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Abstract. The endangered medicinal plant Glehnia littoralis is one of the important natural source of furanocoumarin, which has
been used as mucolytic, antitussive, antitumour and antibacterial. However, the genetic information of furanocoumarin biosynthesis in
G. littoralis is scarce at present. The objective of this study was to mine the putative candidate genes involved in the biosynthesis pathway
of furanocoumarin and provide references for gene identiﬁcation, and functional genomics of G. littoralis. We carried out the transcriptome
analysis of leaves and roots in G. littoralis, which provided a dataset for gene mining. Psoralen, imperatorin and isoimperatorin were
detected in G. littoralis by high performance liquid chromatography analysis. Candidate key genes were mined based on the annotations
and local BLAST with homologous sequences using BioEdit software. The relative expression of genes was analysed using quantitative
real-time polymerase chain reaction. Further, the CYP450 genes were mined using phylogenetic analyses using MEGA 6.0 software. A
total of 156,949 unigenes were generated, of which 9021 were differentially-expressed between leaves and roots. A total of 82 unigenes
encoding eight enzymes in furanocoumarin biosynthetic pathway were ﬁrst obtained. Seven genes that encoded key enzymes in the
downstream furanocoumarin biosynthetic pathway and expressed more in roots than leaves were screened. Twenty-six candidate CYP450
unigenes expressed abundantly in roots and were chieﬂy concentrated in CYP71, CYP85 and CYP72 clans. Finally, we ﬁltered 102
differentially expressed transcription factors (TFs) unigenes. The transcriptome of G. littoralis was characterized which would help to
elucidate the furanocoumarin biosynthetic pathway in G. littoralis and provide an invaluable resource for further study of furanocoumarin.
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Introduction
Glehnia littoralis Fr. Schmidt ex Miq. is a perennial plant of
the genus Glehnia and family Apiaceae. The medicinal
values of its dried roots (Beishashen) has a long history in

China, known for clearing away lung-heat, tonifying the
stomach, nourishing yin and promoting ﬂuids (Chinese
Pharmacopoeia Commission 2015). It is also used in Japan,
South Korea and some Southeast Asian countries. However,
because of the decline in the number of wild G. littoralis
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plants over the last few decades in China, it has been listed
in the endangered plants Chinese chronicles (Fu and
Jin 1991; Wang et al. 2016a). The active components in
G. littoralis has various furanocoumarin, such as psoralen,
imperatorin, isoimperatorin, and so on. Based on our previous research, the furanocoumarin is accumulated largely in
roots of G. littoralis (Liu et al. 2010). Studies have shown
that furanocoumarins potently exert antiproliferative activities against cancer cell growth through modulation of several
molecular pathways, such as regulation of the signal transducer and activator of transcription 3, phosphatidylinositol3-kinase/AKT, nuclear factor-KB, and mitogen-activated
protein kinase expression (Hung et al. 2017). Furanocoumarin inhibits HIV-1 replication through Sp1-dependent pathway (Sancho et al. 2004). In addition,
furanocoumarin has inhibitory activity against intracellular
reactive oxygen species accumulation (Kang et al. 2019).
Thus, furanocoumarin exhibits anti-tumour, anti-viral, antiallergic, and other pharmacological activities (Lin et al.
2016; Wang et al. 2016b; Chen et al. 2017; Mi et al. 2017),
therefore it has aroused interest in scientiﬁc community.
Despite the great pharmacological signiﬁcance of furanocoumarin, the synthesis-related genomic basis is not
completely understood.
Based on previous studies, we postulated furanocoumarin
metabolic pathway in G. littoralis (Hehmann et al. 2004;
Bourgaud et al. 2006; Larbat et al. 2007; Larbat et al. 2009;
Karamat et al. 2014; Munakata et al. 2016). Furanocoumarin
is derived from the general phenylpropanoid secondary
metabolism. Firstly, phenylalanine is converted to cinnamic
acid by the enzyme phenylalanine ammonia-lyase (PAL),
and then it yields umbelliferone under cinnamate-4-hydroxylase (C4H), 4-coumarate-CoA ligase(4CL), p-coumaroyl CoA 2’-hydroxylase: (C2’H) and lactonization.
Previously, it was reported that the parent compound of
furanocoumarin was umbelliferone. Further, umbelliferone
is prenylated at the 6th position to yield demethylsuberosin
under the action of umbelliferone dimethylallyltransferase
(UDT). Demethylsuberosin is transformed into marmesin,
and further generated psoralen by marmesin synthase (MS)
and psoralen synthase (PS), respectively. Under the catalysis
of psoralen mono-oxygenase (MO), psoralenis hydroxylated
into bergaptol or xanthotoxol. Finally, imperatorin, isoimperatorin, and some other furanocoumarins were generated
with isoprenyltransferase (IPT), bergaptol O-methyltransferase (BMT) and xanthotoxol O-methyltransferase (XMT),
respectively.
The metabolic and regulatory networks govern the
biosynthesis and accumulation of furanocoumarin. In the
metabolic pathway of furanocoumarin, only four genes were
studied in G. littoralis, includes three PAL genes and one
BMT gene (Ishikawa et al. 2005; Ishikawa et al. 2009),
others have not yet been found. In the regulatory networks of
G. littoralis, no studies have been done on TFs before. It is
of great interest to screen candidate genes associated with
furanocoumarin biosynthesis in G. littoralis.

