM02® through bioinformati-
cal analysis, along with the characterization of their enzy-
matic products via in vitro and in vivo experiments using
Escherichia coli as a host.

2 Results and discussion
2.1 Construction of an artificial pathway to overproduce
DMAPP and IPP precursors in Escherichia coli

The widely used and effective strategy for enhancing the
production of dimethylallyl pyrophosphate (DMAPP)
and isopentenyl pyrophosphate (IPP) in Escherichia coli
involves the overexpression of combinatorial mevalonate
pathway genes from various sources. Therefore, prior
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to characterizing the terpene synthases, an engineered
E. coli strain with elevated terpene precursor levels was
constructed (Fig. 1). Following the work of Zhu et al. [15],
the first plasmid containing the genes atoB (acetoacetyl-
CoA thiolase), ergl3 (3-hydroxy-3-methylglutaryl-CoA
synthase), thmgl (a truncated version of 3-hydroxy-
3-methylglutaryl-CoA reductase) were constructed and
named pMUO2. The second plasmid containing the genes
ergl2 (mevalonate kinase), mvdl (mevalonate pyrophos-
phate decarboxylase), erg8 (codon optimized, phospho-
mevalonate kinase) and idi (isopentenyl pyrophosphate
isomerase) were assembled to obtain pMUOL. Notably,
the genes in each plasmid were transcribed as a single
polycistron, driven by the lac promoter. Both pMUO1 and
pMUO2 were individually and sequentially transformed
into E. coli BL21(DE3) to obtain the strain E. coli AH. The
dual-plasmid system, which harbors the essential genes
of the mevalonate pathway, was confirmed to work effec-
tively in E. coli BL21(DE3) in our laboratory (data not
shown).

2.2 Genetic characterization of terpene synthases
from Lignosus rhinocerus

The genomic sequence of the mushroom Lignosus rhi-
noceros TM02® has been published [8]. The genomic
data was downloaded and analyzed bioinformatically
using Basic Local Alignment Search Tool (BLAST) with
the amino acid sequences of ApLS [16], Copu9 [17], and
AcCop4 [18], which were identified from the mushrooms
Agrocybe pediades, Coniophora puteana, and Antro-
dia cinnamomea, respectively. The analysis revealed 13
genes in the L. rhinoceros genome that are putatively
involved in encoding sesquiterpene synthases. These
DNA sequences were further analyzed by phyloge-
netic analysis with the reported sesquiterpene synthases
(Figure S1). Four genes were selected for further study:

E. coli AH
|
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LrhTS1-LrhTS4. The introns of these genes have been
revised by analysis with the published similar sequences
from Protein Data Bank. The amino acid sequences
of these genes all contain the typical and conserved
domains of class I terpene synthase: the aspartate-rich
DDXXD motif, the NSE triad, the highly conserved Arg
residues [19], which play a role as pyrophosphate sensor
and are typically located 46 residues upstream of the NSE
triad, and the highly conserved C-terminal WXXXXXRY
motif [16]. These features suggest that these enzymes are
likely Mg”*-dependent, as they include binding sites for
Mg?*. Beyond the conserved motifs mentioned above,
LrhTS1-4 share up to 75.23% sequence similarity with
ApLS, Copu9, and AcCop4.

2.3 Invitro characterization of LrhTS1-LrhTS4

To further investigate the function of the putative genes,
the coding regions of LrhTS1-LrhTS4 were synthesized
and cloned into the pET-22b expression vector. The
resulting plasmids were then expressed in Escherichia coli
BL21(DE3). The four sesquiterpene synthases LriTSI-
LrhTS4 were expressed in soluble forms with a C-termi-
nally tagged hexahistidine fusion protein, and purified
by Ni** affinity chromatography. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) analysis
confirmed that the sizes of the proteins matched the pre-
dicted molecular weights (Figure S2).

With these soluble proteins prepared, in vitro assays
were carried out with farnesyl pyrophosphate (FPP) as
substrates. The n-hexane layers of the in vitro assays were
analyzed by gas chromatography coupled with electron
impact mass spectrometry (GC-EI-MS) (Fig. 2). The
Mg?*-omitted groups showed no additional peaks com-
pared to the negative control (Figure S3-S6), confirming
that all the four proteins were Mg>*-dependent terpene

|
Plac I:)lac

pMUO1 [F pMUO2

TT7

pMX-n

E. coli LRn

Fig. 1 The plasmids and £. coli hosts used in this study



Gao et al. Natural Products and Bioprospecting (2026) 16:27

Page 4 of 10

S
> () Control
0
N 1
o
<
\ | (I) LrhTS1
0
o *
o
x 3
N (Ill) LrhTS2
0
o 5
o
*
(IV) LrhTS3
0
=) 9 11
x
; \ 0 s (IV) LrhTS4
0
9 10 1" 12 13 14 15 16

min

Fig. 2 The GC-MS profile of the in vitro assays of the control group (I), and LrhTS1-LrhTS4 (I-1V, Blue: characterized by NMR; Red: not been isolated)

synthases. Besides, the GC-MS results also suggested
that these enzymes only accepted FPP as the substrate.

