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Abstract

Anoectochilus roxburghii and Anoectochilus formosanus are the two important species of genus Anoectochilus used as
herbal drug and health food in traditional Chinese medicine for their abundant polysaccharides, glycoside derivative
kinsenoside, and terpenoids. Farnesyl pyrophosphate synthase (FPS) catalyzes the key step of isoprenoid biosynthesis.
Based on transcriptomic analysis, the open reading frame sequences of the FPS genes were obtained from A. roxburghii and
A. formosanus. After bioinformatics analysis for high homology with their orthologs in related species and conserved
domains of the FPS proteins, they were identified as the FPS genes of A. roxburghii and A. formosanus, respectively, and
registered at GenBank. The FPS-eGFP fusion protein was specifically distributed in the cytoplasm and nucleus by transient
expression in onion. Meanwhile, the expression of the FPS genes was detectable from leaf, root, and stem of these two
species by real-time quantitative PCR, although their relative expression levels were significantly higher in root and stem. In
response to high salt treatment, the expression of the F/PS gene was downregulated in A. roxburghii and kept constant in 4.
formosanus. Under the illumination of red light, the downregulated range of the expression of the FPS gene in A.
roxburghiiwas narower than that in 4. formosanus. These results suggest that A. formosanus has higher tolerance to salt
stress, and 4. roxburghii is more suitable for cultivation under shade environment under forest.
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Introduction

Anoectochilusis a genus of family Orchidaceae. This
genus encompasses twenty-five species, and six of them are
distributed in China (Lang et al., 1999). A. roxburghii and
A. formosanus, native to Fujian and Taiwan provinces
respectively, are the two important species used as herbal
drug and health food in traditional Chinese medicine. In
recent years, their wild populations are gradually depleted
because of extensive collection and ecological
deterioration. Artificial cultivation and tissue culture were
employed to meet market demand (Shiau et al., 2002;
Zhang et al., 2010). In most cases, the cultivation is
practiced under forest for their shade-tolerant and
hygrophilous properties and the consideration of filed
management (Shao et al., 2017). However, the
accumulation of the pharmaceutical constituents in the
cultivated plants is much different from the wild plants (Du
et al., 2000). Cultivation conditions, such as saline and light
quality, affected the accumulation of the pharmaceutical
constituents (Xiao et al., 2014; Ye et al., 2017).

Except the abundant polysaccharides for their
antioxidant, hepatoprotective, antihyperglycemic, renal-
protective, vascular-protective and prebiotic bioactivities
(Cui et al., 2013; Lietal., 2016; Liu et al., 2017; Yang et al.,
2012; Yang et al., 2017; Zeng et al., 2016; Zeng et al., 2017;
Zhang et al., 2015), and glycoside derivative kinsenoside for
its suppressive effects on inflammation, CCIl4-induced
oxidative liver damage, umbilical vein dysfunction, as well
as tumor diseases (Cheng et al., 2015; Du et al., 2001; Du et
al., 2008; Hsiao et al., 2011; Hsiao et al., 2016; Liu et al.,
2016; Shyur et al., 2004; Wu et al., 2007; Xiang et al., 2016;
Yang et al., 2014; Zhang et al., 2007), steroids, saponins and
some other terpenoids are the other primary constituents for
their suppressive effects on immune and tumor diseases (Han
etal., 2010; Huang et al., 2015).

Terpenoids are biosynthesized from isopentenyl-5-
pyrophosphate (IPP) and dimethylalyl pyrophosphate
(DMPP). After the head-to-tail condensation of DMPP with
two molecules of IPP to produce geranyl pyrophosphate
(GPP), the transfer from GPP to farnesyl pyrophosphate
(FPP) was catalyzed by FPS (Chappell, 1995; Falcone
Ferreyra et al., 2012). FPP is the biosynthesis precursor of
sesquiterpenes, triterpenes, and steroids (Szkopinska &
Plochocka, 2005). Therefore, FPS is a branch-point enzyme
of terpenoid biosynthesis in plants. It also performs a
regulatory function in phytosterol biosynthesis (Fig. 1)
(Kim et al., 2010). Therefore, cloning and characterization
of the F/PS genes from these two species would be helpful
for further study on cultivation regulation of isoprenoid
biosynthesis.