Due to the lack of genomic data, it is difﬁcult to carry out
the research in secondary metabolic pathway of G. littoralis.
As we know, the secondary metabolites often accumulate
and distribute in a particular tissue and organs of medicinal
plants, and correspondingly the key genes encoding regulators and enzymes also reveal the tissue-speciﬁc expression
patterns (Xu et al. 2004; Murata et al. 2008; Wang et al.
2012; Yuan et al. 2012; Chen et al. 2013; Yang et al. 2013).
Here, we ﬁrst proﬁled a complete transcripts of G. littoralis
roots and leaves, and performed a comparative analysis. The
aim of our study was to mine the putative candidate genes
involved in the biosynthesis pathway of furanocoumarin and
provide references for gene identiﬁcation and functional
genomics of G. littoralis.

Materials and methods
Plant materials

Six typical G. littoralis plants (three years old) were chosen
from the cultivation ﬁled of Laiyang, Shandong Province,
China. The roots, leaves of each plant were cleaned and
separated. Fully mixed the root and leaf samples of each two
individuals separately, then rapidly freezed the samples in
liquid nitrogen and stored at -80°C before analysis.
High performance liquid chromatography (HPLC) analysis

Psoralen, imperatorin and isoimperatorin were purchased
from the National Institutes for Food and Drug Control
(China). Each sample was freeze-dried and then ground to a
powder. The powder of each sample (5.0 g) was weighed
accurately and extracted them with diethyl ether (analytically
pure). Next, the extract was passed through a 0.22-m
membrane ﬁlter, and the test sample solution was obtained.
The analyses were performed with a diode-array detector
(DAD) using an Agilent series 1100 HPLC system (Agilent,
Waldbronn, Germany). Chromatographic separation was
operated at 30°C using an Agilent-C18 column (150 mm 9
4.6 mm, 5 lm). The mobile phase was comprised of
methanol (chromatographically pure) (A) and water (B), the
samples were eluted with linear gradient at a ﬂow rate of 1.0
mL/min. Elution procedures were as follows: 0–10 min,
30–45% A; 10–25 min, 45–60% A; 25–35 min, 60–65% A;
35–45 min, 65–75% A; 45–60 min, 75–85% A; 60–65 min,
85–90% A. The detection wave length was 250 nm. This
procedure was repeated for three times.

RNA extraction

Total RNA was extracted from each sample using RNAprep
Pure Plant kit (Tiangen Biotech., Beijing, China) as per the
manufacturer’s instructions. The concentration and purity of
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RNA were measured by Qubit RNA Assay kit in Qubit2.0
Flurometer (Life Technologies, USA) and the NanoPhotometer spectrophotometer (IMPLEN, USA). The quality of
RNA was also determined using the RNA Nano 6000 Assay
kit of the Agilent Bioanalyzer 2100 system (Agilent Technologies, USA). In this study, the RIN values for all samples
were above 6.5.
Library construction and sequencing