The GC-MS data of the in vitro screening of LrhTS1
and LrhTS3 gave only one prominent product, with
the molecular ion peak at m/z 204 [M]* and 222 [M]",
respectively. In contrast, LrhTS2 and LrhTS4 exhibited
low selectivity, generating multiple products. Notably,
the main cyclization products of all four terpene syn-
thases displayed different retention times and fragmenta-
tion patterns, but there are also several compounds with
similar properties. The fragment ion patterns of the new
products were compared with the NIST (National Insti-
tute of Standards and Technology) database, respectively
(Figure S7-S18).

2.4 Characterization of LrhTS1-LrhTS4 by heterologous
expression in E. coli

To elucidate the structures of the enzymatic products,
a synthetic biology approach was employed to produce
sufficient quantities of the products for spectroscopic
analysis. By using the E. coli AH as the chassis, each
terpene synthase gene-containing pET22b plasmids
(pET22b-LrhTS1-LrhTS4) was modified by introduc-
ing two additional genes, one is the farnesyl diphosphate
synthase (ispA) gene (GenBank MBC0950805.1), the

other is isopentenyl pyrophosphate isomerase (idli)
gene (GenBank MBB0920478.1), resulting in plasmid
pMX1-4 (Fig. 1), respectively. Both genes were ampli-
fied from the E. coli genome, with a ribosomal binding
site sequence (5'-AAGGAG-3") added before the start
codon. These genes, along with the terpene synthase
genes, were transcribed as a polycistron unit with the
order TS-ispA-idi under the control of the T7 promoter.
The plasmids pMX1-4 were individually transformed
into the E. coli AH chassis and screened by ternary anti-
biotics (ampicillin, kanamycin, and chloramphenicol) to
obtain E. coli strain LR1-4 (Fig. 1). After shaking fermen-
tation of the resulting E. coli strain in terrific broth (TB)
for three days, aliquots of the cultures were partitioned
against n-hexane. The cultures were then harvested and
partitioned against ethyl acetate, followed by concentra-
tion in vacuum to obtain crude extracts. Flash column
chromatography eluting with petroleum ether were first
employed on the crude extracts to remove background
materials and enrich the terpenoid fractions. Semi-pre-
parative high-performance liquid chromatography was
then applied to further purify the products.

Compound 1 (Fig. 3) was isolated as a colorless
oil from E. coli LR1 (containing LrkhTS1). The reten-
tion time and fragmentation pattern of 1 in GC-MS
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Fig. 3 Chemical structures of isolated compounds

analysis was same as the peak in the in vitro assay of
LrhTS1 (Figure S3), suggesting that compound 1 was
stable during the isolation procedures. The *C NMR
data revealed 15 carbon signals. Notably, the carbons
were free of oxygen attached according to the chemical
shifts. These data, in combination with the molecular
weight of 204 Da as deduced from GC-MS, suggested
that 1 was tricyclic and possessed a double bond to
satisfy the unsaturation requirements. These data
were identical with those of previously described ses-
quiterpene A°-protoilludene [20]. Compound 1 was
thus determined. Notably, when using the EI-MS frag-
ment ion peaks of compound 1 as a query to search the
NIST database, none of the returned results suggested
that compound 1 was a protoilludane sesquiterpene
(Figure S7). The best match result was 1,3,4,5,6,7-hex-
ahydro-2,5,5-trimethyl-2H-2,4a-ethanonaphthalene,
an acid-treated rearrangement product of thujopsene
[21, 22]. Although the EI-MS fragmentation patterns
of the two compounds were nearly identical, however,
their '"H NMR spectroscopic data displayed distinct
differences.

Compounds 2, 3, and 4 are all catalytic products
of LrhTS2 (Fig. 3), which produces sesquiterpenes
in a bicyclic system by catalyzing the substrate FPP.
Meanwhile, LrhTS4 also generate a small amount of
compound 3 and a major compound (marked with
asterisk in Fig. 2). A variety of isolation methods were
attempted, but none yielded pure products.
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Compound 2, a colorless oil, was isolated from the cul-
tures of E. coli LR2 (containing LrhTS2). Interestingly,
the GC—MS analysis of 2 showed that it was absent from
the in vitro assays of LrhTS2 (Figure S4). The *C NMR
spectrum of 2 exhibited fifteen carbon resonances, which
were identical to those of naphthene [23], a cadinene-
type sesquiterpene isolated from the soft coral Nephthea
sp. Nephthene has only been reported with 3C NMR
data, and lacks 'H NMR data as well as information on
its absolute configuration. In this study, the 'H NMR
data of naphthene were reported (Supplementary Mate-
rial), which were assigned through interpretation of the
HSQC spectrum. The EI-MS data of compound 2 was
the same as the best match record in NIST database (Fig-
ure S8). Therefore, the absolute configuration of 2 was
determined.

Notably, compound 2 was unstable when dissolved in
deuterated chloroform for NMR spectra measurements
and eventually transformed into compound 2a after a
few days of storage [24]. Compound 2a was purified
and identified by NMR. Comparison of the 'H NMR
data (Supplementary Material) with those of obtained
from compound 2 suggested that the protons at &;; 4.68
(1H, s, H-14a) and J}; 4.63 (1H, s, H-14b) disappeared
and an additional methyl group (6 1.79, 3H, s, H-14)
appeared instead. The NMR spectroscopy analysis
revealed that it was an isomerization product of com-
pound 2, which contains a diene moiety. Isomerization
of compound 2 to compound 2a involves conversion of
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an exocyclic double bond to a thermodynamically more
stable endocyclic double bond.