Based on the homologous amplification and rapid
amplification of cDNA ends (RACE), the FPS genes have
been cloned and characterized from various medicinal
plants, such as Ginkgo biloba (Wang et al., 2004), Taxus
media (Liao et al., 2006), Panax ginseng (Kim et al.,
2014), Matricaria recutita (Su et al., 2015), Tripterygium
wilfordii (Zhao et al., 2015). However, the genomic
information has not been available for homologous
amplification for any species of the genus Anoectochilus.
The differential expression of the FPS genes or activity of
their encoding protein were found in response to light
quality and related to terpenoid accumulation in other
plants (Arena et al., 2016). In the present study, the
transcriptomic information were analyzed by RNA
sequencing (RNA-seq) and wused for homologous
amplification of the potential F/PS genes from A. roxburghii
and A. formosanus. After sequencing and bioinformatics
analysis, the subcellular localization and their expression
differentiation in response to high salt treatment and the
induction of red light and ultraviolet (UV) was detected.
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Fig.1. Terpenoid biosynthesis in plant. Farnesyl pyrophosphate synthase (FPS) catalyzes the transfer from GPP to farnesyl
pyrophosphate (FPP) after the head-to tail condensation of dimethylalyl pyrophosphate (DMPP) with two molecules of isopentenyl-5-

pyrophosphate (IPP) to produce GPP.

Materials and Methods

Sample preparation: The seedlings of A. roxburghii and
A. formosanus were cultured on MS medium (Murashige
& Skoog, 1962) for 18 weeks. Seventy-two uniform
seedlings of each species were divided into three groups.
One group was transplanted into a plastic box for
hydroponics culture in Hoagland’s solution (Hoagland
&Arnon, 1950) at 28°C, relative humidity of 60%-80%,
illumination of 200 pmol/m™ s (12-h light / 12-h dark)
and modest aeration. On the fifth day, NaCl concentration
of the nutrient solution was increased upto 100 mmol/L
for high salt treatment. The other two groups were
transplanted into plastic pots (three seedlings per pot)
with nutritional soil and vermiculite (3:1), and grown
under the illumination of 650 nm red light and 253.7 nm
UV, respectively.

At 0 (control), 0.5, 1, 2, 4, 8, 12, and 24 h of the high
salt and UV treatments, and 0 (control), 0.5, 1, 2, 4, 8 and
12 h of the red-light treatment, three seedlings (biological
replicates) were sampled. Their leaves, roots and stems
were separated and used for total RNA isolation with
QiagenRNeasy plant mini kit (Qiagen, China). After release
of probable DNA contamination by RNase-free DNase |
(Qiagen, China), detection for purity, concentration and
integrity, the RNA samples were used for reverse
transcription to synthesize cDNA and kept at -20°C.

RNA-seq and transcript assembly: Part of the RNA
samples of leaf and stem of the control (0 h) was mixed
and sequenced by IlluminaHiseqXten platform at
MajorbioBioTech Co., Ltd. (China). The 150 bp forward
and reverse raw reads were generated and deposited in
FASTQ files (Cock et al., 2010). The low-quality reads
were filtered by using software FASTQC and NGS-QC,
to release: (1) contaminated by the adaptors; (2) N
(unknown base) content more than 1%; (3) base quality
lower than 15 more than 50% of the reads (Patel & Jain,

2012). The clean reads were assembled by Trinity v2.4.0
(Grabherr et al., 2011), clustered for unique transcripts
by SWSSPROT and KOG (Feng et al., 2012), and were
used to query against Trans Decoderv 2.0.1 for
functional annotation.

Cloning of the FPS gene: A pair of the FPS genes
primers (5'-ATGGAGGAAGGGGACAGGA-3'/5'-CTAC
TTTTGCCTTTTATAAATCTTATGA-3") was synthesized
to amplify the ORF from the mixed cDNA samples of 4.
roxburghii and A. formosanus according to the annotation
of RNA-seq by using primer 5.0. PCR amplification was
carried out by using PrimeSTAR HS DNA Polymerase
(TaKaRa, Dalian). The temperature cycle was pre-
denatured at 95°C for 2 min; 38 cycles of denatured at
98°C for 30 s, annealed at 52°C for 30 s, elongated at
72°C for 90 s; and final extension at 72°C for 5 min.
Using 2% agarose gel electrophoresis, the amplified
products were separated, and purified by using Universal
DNA Purification Kit (Tiangen, Baijing), added dATP at
the tail by using Tag™ (TaKaRa, Dalian), subcloned into
the pMD19-T vector (TaKaRa, Dalian), and sequenced at
Sangon Biotech (Shanghai).