Following the manufacturer’s protocol (NEBNext UltraRNA
Library Prep kit for Illumina) the cDNA libraries were
constructed. At ﬁrst, the poly-T oligo attached magnetic
beads were used to obtain puriﬁed mRNA from total RNA.
Further, we synthesized ﬁrst strand cDNA by using
M-MuLV Reverse Transcriptase. Subsequently, the second
strand cDNA synthesis was performed using RNase Hand
DNA Polymerase I. After the puriﬁcation, the doublestranded cDNA underwent end repair, the tail was added and
the sequencing joint was connected, we obtained preferential
fragments that was 150–200 bp in length using an AMPure
XP system (Beckman Coulter, Beverly, USA). Finally, the
Phusion High-Fidelity DNA polymerase was used for PCR
and the products were puriﬁed to obtain the cDNA library.
The libraries were sequenced on an Illumina HiSeq2500
platform and paired-end reads were generated.
Transcriptome assembly and functional annotation

We obtained clean data by removing low-quality reads (Qvalue B 5 in more than 50% of the bases) from raw data and
reads containing adapter and poly-N. All clean sequence
read data were deposited in the NCBI SRA database (accession number PRJNA387325). Transcriptome assembly
was carried out using the Trinity software (the minimum
K-mer value = 1). Unigenes were ﬁnally annotated by a
BLAST search against seven databases, including Nr with an
E-value threshold of 1e-5, Nt with an E-value threshold of
1e-5, GO with an E-value threshold of 1e-6, COG with an
E-value threshold of 1e-3, KEGG with an E-value threshold
of 1e-10, Swiss-Prot with an E-value threshold of 1e-5, and
Pfam with an E-value threshold of 0.01.

Differential expression analysis

Using the RSEM software and the fragment per kilo base per
million mapped (FPKM) reads method, we estimated the
gene expression levels. For the samples of three biological
replicates, differential expression analysis was conducted in
leaves and roots using the DESeq R package (1.10.1). The
genes with absolute values of log2 fold changes C1 were
identiﬁed as differential expression genes (DEGs). In addition, we used the KEGG databases to annotate and
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categorize the DEGs. To analyse DEGs between leaves and
roots, the heatmap was constructed using the R programming language.
Candidate gene mining

Based on the annotations in seven databases, we sifted
candidate genes for ﬁve known enzymes (PAL, C4H, 4CL,
PS and BMT) from the transcriptome data. For those
enzymes (C2’H, UDT and XMT) that were not annotated in
the database, the candidate genes were mined based on the
local BLAST with homologous sequences using BioEdit
software with an E-value threshold of 1e–80.

Quantitative real-time PCR (qRT-PCR) analysis

Twenty-one pairs of primers were designed using NCBI/
Primer-BLAST (table 1 in electronic supplementary material
at http://www.ias.ac.in/jgenet/). The cDNA was obtained
from reversely transcribed total RNA using PrimeScriptTM
RT reagent kit with gDNA Eraser (Perfect Real Time,
TaKaRa). The relative expression of genes was analysed
with three biological replicates using qRT-PCR and normalized by the 2–DDCt method. In qRT-PCR, the actin gene
of G. littoralis was used as an internal reference. The
quantitative reactions were concluded using TaKaRa SYBR
Premix ExTaqTM II (TliRNaseH Plus) on a Stratagene
Mx3000P real-time Thermal Cyler (Stratagene, USA). PCR
conditions were as follows: 95°C for 5 min, followed by 40
cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 20 s. To
detect the differences in genes expression between the leaves
and roots, we conducted statistical analysis for the data using
a t-test, and we consider P\0.01 as dramatically signiﬁcant.
Phylogenetic analysis

The CYP450 protein sequences of G. littoralis were screened
from the transcriptome database according to the following
selection criteria: FPKM C10 and CDS length C 1000 bp.
Sequences of CYP450 proteins of Arabidopsis thaliana were
downloaded from the website http://drnelson.uthsc.edu/
Arabidopsis.Blast.ﬁle.html. Then the CYP450 protein
sequences of A. thaliana and G. littoralis were aligned using
MEGA 6.0 software. Based on that aligned data, we constructed
a NJ tree using a Poisson model with 1000-bootstrap replicates.