Compound 3 (Fig. 3) was isolated as a colorless oil
from the cultures of E. coli LR2 (containing LrhTS2).
The retention time and fragmentation pattern of com-
pound 3 in GC-MS analysis was same as the peak in
in vitro assay of LrhTS2 (Figure S4). The "H NMR spec-
trum of compound 3 revealed a series of singlets, cor-
responding to four methyl moieties, indicating that the
compound is a sesquiterpene. The data highly resem-
bled those of (—)-d-cadinene, a sesquiterpene isolated
from Streptomyces clavuligerus by genome mining [25].
It is noteworthy that the best hit of compound 3 in
NIST database is also a cadinene sesquiterpene, which
differs in the position of double bond (Figure S9).

Compound 4 (Fig. 3) was isolated as a colorless oil
from the cultures of E. coli LR2 (containing LrhTS2).
This compound was not detected in GC-MS analy-
sis of the in vitro assay of LrhTS2 (Figure S4). The 'H
and 3C NMR spectroscopic data of compound 4 were
similar with those of the sesquiterpene (+)-cubenene
[26]. However, the chemical shifts of C-13, and C-14
of (+)-cubenene in the original report (C-13: d 18.5;
C-14: 21.8) had been assigned erroneously after care-
fully examined the assignment data. By comparison
with the NMR data of compounds 2-3, the correct
assignments for C-13 and C-14 are 21.8, and 18.5 ppm,
respectively. The EI-MS data of compound 4 was iden-
tical to the best hit in NIST database (Figure S10).

Compound 5 (Fig. 3) was isolated as a colorless oil
from E. coli LR3 (containing LrhTS3). The retention
time and fragmentation mode of compound 5 in GC-
MS analysis are same as the peak in the in vitro assay
of LrhTS3 (Figure S5). The in vitro and in vivo studies
suggested that LrhTS3 showed high specificity as only
one product (compound 5) was detected. The 'H spec-
trum of compound 5 exhibited characteristic signals for
four methyl groups and one oxygen-attach methylene
group. The data indicated that compound 5 is a bicy-
clic sesquiterpene, which is highly consistent with the
reported iltremulanol A [27], a tremulane-type sesquit-
erpene produced by the terpene synthase ILIS, which
was characterized from the higher fungus Irpex lacteus.
Interestingly, despite a relatively low percent identity of
only 27.22% between LrhTS3 and ILIS, both enzymes
produce the same sesquiterpene compound. Notably,
compound 5 was included in NIST prediction (Figure
S11).

The catalytic selectivity of LrhTS4 is low, and com-
pounds 5-11 are all the enzymatic products of LrhTS4
(Figure S6). Among them, compounds 6 and 8 were not
detected in in vitro assays of LrhTS4, these two com-
pounds may be by-products of heterologous expression.
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It is also worth noting that compound 5 has been
detected in both LrhTS3 and LrhTS4 catalytic reaction.

Compound 6 (Fig. 3) was isolated as a colorless oil
from E. coli LR4 (containing LrhTS4). When detect-
ing the in vitro assay of LrhTS4, this compound was not
detected, which may be a by-product of heterologous
expression. The 1D NMR spectroscopic analysis clearly
showed eight double bond carbons at d 131.5 (s, C-2),
124.2 (d, C-3), 135.6 (s, C-6), 124.5 (d, C-7), 146.3 (s,
C-12), 139.1 (d, C-13), 113.2 (t, C-14), 115.9 (t, C-15),
five methylenes, and two methyls. These data were highly
consistent with the those of (E)-S-farnesene [28], and this
structure is consistent with the prediction of the NIST
database (Figure S12).

Compound 7 (Fig. 3), a colorless oil, was isolated from
the cultures of E. coli LR4 (containing LrhTS4). It was
detected in in vitro enzymatic reaction of LrhTS4. The
13C NMR data of compound 7 clearly showed signals
to three double bonds, d- 126.5 (d, C-1), 129.1 (s, C-4),
131.8 (d, C-5), 138.3 (s, C-10), 153.9 (s, C-11), 107.4 (t,
C-13), as well as three methyls. The data of this com-
pound is quite similar to that of a known compound
germacrene A [29], which is deca-membered ring ses-
quiterpene. According to previous studies [30], this com-
pound is prone to rearrangement reactions, resulting in
a bicyclic system. In this study, when compound 7 was
stored in deuterated chloroform for NMR spectroscopic
analysis, it converted to compound 7a several days later.
Compared to the reported NMR data, it was determined
that compound 7a is 3-selinene [31]. Notably, compound
7 was not included in NIST prediction (Figure S13).

Compound 8 was isolated as a colorless oil from E. coli
LR4 (containing LrhTS4). This compound was absent in
in vitro enzyme reaction of LrhTS4. The *C NMR chemi-
cal shifts displayed fifteen carbon resonances, including
eight olefinic carbons of which three were non-proto-
nated, three were mono-protonated, and two bi-proto-
nated. These data highly resemble to those of germacrene
D [32], a decacyclic sesquiterpene isolated from cubebe
pepper (Piper cubeba) [33]. This structure is consistent
with the predictions of the NIST database (Figure S14).
However, the absolute configuration of the compound
has not been determined previously. Since compounds
6-11 were all enzymatic products of LrhTS4, which
implied that the absolute configuration of compound 8
was consistent with compound 7. Therefore, compound 8
was elucidated as (7R)-germacrene D.