Bioinformatics analysis: The sequencing results were
aligned against NCBI website, and predicted for the
physical and chemical properties, secondary structure,
signal peptide, and tertiary structure by using ProtParam,
GOR 1V, SignalP 4.1, TMHMM Server v. 2.0, and
SWISS-MODEL software or databases, respectively. The
subcellular localization of the putative proteins of the two
amplified fragments was predicted by using the WoLF
PSORT software, and presented as the nearest
neighborpoints of the k-nearest neighbor algorithm
(Hwang & Wen, 1998). The putative FPS proteins of
Dendrobium huoshanense and Cymbidium goeringii were
used as reference to improve prediction reliability.
Multiple alignment among the FPS proteins from
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Anoectochilus and other plants was conducted by using
the online tool BLASTn software. Phylogenetic analysis
was made among the putative proteins of the two
amplified fragments and the deposited full-length cDNA
sequences at the NCBI database with the method of
maximum likelihood of 1000 bootstrap replicates by
using MEGA7.0 software. The evolutionary distances
were computed by using the Poisson correction method.

Subcellular localization: The FPS gene was amplified
from the subcloned pMD19-T vector without the stop
codon (TAG), usingthe primers (5°- catttggagagg acaggg
tacccggg ATGGAGGAAGGGGACAGGA-3’/5’-tcgecctt
gctcaccatggtactagt  CTTTTGCCTTTTATAAATCTTAT
GA-3’ with the restriction sites of Smal and Spel
(underlined). The bases in lowercase letters were
homologous to the polyclonal sites of the pC2300—eGFP
vector, which contained an in-frame fusion gene FPS-
eGFP under the control of constitutive promoter CaMV
35S and the terminator OCS (Fig. S.1). After
identification by bacterial sequencing at Sangon Biotech
(Shanghai), the recombinated vector pC2300—-35S—FPS-
eGFP (the control vector pC2300-35S—-eGFP) was
transformed into the inner epidermis of onion (Allium
cepa). The green fluorescence signal was detected
onmicroscope Olympus BX63 (Yu et al., 2018).
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Fig. S.1. Transient expression vector pC2300-35S-FPS-eGFP.

RT-qPCR: For RT-qPCR detection, a pair of the FPS
gene primers (5'-AGGTGGGAAGCTCAATCGTG-3'/5'-
GCCTAGTGTGGGAGTTGTCC-3") was synthesized to
amplify a 173 bp fragment in A. roxburghii and A.
formosanus. Another pair of Actin? gene primers (5'-
CGGGCATTCACGAGACCAC-3"/ 5'-AATAGACCCTC
CAATCCAGACACT-3") was synthesized to amplify a
221 bp fragment and used as internal control (Zhang et
al., 2012). Using Sso Fast Eva Green Supermix (Bio-Rad,
USA), the amplification was carried out in Bio-Rad
iCycler iQ5 RT-qPCR System. The temperature cycle of
two-step RT-qPCR was as follows: pre-denatured at 95°C
for 30 s; 39 cycles of denatured at 95°C for 5 s, annealed

and elongated at 56°C for 30 s. The statistical significance
was detected by IBM-SPSS software.

Results

Transcriptomes: After quality filtration 32,836,885 and
27,597, 990 clean reads were obtained from the RNA-seq
data of 4. roxburghii and A. formosanus, respectively, and
assembled into unique transcripts. The longest, the total
and the average length of the assembled transcripts were
16,083, 55,301,382, and 1,311 nt for A. roxburghii, and
15, 675, 62, 951, 915, and 986 nt for 4. formosanus,
respectively. Unigene from A. roxburghii and A.
formosanus were annotated in the KGO database and
classified into three broad categories: cellular
components, biological processes, and molecular
functions (Fig. 2A and 2B). The most unigene were
classified as "general function prediction only" in both the
A. roxburghii and A. formosanus. The putative protein of
one of the assembled transcripts was annotated as FPS in
Dendrobium huoshanense (GenBank accession number:
KF891313.1), which belonged to another genus
(Dendrobium) of the same family (Orchidaceae) with the
genus Anoectochilus.