Results
Chemical analysis of furanocoumarin

Previous studies have shown that furanocoumarin is accumulated markedly in roots of G. littoralis (Liu et al. 2010).
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Here, using HPLC, we conﬁrm that the content of the three
main furanocoumarin (psoralen, imperatorin and isoimperatorin) was more abundant in roots than in leaves in the plant
materials under our investigation (ﬁgure 1).
Illumina cDNA sequencing and assembly

Six cDNA libraries were constructed from fresh leaves and
roots of G. littoralis, with three biological repeats, respectively. Totally, 340 million high-quality reads with 42.54 Gb
sequence coverage were obtained, of which 199,961 transcripts with a length more than 200 bp were also detected.
The average length of these transcripts was 788 bp and the
length of N50 was 1368 bp. There were 46,430 transcripts
with lengths above 1 kb, 17,780 transcripts with length
above 2000 bp, and the max length was 17,482 bp. A total of
156,949 unigenes was generated with lengths above 200 bp.
The average length of these unigenes was 637 bp and N50
length was 960 bp. There were 25,158 and 8384 unigenes
with lengths above 1kb and 2kb, respectively (table 1). The
summary of the sequencing data is listed in table 2 in
electronic supplementary material.

Table 1. Summary
G. littoralis.

of

the

RNA

Items
Raw reads
Clean reads
Transcript number
Transcripts [1,000 bp
Transcripts [2,000 bp
Average length of transcripts (bp)
Max length of transcripts (bp)
N50 length of transcripts (bp)
Unigene number
Unigenes [1,000 bp
Unigenes [2,000 bp
Average length of unigenes (bp)
Max length of unigenes (bp)
N50 length of unigenes (bp)

sequencing

statistics

of

Characteristics
57,334,707
56,707,489
199,961
46,430
17,780
788
17,482
1368
156,949
25,158
8384
637
17,482
960

These ﬁndings opened the possibility of revealing speciﬁc
and novel genes in the G. littoralis.
Differential expression analysis

Functional annotation and classiﬁcation

To achieve the functional annotation of these unigenes, they
were annotated by BLAST against seven databases, including Nr, Nt, GO, COG, KEGG, Swiss-Prot and Pfam. The
unigenes annotation rate was highest in the Nr database
reaching up to 46.26%, followed by GO database (34.43%)
and the lowest rate was 15.33% in the KEGG database
(table 3 in electronic supplementary material). Figure 1 in
electronic supplementary material shows the detail GO,
KOG and KEGG classiﬁcations of unigenes. Finally, 80,947
unigenes (51.57%) were annotated, and 76,002 were not
annotated. The possible reasons accounting for the unannotated sequences were that some were short unigenes and
certain speciﬁc genes exclusively expressed in G. littoralis.

Because there are differences in the contents of furanocoumarin in the leaves and roots of G. littoralis, we
explored the divergences of transcriptome data between
these two organs. Based on the sequencing data, unigenes
expressions were also quantiﬁed for each gene among various samples in transcriptomics (Ruan et al. 2004; Wang
et al. 2009; Costa et al. 2010). We obtained 9021 DEGs
(P \ 0.05), in which 3826 genes were abundantly expressed
in roots, while 5195 genes showed a high level of expression
in leaves. Further, the DEGs were sorted into different
KEGG pathways (ﬁgure 2). The genes that were greatly
expressed in roots were principally enriched in ‘ribosome’
pathways (ﬁgure 2a; table 4 in electronic supplementary
material). While, abundantly expressed genes in leaves were

Figure 1. Quantitative analysis of furanocoumarin in leaves and roots of G. littoralis. (a) Leaves and roots used in this study. (b) Content
of furanocoumarin in leaves and roots of G. littoralis. **Signiﬁcant difference at P \ 0.01 by t-test.
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basically categorized in ‘starch and sucrose metabolism’ and
‘photosynthesis metabolic’ pathways (ﬁgure 2b; table 5 in
electronic supplementary material). In addition, the highly
expressed genes classiﬁed in ‘phenylpropanoid biosynthesis’
metabolic channel are shown both in roots and leaves of
G. littoralis, indicating that this metabolic pathway played a
role in both tissues.
Putative unigenes involved in furanocoumarin biosynthesis