Compound 9 was isolated as colorless oil from the
cultures of E. coli LR4 (containing LrhTS4). The reten-
tion time and fragmentation pattern of the isolated
compound 9 in GC-MS analysis was same as the peak
detected in in vitro assay of LrhTS4. The '*C NMR spec-
trum of compound 9 showed the presence of six double
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bond carbons, while the '"H NMR spectrum displayed
three methyl singlets, three olefinic protons, including
two of which were assigned to a trans double bond by the
large coupling constants (J=15.7 Hz). By comparing to
the reported NMR data, it is determined that the com-
pound 9 is germacra-1(10),5-dien-4/5-ol [34]. This result
is also consistent with the prediction of the NIST data-
base (Figure S15).

Compound 10 was isolated as a colorless oil. This
compound was detected in in vitro enzymatic reaction
of LrhTS4. The 3C NMR and DEPT revealed that com-
pound 10 was a cadinene-type sesquiterpene, and the
data was same as those of a-murolene [35]. Therefore,
compound 10 was elucidated. The EI-MS data of com-
pound 10 was same as the best-matched record in NIST
database (Figure S16).

Compound 11 was isolated as a colorless oil from the
cultures of E. coli LR4 (containing LrhTS4). This com-
pound was detected in in vitro assay of LrhTS4. The *C
NMR data of compound 11 was same as the reported
sesquiterpene (—)-torreyol [36], a sesquiterpene isolated
from the plant Pilgerodendron uvifera, and (+)-torreyol,
isolated from the fungus Stereum frustulosum (Pers.) Fr
[37]. The specific optical rotation of compound 11 was
measured, the result ([a] +50.8, ¢ 0.05, CHCl;) suggested
that compound 11 was (+)-torreyol. Consequently, com-
pound 11 was identified This structure is consistent with
the predictions of the NIST database (Figure S17).

3 Conclusion

Lignosus rhinoceros (Tiger Milk Mushroom) is a tradi-
tionally used medicinal fungus of considerable pharma-
cological importance. Elucidating the chemical basis of
its bioactivity is essential for understanding its thera-
peutic potential. However, due to the scarcity of wild
resources, progress in this area has been limited. In this
work, genome mining, in vitro enzymatic assays, and
heterologous expression were employed to functionally
characterize terpene synthases from L. rhinocerotis. Four
type I terpene synthases (LrhTS1-LrhTS4) were investi-
gated, leading to the identification of 11 sesquiterpenoid
metabolites. LrhTS1 and LrhTS3 exhibited high cata-
lytic specificity, each affording a single product, whereas
LrhTS2 and LrhTS4 showed broader substrate promiscu-
ity. Structural elucidation revealed diverse carbon skel-
etons, including protoilludane, cadinane, tremulane, and
germacrane sleketons. Compounds 1-10 are reported
from L. rhinoceros for the first time. During structural
determination, compounds 1, 5, and 7 escaped predic-
tions from NIST database, while other compounds were
identified by NIST prediction and NMR spectroscopic
analysis.
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Although the genus Lignosus comprises multiple spe-
cies, the absence of publicly available genomic and
transcriptomic data for other members restricted this
investigation to a single species. Overall, this work
expands current knowledge of the sesquiterpenoid diver-
sity in L. rhinoceros and provides a foundation for future
studies on its biosynthesis and potential pharmaceutical
applications.

4 Experimental
4.1 Engineering of Escherichia coli with recombinant
mevalonate pathway

Firstly, the change of Origin of Replication (ori) sequence
of the plasmid pBBRMCS1 was finished by follow-
ing steps. Fragment I was amplified from the plasmid
pACYCDuet-1 by the primer pair p15A_F/R. The plas-
mid pBBRMCSI1 was linearized by PCR with the primers
pBBR1_15A_F/R to obtain fragment II. Then fragments
I and II were ligated by In-Fusion Cloning to obtain the
plasmid pBBRMCS1-p15A (chloramphenicol resistance).
Secondly, the truncated hmgl (thmgl) gene fragment was
amplified from the genomic DNA of Saccharomyces cere-
visiae INVScl (primers pET28a_tHMG1_F/R), and it was
inserted into the EcoRI and HindIII-linearized pET28a to
obtain the plasmid pET28a_tHMGI. After confirmation
of the soluble expression of tHMG1 in E. coli BL21(DE3)
used in this study, the fragment of thmgl was amplified
from pET28a_tHMG1 by the primers tHMG_28a_F/
tHMG_pBBR1_R to give fragment III. The atoB was
amplified from the genomic DNA of E. coli ATCC25922
by the primers AtoB_F/R to give fragment IV, the ergi3
was amplified from the gDNA of S. cerevisiae INVScl by
the primers Ergl3_F/R to afford fragment V. Fragments
III-V were inserted into the Smal-digested pBBRMCS1-
p15A by Gibson cloning to obtain the plasmid pMUO2.
Thirdly, the codon-optimized sequence of ScPMK (des-
ignated as ScPMKop in this study) was synthesized and
ligated into the plasmid pET28a to give pET28a_ScP-
MKop. After confirmation of the soluble expression of
ScPMKop in E. coli BL21(DE3) used in this study, the
ScPMKop was amplified by the primers ScPMK_F/R to
obtain fragment VI. EcIDI was amplified from the gDNA
of E. coli ATCC25922 (primers pET28a_EcIDI_F/R) and
ligated into the Ndel-HindIII-digested pET28a, and fur-
ther been amplified by the primers EcIDI_28a_F/R to
give fragment VII. The ergl2, mvdl were each amplified
from the gDNA of S. cerevisiae INVScl by the prim-
ers ERG12_F/R and MVD1_F/R, respectively, and were
inserted into the PCR-linearized pBBRMCS2 (primers
pBBRMCS2_F/R) together with fragment VI and VII
to obtain the plasmid pMUO1 (ampicillin resistance).
The plasmids pMUO2 and pMUO1 were introduced into
E. coli BL21(DE3). One positive clone was selected and
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been made as competent cells for further use. Primes
used here were listed in Table S1.