Open reading frames: With the primers designed based
on the above information, a fragment of more than 1000
bp was amplified from the cDNA samples of A.
roxburghii and A. formosanus, respectively (Fig. 3). The
result of sequencing and alignment showed that they
shared high similarity (99.6%) each other with only four
bases different, and high homology (88.8% and 88.7%,
respectively) with the ORFs of the FPS genes of D.
huoshanense (Fig. 4).

Putative proteins: The putative proteins of the two
amplified fragments were perfectly identical (100%) with
each other, and shared high homology (87.6%) and the
same conserved domains with the putative FPS protein of
D. huoshanense. The four different bases between A.
roxburghii and A. formosanus encoded the same amino
acids (Fig. 5). The two putative proteins contained 348
amino acids with molecular weight 40.4kDa, isoelectric
point pl 5.23, and grand average of hydropathicity
(GRAVY) -0.299. Their predicted secondary structure
contained 35.9% a-helices, 20.4% extended strands and
43.7% random coils. All these properties were similar to
those (molecular weight 40.4 kDa, pl 4.93, GRAVY -
0.288, 36.2% a-helices, 20.1% extended strands and
43.7% random coils) of the putative FPS protein of D.
huoshanense. Their three-dimensional structural model
contained all the a-helices, extended strands and random
coils of the D. huoshanense FPS (Fig. 6).

Functional domains: From the putative proteins of the
two amplified fragments, no signal peptide was predicted
by software SignalP 4.1 and TMHMM. Their subcellular
localization was predicted to be cytoplasm with
probabilities of 85.7% (Table 1). Seven conserved
domains and two aspartate-rich motifs [DDXX(XX)D]
were found (Fig. 4).
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Fig. 2. Functional classification Unigene sequences of A. formosanus and A. roxburghii annoted against KOG. A: A. formosanus; B: A. roxburghii.
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Fig. 3. The amplified fragments of the ORFs of the FPS genes
from A. roxburghii and A. formosanus.

Phylogenetic relationship: Phylogenetic analysis showed
that the putative proteins of the two amplified fragments
were clustered into the same group with the deposited
functional FPS proteins of other three species of family
Orchidaceae (Dendrobium huoshanense, Phalaenopsis
equestris, and Cymbidium goeringii) (Fig. 7). They should
belong to the plant FPS super-family. The sum of branch
length of the phylogenetic tree was 1.27857130.

According to the above results, the sequences of the
two amplified fragments were identified as the ORFs of
the FPS genes of A. roxburghii and A. formosanus, and
registered at GenBank with accession numbers
MH104945 and MH104946, respectively.

Subcellular localization: The green fluorescence protein
was detected both in the cytoplasm and nucleus of the
inner epidermis of onion transformed by the control
vectorpC2300-35S—eGFPand the expression vector
pC2300-355—FPS—eGFP (Fig. 8). This result confirmed
the bioinformatics prediction for cytoplasm and nucleus
localization of the FPS protein.

Relative expression level: Both in A. roxburghii and A.
formosanus, the expression of the FPS genes was
detectable from leaf, root, and stem, although their
relative expression levels were significantly higher in
root and stem (Fig. 9). In response to high salt treatment,
the expression of the FPS gene was down regulated
significantly in A. roxburghii and reached its valley at 8
h. In contrast, it kept constant in A. formosanus until a
significant peak at the 24 h of the treatment (Fig. 10).
Under the illumination of 650 nm red light and 253.7 nm
UV, the overall trend of the expression of the FPS genes
was down regulated, and reached its minimum at 4 h,
although there was a peak value at the beginning (0.5 to
1 h of red light) (Figs. 11 and 12). However, the down

regulated range in A. roxburghii was narrower than that
in A. formosanus under the illumination of 650 nm red
light (Fig. 11).

Discussion

Seven conserved domains and two aspartate-rich
motifs were found from A. roxburghii and A. formosanus,
that were necessary for substrate binding and catalytic
activity typical of other identified FPSs (Fig. 4; Ferriols et
al., 2015; Lan et al., 2013; Su et al., 2015). The high
homology of the ORFs and putative protein sequences of
A. roxburghii and A. formosanus with the deposited
functional FPS proteins of Dendrobium huoshanense as
well as other two species of family Orchidaceae
(Phalaenopsis equestris and Cymbidium goeringii)
indicated the high conservatism of the FPS genes and
their importance in the revolution of Orchidaceae plants
(Figs. 4, 5, 6 and 7). Many reports indicated their critical
function in secondary metabolism of these plants (Liao et
al., 2006; Thabet ef al., 2011).