Furanocoumarin are synthesized in plants via the upstream
phenylpropanoid metabolism and downstream hypothetical
metabolic pathways. We ﬁltered the candidate genes encoding
enzymes involved in the pathway based on the annotation and
BLAST analyses. Finally, 82 unigenes which encode eight
enzymes in the furanocoumarin biosynthetic pathway were
obtained. The number of the unigenes that correspond to each
enzyme in the pathway is shown in ﬁgure 3 and the expression
pattern of each unigene involved in furanocoumarin biosynthesis is indicated beside each step (table 6 in electronic supplementary material). Overall, the gene expression level in the
tissues with markedly enriched metabolites is higher than that of
other tissues (Guo et al. 2013, 2016). Since furocoumarins
exhibit root-speciﬁc accumulation in G. littoralis, as we
expected, most unigenes were also apparently greatly expressed
in roots. For example, in the upstream pathway, C4H is a
CYP450 MO from the CYP73A subfamily, which has seven
candidate genes. The expression level of the six unigene
(c147026_g1, c157066_g1, c19567_g1, c96904_g1,
c97659_g1 and c99902_g1) is signiﬁcantly higher in roots than
in leaves. The enzymes in downstream pathway may play a
greater role in furanocoumarins accumulation. In the downstream, among ﬁve DEGs of UDT, three unigenes (c21780_g1,
c42512_g1, c81532_g1) were upregulated in roots. PS had
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eight DEGs; of which four (c139921_g1, c17983_g1,
c21456_g1 and c49095_g1) had high rank expression in roots.
There was only one DEG for XMT (c77285_g8), which was
remarkably expressed in leaves. Above all, in downstream
pathway, the differences in the expression levels in roots and
leaves of these seven unigenes (c21780_g1, c42512_g1,
c81532_g1, c139921_g1, c17983_g1, c21456_g1, and
c49095_g1) were consistent with the chemical contents of
furanocoumarin in two tissues. Therefore, we hypothesize that
these seven genes which encode the key enzymes UDT and PS
might be speciﬁc and were primarily responsible for furanocoumarin biosynthesis.
To verify the accuracy of the transcriptome data, 20 unigenes encoding enzymes and TFs were chosen for qRT-PCR
experimentation. As shown in ﬁgure 4, c72684_g1,
c15434_g1, c59584_g1, c66082_g1, c36512_g1, c76953_g2,
c42512_g1, c21456_g1, c73031_g1, c66295_g1, c75915_g1,
c62773_g1, c74522_g3, c55003_g1, c77141_g1 and
c70134_g3 genes displayed the preferential expression pattern
in roots than in leaves. For example, the expression level of
c55003_g1 unigene in roots was 35-fold of that in leaves.
Conversely, c77569_g2, c77569_g1, c8516_g1 and c77285g8 were remarkably expressed in leaves than in roots. All
genetic evaluations showed that the qRT-PCR expression
proﬁles was totally consistent with the proﬁles derived from
read counts analyses (table 7 in electronic supplementary
material).

Classiﬁcation and selection of CYP450s

CYP450s are extensively involved in plant secondary
metabolism, such as phenylpropanoid, alkaloids, isoprenoids, ﬂavonoids and phenolic compounds. In the

Figure 2. The scatter plot of the KEGG pathways enriched for DEGs. (a) Upregulated pathways in roots. (b) Upregulated pathways in
leaves. The y-axis is different KEGG pathway. The x-axis is the number of rich factor. The coloured circles represent the q-value of
pathway. The range of q value is from 0 to 1. The size of circles represent gene number.
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Figure 3. Putative biosynthetic pathway of furanocoumarin in G. littoralis. The colour scale represents log2 transformed FPKM values.
Red, high expression in roots; green, high expression in leaves. Numbers in brackets indicate amount annotated unigene.

hypothetical furanocoumarin biosynthetic pathway, some
steps are catalyzed by CYP450s, such as C4H, MS, PS,
MO, etc. C4H and PS have been annotated in our study
(ﬁgure 3). To screen the other candidate CYP450s genes,
we performed the following analysis: 639 CYP450s unigenes were mined in our transcriptome data. Based on
these, we obtained 69 unigenes by removing the unigenes
with FPKM \ 10 and CDS-length \ 1000. Then these
unigenes were further sorted into seven clans and 33
families (ﬁgure 5).

There were 52 differently expressed CYP450s unigenes
(table 8 in electronic supplementary material), of which 26
were highly expressed in roots. These 26 genes were primarily distributed in clansCYP71, CYP85 and CYP72.
These three clans have been shown to participate in plant
secondary metabolism (Field and Osbourn 2008; Field et al.
2011; Itkin et al. 2011, 2013). In particular, the CYP71 clan
contains most of the CYP450 families participating in plant
secondary metabolism, such as CYP98, CYP73 and
CYP706 (Bak et al. 2011).