4.2 Bioinformatics analysis

The genome sequence of Lignosus rhinocerus TM02®
was downloaded from NCBI (GCA_000743315.1). The
genomic coding sequences were annotated by AUGUS-
TUS (the reference species used was Phanerochaete
chrysosporium and Aspergillus fumigatus). The genome
sequence was subjected to online antiSMASH analysis
(fungal version) by using Cluster Blast and Cluster Pfam
analysis. The Agrocybe pediades linalool synthase ApLS
was used as query sequence to blast against the anno-
tated protein sequences of L. rhinocerus TM02® by local
BlastP program. The resulted amino acid sequences were
subjected to phylogenetic analysis with the reported ter-
pene synthases. Multiple amino acid sequences align-
ment were performed using MAFFT program [38]. The
phylogenetic tree was built by the FastTree program and
visualized by the web-based TVBOT application [39].
Eight postulated terpene synthase were selected for fur-
ther study. The introns of the selected coding sequences
were revised by blast against the RefSeq Selected protein
and PDB recorded sequence databases. The revised cod-
ing sequences of LriTSI1-LrhTS4 were ordered from the
Universe Gene Technology (Tianjin) Co., Ltd without
codon optimization. The synthetic genes were inserted
into the pET22b vector linearized by Ndel and HindIIL
The DNA sequences of the terpene synthase gene were
listed in Table S2.

4.3 Protein expression and purification
The recombinant plasmids were transformed into E. coli
BL21(DE3) for protein expression. A single colony of E.
coli harboring the corresponding plasmids were inocu-
lated into 15 mL centrifuge tubes contained 4 mL LB
medium supplemented with 100 mg/L ampicillin and
cultivated overnight at 37 °C, 180 rpm. The seeding cul-
tures were used to innoculate the 400 mL fresh LB cul-
tures supplemented with 100 mg/L ampicillin, which
were grew at 37 °C until the ODy, reached 0.6-0.8. After
the cultures were submerged in ice water for 30 min, pro-
tein expression was induced with 300 mM of isopropyl
thiogalactoside (IPTG) at 16 °C, 180 rpm for 20 h.

The protein purification protocols were attached in
Supplementary Information.

4.4 In vitro enzymatic assays

In vitro enzymatic reactions were performed in which it
was expressed in E. coli. Standard enzyme assays (200 pL)
were performed in Tris buffer (50 mM, pH 7.5) contain-
ing farnesyl pyrophosphate FPP (0.1 mM), Mg** (2 mM),
and purified protein (10 puM) at 30 °C for overnight.
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Four sets of control experiments were set up, including
groups as follows: (a) without enzyme, (b) with boiled
enzyme, (c) without substrate, and (d) without Mg>*. The
overnight reactions were quenched by adding 200 pL of
n-hexane. The organic layers were subjected to GC-MS
analysis.

4.5 In vivo heterologous expression

The two plasmids pMUO1 and pMUO2 harboring the
necessary genes of the mevalonate pathway were con-
structed as described in the literature. The two plasmids
were transformed sequentially into E. coli BL21(DE3)
host to obtain the chasis cell E. coli FM with a high titre
of DMAPP and IPP.

The farnesyl diphosphate synthase gene IspA (Gen-
Bank: CAQ30890.1) and the isopentenyl-diphosphate
delta-isomerase gene Idi (GenBank: WP_001192790.1)
were amplified from the genomic sample of E. coli
BL21(DE3) with the primers listed in Table S1. The
amplified fragments of IspA and Idi with the correspond-
ing overhangs were introduced into the linearized of
pET22b-LrhTS1-4 plasmids to generate the plasmids
pMX-1-4, respectively. Among those, pET22b-LrhTS3
was linearized using Notl, while the other four plasmids
were linearized using HindIIl. Plasmid DNA were iso-
lated from the positive clones grown on LB-ampicillin by
using the AxyPrep Plasmid Miniprep Kit and further ver-
ifed by Sanger sequencing.

The plasmids pMX1-4 was each transformed into
E. coli FM, and the resulting strains were grown in
200 mL TB media (containing 20 g/L peptone, 24 g/L
yeast extracts, 4 mL glycerol, 12.54 g of K,HPO,, 2.31 g
of KH,PO,) supplied with 100 mg/L ampicillin, 50 mg/L
kanamycin, and 34 mg/L chloramphenicol in 500 mL
flasks. At an ODyg, of 0.6—0.8, protein expression were
induced by adding 300 uM IPTG for 20 h at 16 °C. The
cultures were fermented for an additional 72 h at 28 °C,
followed by extraction with ethyl acetate.