In several other plants, the FPS protein has been
studied in subcellular localization (Thabet et al., 2011;
Krisans ef al., 1994; Sanmiya et al., 1999). In the present
study, the subcellular localization of the FPS protein was
investigated in chloroplast-free epidermal cells of onion
transformed by the in-frame fusion gene FPS—eGFP. The
green fluorescent signal was detected in the cytoplasm
and nucleus (Fig. 8).

In different plants, the expression of the FPS genes
showed organic specificity, and the expression level was
correlated to their accumulation of isoprenoidderivants
(Gupta et al., 2011; Lan et al., 2013; Wang et al., 2004;
Xiang et al., 2010; Yin et al., 2011). In the present study,
this kind of organic specificity was not very obvious (Fig.
9), but consistent with the general biosynthesis of
terpenoids in all organs of A. roxburghii and A. formosanus
(Chappell, 1995; Falcone Ferreyra et al., 2012; Kim et al.,
2010; Szkopinska & Plochocka, 2005). However, the
differential expression of the F/PS genes in response to high
salt treatment implies the different tolerance of the
activities of FPS and terpenoid biosynthesis between these
two species (Fig. 10). The constant and even upregulated
response in 4. formosanus indicated the higher tolerance of
this species to saline stress than A. roxburghii, in which the
expression of the FPS gene was downregulated in response
to high salt treatment. The narrower range of
downregulated expression of the FPS gene in A. roxburghii
under the illumination of red light implies its higher
suitability of terpenoid biosynthesis to shade environment
of under forest than A. formosanus (Fig. 11), because the
red light is less filtered by the upper vegetative canopy
(Shao et al., 2017). The gene expression response varies
with type of abiotic stress (Mufti et al., 2015; Nakashima et
al., 2000; Narusaka et al., 1999; Narusaka et al., 2001;
Narusaka et al., 2003; Shinwari et al., 1998a,b). Therefore,
we suggest that the cultivation of 4. formosanus is probably
more suitable for saline areas than 4. roxburghii, and the
latter is probably more suitable for cultivation under forest
than the former.
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Fig.4. Multiple alignment of the ORFs of the FPS genes among A. roxburghii, A. formosanus and D. huoshanense. Identical and

conserved bases are denoted by black (100%), gray (66.6%) and white (0%) backgrounds, respectively.
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Fig.6. Predicted three-dimensional models of the putative
proteins of the FPS genes between A. roxburghii, A. formosanus
and Dendrobium huoshanense.
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eGFP fusion gene were driven under the control of the CaMV 35S
promoter. A Epidermal cells of onion transformed by pC2300—
35S-eGFP. B Epidermal cells of onion transformed by pC2300-
35S-FPS—eGFP from A. formosanus. C Epidermal cells of onion
transformed by pC2300-35S-FPS-eGFP from A. roxburghii.
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Table 1. Prediction of subcellular localization of the putative FPS proteins.

A. roxburghii A. formosanus D. huoshanense C. goeringii

k used for kNN 14 14 14 14
Cytoplasm 12 12 10 11
Nucleus 2 2
Plasmolemma

Chloroplast 1

Extra chrotnasoma 1
Cytoskeleton 1

Note: k-nearest neighbors algorithm (kNN) is a non-parametric method used for classification and regression (Hwang et al., 1998).
In total, 14 nearest neighborpoints were obtained and counted their classification in different organelles. The subcellular
localization of the putative FPS proteins of 4. roxburghii and A. formosanus, as well as two of their related species, were predicted

to be in the cytoplasm with probabilities of 85.7% (13/14), 85.7% (13/14), 71.4% (13/14), and 78.6% (11/14), respectively

Conclusion

Based on transcriptomic analysis, the open reading
frame sequences of the FPS genes were obtained from A.
roxburghii and A. formosanus. After bioinformatics
analysis, high homology of the FPS proteins and
conserved domains was found in their orthologs in related
species. The FPS-eGFP fusion protein was specifically
distributed in the cytoplasm and nucleus. Meanwhile, the
relative expressions of the FPS genes were significantly
higher in root and stem, and responded to three different
inductions. A. formosanus has higher tolerance to salt
stress, and A. roxburghii is more suitable for cultivation
under shade environment under forest.
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