Furanocoumarin biosynthesis in G. littoralis
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Figure 4. qRT-PCR analysis of 20 screened unigenes of G. littoralis. **Signiﬁcant difference at P \ 0.01 by t-test.
Classiﬁcation of unigenes encoding putative TFs

A total of 2660 unigenes belonging to 80 known families
were annotated as TFs. One of the largest TF families in the
tracriptome is the zinc-ﬁnger C2H2 family that contains 236
unigenes, followed by MYB, AP2/ERF, bZIP, Orphans and
C3H (ﬁgure 6a). Differentially expressed TFs unigenes were
cluster analysed in ﬁgure 6b. In plants, some TFs families
can regulate secondary metabolism pathways. In our transcriptome data, these families included MYB (176), AP2/
ERF (162), bZIP (125), NAC (104), bHLH (103), and
WRKY (67). We ﬁltered 102 DEGs in these TFs families
(table 9 in electronic supplementary material), of them 28
belong to MYB gene family, including six genes c41366_g1,

c63322_g1, c68741_g2, c71949_g2, c73788_g2 and
c73824_g1 annotated in MYB1, c68975_g1, c53540_g2
annotated in MYB2 and c63052_g1 annotated in MYB305,
respectively.

Discussion
G. littoralis is a traditional Chinese medicine contains
valuable furanocoumarins with signiﬁcant pharmacological
activity, and has been widely used in clinical practice. RNASeq can help to explore the related genes of medicinal plants
in secondary metabolism directly, quickly and effectively.
Until now, transcriptome analysis of many medicinal plants
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Figure 5. Phylogenetic analysis of putative CYP450s unigenes from G. littoralis and A. thaliana. Red dots, DEGs highly expressed in
roots; green dots, DEGs highly expressed in leaves.

Figure 6. Putative TFs unigenes of G. littoralis. (a) Number statistics of putative TFs unigenes. (b) Cluster analysis of differentiallyexpressed TFs unigenes. Colours indicate log2 transformed FPKM values. Green, low expression; red, high expression.

Furanocoumarin biosynthesis in G. littoralis

has been carried out using high-throughput RNA sequencing. A great number of enzyme genes participating in the
biosynthetic pathway of medicinal plants have been ﬁltered
(Yuan et al. 2012; Yang et al. 2013; Yuan et al. 2013;
Cherukupalli et al. 2016; Liu et al. 2017). Most of the
accumulated in plant secondary metabolites is related to the
transcription of their biosynthetic genes. Generally, in the
secondary metabolic pathways, plant organs or tissues with
high expression levels of key genes correspondingly yield
more metabolites (Yuan et al. 2012; Chen et al. 2013).
Therefore, through the comparative analysis of the transcriptomes of different tissues and organs of plants, DEGs
can be screened out. Once the expression pattern of functional genes has been clariﬁed and combined with the
chemical data of active metabolites, the key genes associated
with active ingredients can be identiﬁed and the biosynthesis
metabolic pathway of plant active ingredients can be
revealed. For example, Salvia miltiorrhiza accumulates
tanshinones in root. Comparative analysis of the transcriptomes of S. miltiorrhiza was conducted and the 2863 unigenes that were identiﬁed were greatly expressed in roots,
some of them encoded enzymes of early steps of tanshinone
biosynthetic pathway (Yang et al. 2013). In Gardenia jasminoides, the content of crocin increases during fruit
development. Comparative transcriptome analysis of G.
jasminoides green fruit, red fruit and leaves was conducted,
and the candidate crocin biosynthetic genes were also ﬁltered (Ji et al. 2017). In G. littoralis, furanocoumarin is
accumulated in a large amount in roots, but less in leaves.
Therefore, in our study, comparative analysis of the transcriptomes was performed in leaves and roots, and the genes
that encode key enzymes of furanocoumarin biosynthesis
were expected to give priority expression to roots.
In this study, we ﬁrst initiated the transcriptome
sequencing of leaves and roots of G. littoralis to select the
candidate genes for furanocoumarin biosynthetic pathway. A
total of 82 unigenes that encode eight enzymes in furanocoumarin biosynthetic pathway were sifted. Seven key
enzyme genes demonstrated higher expression levels in roots
than in leaves in accordance with the distribution of furanocoumarin in G. littoralis. In addition, other candidate
CYP450s (26) and TFs(102) unigenes were also mined,
which are valuable in the biosynthesis of furanocoumarin
research. In further studies, these candidate genes could be
cloned, expressed and functionally analysed. This study
plays a signiﬁcant role in molecular studies of G. littoralis,
especially for characterizing candidate unigene-encoding
enzymes participating in the furanocoumarin biosynthetic
pathway.
The phylogenetic tree revealed 26 candidate CYP450
unigenes expressed abundantly in roots and were largely
concentrated in CYP71, CYP85 and CYP72 clans. CYP71
clans contained most of the CYP450 families involved in
plant secondary metabolism. For example, in the phenylpropanoid pathway of A. thaliana, the CYP98 family of
CYP71 clan could catalyse the meta-hydroxylation step