4.6 Compounds isolation

The culture of the recombinant E. coli LR1 (contain-
ing pMX1) strain was grown in TB media. After a 72-h
growth, the culture was extracted using ethyl acetate. The
extracts were subsequently dried under vacuum and the
residues were subjected to a silica gel column eluted with
petroleum ether to yield compound 1.

E. coli LR2 (containing pMX2) was cultivated in TB
medium using the similar steps. The extracts were then
subjected to a silica gel column eluted with petroleum
ether — EtOAc (from v/v 100:0 to 20:80) to yield four
fractions (fractions 1—4). Fraction 1 was further puri-
fied by HPLC (CH3CN 100%, 4 mL/min) to obtain
compounds 2-4 (tz=15.016 min, tz=15.602 min,
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tg=17.444 min). Fraction 2 was further purified by
HPLC (CH3CN/H,O from v/v 80:20 to 96:4, 20 min,
4 mL/min) to obtain subfraction 2—1 (t; =13.625 min).
GC-MS detected compounds with ion fragmenta-
tion patterns identical to those of the major compound
(marked with asterisk symbols in Fig. 2) in secondary
fraction 2—1. However, none of the separation methods
used produces a product that was pure.

The culture of E. coli LR3 (containing pMX3) was also
extracted with ethyl acetate and separated by column
chromatography over silica gel eluted with petroleum
ether—EtOAc (from v/v 100:0 to 25:75) to afford com-
pound 5.

E. coli LR4 (containing pMX4) was cultured in TB
medium for 72 h, generating 1 L culture broth. The
solution was extracted thrice by EtOAc to obtain
extract. Six fractions (fractions 1-6) and compounds
10 and 5 (the same as the product of pMX3) were
obtained by subjecting the resultant extract to CC over
silica gel eluted with petroleum ether —EtOAc (from
100:0 to 20:80). Fraction 1 was isolated by prep-HPLC
(CH4CN, 100%, 4 mL/min) to obtain compounds 6-9
(tg=10.970 min, tz=12.132 min, t;=13.158 min,
tg=16.099 min). Fraction 4 was purified on Sephadex
LH-20 (MeOH) to obtain compound 11.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1007/513659-025-00578-9.

Supplementary Material 1: The NMR chemical shift assignments and
spectra, GC-EI-MS data, primers, DNA sequences, phylogenetic tree, and
SDS-PAGE analysis of the purified proteins.

Acknowledgements

This work was financially supported by the National Natural Science Founda-
tion of China (grant number 22177138) and the Fundamental Research
Funds for the Central Universities, South-Central Minzu University (Grant No.
PTZ25025).

Generative Al and Al-assisted technologies in the writing process
During the preparation of this work the authors used ChatGPT 4.0 in order
to make suggestions to improve the flow and grammar of the manuscript.
After using this tool/service, the authors reviewed and edited the content as
needed and take full responsibility for the content of the publication.

Author contributions

He-Ping Chen and Ji-Kai Liu: Conceptualization and writing—reviewing and
editing, funding acquisition, methodology project administration; Ming-Xuan
Gao, Li-Li Guo, Meng-Ting Wang, and Xin-Yi Zhang, investigation, formal
analysis; Ming-Xuan Gao, writing-original draft preparation; Xinyang Li and
Shin-Yee Fung, writing—reviewing and editing. All authors approved the final
version for publication.

Funding

National Natural Science Foundation of China, 22177138, Ji-Kai Liu, Funda-
mental Research Funds for the Central Universities, South-Central Minzu
University, PTZ25025, Heping Chen

Page 9 of 10

Data availability
The datasets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Declarations

Competing interest

Ji-Kai Liu is the Editor-in-Chief of this journal but was not involved in the peer
review or decision-making process in this article. The other authors declare
that they have no known competing financial interests or personal relation-
ships that could have appeared to influence the work reported in this paper.

Author details

'International Cooperation Base for Active Substances in Traditional Chinese
Medicine in Hubei Province, School of Pharmaceutical Sciences, South-Central
Minzu University, Wuhan, China. 2Medicinal Mushroom Research Group
(MMRG), Mycological Sciences Laboratory, Department of Molecular Medicine,
Faculty of Medicine, Universiti Malaya, 50603 Kuala Lumpur, Malaysia.

Received: 23 October 2025 Accepted: 30 November 2025
Published online: 03 February 2026

References

1. DaiQ Zhang FL, Feng T. Sesquiterpenoids specially produced by fungi:
structures, biological activities, chemical and biosynthesis (2015-2020). J
Fungi. 2021;7(12):1026.

2. LiuS-L, Zhou L, Chen HP, Liu JK. Sesquiterpenes with diverse skeletons
from histone deacetylase inhibitor modified cultures of the basidi-
omycete Cyathus stercoreus (schwein.) De Toni HFG134. Phytochemistry.
2022;195:113048.

3. TangV, Zhao Z-Z,Hu K, Feng T, Li ZH, Chen HP, et al. Irpexolidal represents
a class of triterpenoid from the fruiting bodies of the medicinal fungus
Irpex lacteus. J Org Chem. 2019;84(4):1845-52.

4. Chen HP, Zhao ZZ, Li ZH, Huang Y, Zhang SB, Tang Y, et al. Anti-
proliferative and anti-inflammatory lanostane triterpenoids from the
polish edible mushroom Macrolepiota procera. J Agric Food Chem.
2018;66(12):3146-54.

5. Lau BF, Abdullah N, Aminudin N, Lee HB. Chemical composition and cel-
lular toxicity of ethnobotanical-based hot and cold aqueous preparations
of the Tiger’s Milk mushroom (Lignosus rhinocerotis). J Ethnopharmacol.
2013;150(1):252-62.

6.  Wong XK, Alasalvar C, Ng WJ, Ee KY, Lam MQ, Chang SK. Tiger Milk mush-
room: a comprehensive review of nutritional composition, phytochemi-
cals, health benefits, and scientific advancements with emphasis on
chemometrics and multi-Omics. Food Chem. 2024;459:140340.

7. Ng MJ, Mohamad Razif MF, Kong BH, Yap HYY, Ng ST, Tan CS, et al. RNA-
seq transcriptome and pathway analysis of the medicinal mushroom
Lignosus tigris (Polyporaceae) offer insights into its bioactive com-
pounds with anticancer and antioxidant potential. J Ethnopharmacol.
2024,328:118073.

8. Yap HYY, Chooi YH, Firdaus-Raih M, Fung SY, Ng ST, Tan C-S, et al. The
genome of the Tiger Milk mushroom, Lignosus rhinocerotis, provides
insights into the genetic basis of its medicinal properties. BMC Genomics.
2014;15(1):635.

9. Hautbergue T, Jamin E, Debrauwer L, Puel O, Oswald I. From genomics to
metabolomics, moving toward an integrated strategy for the discovery of
fungal secondary metabolites. Nat Prod Rep. 2018;35(2):147-73.

10. Lau BF, Abdullah N, Aminudin N. Chemical composition of the Tiger’s
Milk mushroom, Lignosus rhinocerotis (Cooke) Ryvarden, from different
developmental stages. J Agric Food Chem. 2013;61(20):4890-7.

11. Cai W, Wong K, Huang Q. Isolation, structural features, rheological proper-
ties and bioactivities of polysaccharides from Lignosus rhinocerotis: a
review. Int J Biol Macromol. 2023;242:124818.

12. Johnathan M, Gan SH, Ezumi MFW, Faezahtul AH, Nurul AA. Phytochemi-
cal profiles and inhibitory effects of Tiger Milk mushroom (Lignosus rhi-
nocerus) extract on ovalbumin-induced airway inflammation in a rodent
model of asthma. BMC Complement Altern Med. 2016;16:167.


https://doi.org/10.1007/s13659-025-00578-9
https://doi.org/10.1007/s13659-025-00578-9

Gao et al. Natural Products and Bioprospecting

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

(2026) 16:27

Yap HYY, Muria-Gonzalez MJ, Kong B-H, Stubbs KA, Tan C-S, Ng ST,

et al. Heterologous expression of cytotoxic sesquiterpenoids from the
medicinal mushroom Lignosus rhinocerotis in yeast. Microb Cell Fact.
2017;16:103.

Stein SE. An integrated method for spectrum extraction and compound
identification from gas chromatography/mass spectrometry data. J Am
Soc Mass Spectrom. 1999;10(8):770-81.

Zhong XF, Hu M-Z, Lu L, Deng Z-X, Liu T-G. In vitro reconstitution of meva-
lonate pathway and targeted engineering of farnesene overproduction
in Escherichia coli. Biotechnol Bioeng. 2014;111(7):1396-405.

TR, Sharma D, Lin F, Choong YK, Lim C, Jobichen C, et al. Structural under-
standing of fungal terpene synthases for the formation of linear or cyclic
terpene products. ACS Catal. 2023;13(7):4949-59.

Ringel M, Dimos N, Himpich S, Haack M, Huber C, Eisenreich W, et al.
Biotechnological potential and initial characterization of two novel
sesquiterpene synthases from Basidiomycota Coniophora puteana for
heterologous production of 6-cadinol. Microb Cell Fact. 2022;21(1):64.
Chen SC, Jiang BC, Lu YJ, Chang CH, Wu TH, Lin SW, et al. Characterization
and crystal structures of a cubebol-producing sesquiterpene synthase
from Antrodia cinnamomea. J Agric Food Chem. 2023;71(35):13014-23.
Hou A, Dickschat JS. Targeting active site residues and structural anchor-
ing positions in terpene synthases. Beilstein J Org Chem. 2021;17:2441-9.
Furukawa J, Morisaki N, Kobayashi H, Iwasaki S, Nozoe S, Okuda S. Synthe-
sis of dI-6-protoilludene. Chem Pharm Bull. 1985;33(1):440-3.

Kitchens GC, Daeniker HU, Hochstetler AR, Kaiser K. Acid-catalyzed
isomerization of thujopsene. J Org Chem. 1972;37(1):1-5.

1t6 S, Yatagai M, Endo K. Acid-catalized rearrangement of thujopsene.

. Structure determination of new compounds (1). Tetrahedron Lett.
1971;12(16):1149-52.

Kitagawa I, Cui Z, Son BW, Kobayashi M, Kyogoku Y. Marine natural prod-
ucts. XVII. Nephtheoxydiol, a new cytotoxic hydroperoxy-germacrane
sesquiterpene, and related sesquiterpenoids from an okinawan soft Coral
of Nephthea sp. (Nephtheidae). Chem Pharm Bull. 1987,35(1):124-35.
Ngo KS, Brown GD. Synthesis of sesquiterpene allylic alcohols and
sesquiterpene dienes from Cupressus bakeri and Chamaecyparis obtusa. J
Chem Soc Perkin Trans 1. 2000;2:189-94.

Hu Y-f, Chou WKW, Hopson R, Cane DE. Genome mining in Streptomyces
clavuligerus: expression and biochemical characterization of two new
cryptic sesquiterpene synthases. Chem Biol. 2011;18(1):32-7.

Nabeta K, Kigure K, Fujita M, Nagoya T, Ishikawa T, Okuyama H, et al.
Biosynthesis of (+)-cubenene and (+)-epicubenol by cell-free extracts

of cultured cells of Heteroscyphus planus and cyclization of [?H] farnesy!
diphosphates. J Chem Soc Perkin Trans. 1995;1:1935-9.

Chen R, Feng T, Li M, Zhang X-Y, He J, Hu B, et al. Characterization of
tremulane sesquiterpene synthase from the Basidiomycete Irpex lacteus.
Org Lett. 2022;24(31):5669-73.

Bian G-K, Hou A-W, Yuan Y-J, Hu B, Cheng S, Ye Z-L, et al. Metabolic
engineering-based rapid characterization of a sesquiterpene cyclase
and the skeletons of fusariumdiene and fusagramineol from Fusarium
graminearum. Org Lett. 2018;20(6):1626-9.

Zhao H-Z, Song X-Y, Ali |, Hussain M, Mehmood A, Siyo B, et al. Silver
jon-complexation high-speed countercurrent chromatography coupled
with prep-HPLC for separation of sesquiterpenoids from germacrene A
fermentation broth. Fermentation. 2021;7(4):230.

Adio AM, Paul C, Tesso H, Kloth P, K&nig WA. Absolute configuration of
helminthogermacrene. Tetrahedron Asymmetry. 2004;15(10):1631-5.
Williams HJ, Sattler |, Moyna G, lan Scott A, Bell AA, Bradleigh Vinson S.
Diversity in cyclic sesquiterpene production by Gossypium hirsutum.
Phytochemistry. 1995;40(6):1633-6.

Restelien T. The plant sesquiterpene germacrene D specifically activates a
major type of antennal receptor neuron of the tobacco budworm moth
Heliothis virescens. Chem Senses. 2000;25(2):141-8.

Stranden M, Borg-Karlson AK, Mustaparta H. Receptor neuron discrimina-
tion of the germacrene D enantiomers in the moth Helicoverpa armigera.
Chem Senses. 2002;27(2):143-52.

Sutour S, Bradesi P, Francois L, Casanova J, Tomi F. Germacra-
1(10),5-dien-4 alpha-ol in Fortunella sp leaf oils. Flavour Fragrance J.
2015;30(6):445-50.

Ying-Mei Z, Hai-Jian Z, Zhu PF, Xue YM, Sha M, Qing Z. Studies on ses-
quiterpenods of Hedychium yunnanense. J Yunnan Univ Tradit Chin Med.
2012;35(6):7-9.

36.

37.

38.

39.

Page 10 of 10

Oyarzun ML, Garbarino JA. Sesquiterpenoids from Pilgerodendron uvifera.
Phytochemistry. 1988;27(4):1121-3.

Ainsworth AM, Rayner ADM, Broxholme SJ, Beeching JR, Pryke JA, Scard
PR, et al. Production and properties of the sesquiterpene, (+)-torreyol, in
degenerative mycelial interactions between strains of Stereum. Mycol Res.
1990,94(6):799-809.

Katoh K, Misawa K, Kuma K-i, Miyata T. MAFFT: a novel method for rapid
multiple sequence alignment based on fast Fourier transform. Nucleic
Acids Res. 2002;30(14):3059-66.

Xie J-M, Chen Y-R, Cai G-J, Cai R-L, Hu Z, Wang H. Tree Visualization By One
Table (tvBOT): a web application for visualizing, modifying and annotat-
ing phylogenetic trees. Nucleic Acids Res. 2023;51(W1):W587-92.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Genome mining and functional characterization of four type I sesquiterpene synthases from the Tiger Milk Mushroom Lignosus rhinocerus
	Abstract 
	1 Introduction
	2 Results and discussion
	2.1 Construction of an artificial pathway to overproduce DMAPP and IPP precursors in Escherichia coli
	2.2 Genetic characterization of terpene synthases from Lignosus rhinocerus
	2.3 In vitro characterization of LrhTS1-LrhTS4
	2.4 Characterization of LrhTS1-LrhTS4 by heterologous expression in E. coli

	3 Conclusion
	4 Experimental
	4.1 Engineering of Escherichia coli with recombinant mevalonate pathway
	4.2 Bioinformatics analysis
	4.3 Protein expression and purification
	4.4 In vitro enzymatic assays
	4.5 In vivo heterologous expression
	4.6 Compounds isolation

	Acknowledgements
	References