Page 9 of 11

11

(Schoch et al. 2006). Thus, members of CYP71 clan can be
of special signiﬁcance for further elucidating the furanocoumarin biosynthetic pathway. In addition, due to the
different catalytic activity of CYP450s mono-oxidase, we
concluded that DEGs of CYP85 and CYP72 clans also hold
the possibility to be core enzymes in furanocoumarin
biosynthesis. In CYP85clan, PgCYP716A47 was found to
generate protopanaxadiol by hydroxylation of dammarenediol-II at the C-12 position in Panax ginseng (Luo et al.
2011). AtCYP716A2 demonstrated 22a-hydroxylation
activity against a-amyrin that produces the 22a-hydroxy-aamyrin and cytotoxic triterpenoidin A. thaliana (Yasumoto
et al. 2016).
Sequence similarities of the two unigenes (c77141_g1 and
c74715_g2) and TgCYP76AE2 reached 93% and 83%,
respectively. TgCYP76AE2 of Thapsia garganica could
catalyse the oxidations that lead to the formation of a lactone
ring and indicates a role in thapsigargin biosynthesis (Andersen et al. 2017). Meanwhile, c78796_g2, c66872_g1,
c76397_g1 illustrated high nucleotide sequence identity to
AtCYP82C4. Previous research has shown that
8-methoxypsoralen was hydroxylated by plants overexpressing CYP82C4 forming 5-hydroxy-8-methoxypsoralen
(Kruse et al. 2008). Moreover, c48557_g1 was grouped with
AtCYP84A1; and the c75356_g2 and CYP90B1were clustered together. It showed that AtCYP84A1 encodes ferulate
5-hydroxylase (F5H) in syringyl lignin biosynthesis, and
AtCYP90B encodes a 22alpha hydroxylase in brassinosteroid biosynthetic pathway. All the genes mentioned above
were expressed at higher level in roots than in leaves.
Therefore, it is expected that these unigenes (c77141_g1,
c74715_g2, c78796_g2, c66872_g1, c76397_g1, c48557_g1
and C75356_g2) had similar functions with targeted genes
and involved in the biosynthesis of furanocoumarin in
G. littoralis. And it is very likely that these two genes
(c48557_g1 and c75356_g2) encode hydroxylase.
Transcription factors regulate the secondary metabolism
of medicinal plants. The related research on TFs is one of the
hot topics in this ﬁeld. In the present analysis, the 102 DEGs
belonged to MYB, AP2/ERF, bZIP, NAC, bHLH and
WRKY. These differentially-expressed TFs possibly perform
different functions in the secondary metabolism of G. littoralis roots and leaves. Plant MYB transcription factors
have many physiological and biochemical functions, especially in phenylpropanoid metabolic pathway. Previous
studies found that many MYB transcription factors could
recognize AC- rich-DNA-binding domains, and most promoters of catalytic enzyme genes in phenylpropanoid pathway happen to have AC cis-acting elements. These AC
enriched motifs can bind to the binding domain of MYB
transcription factor DNA and thus is activated by MYB
transcription factor (Patzlaff 2003; Prouse and Campbell
2013; Liu et al. 2015; Chezem et al. 2017). For example,
EgMYB1 which is a negative regulator of the lignin branch
pathway, binds speciﬁcally to the MBSIIG sites located in
the promoters of lignin biosynthetic genes, and represses the
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transcription of these genes in planta (Legay et al. 2007).
And in Scutellaria baicalensis, the SbMYB2TFs can be
combined with the box sequences in the NtPAL promoter
region, and negatively regulate the synthesis of ﬂavonoids in
transgenic tobacco (Yuan et al. 2013). Besides the transcription factors, AmMYB305 regulate the synthesis of PAL
in phenylpropane metabolic pathway in snapdragon (Tamagnone et al. 1998). In this study, c41366_g1, c63322_g1,
c68741_g2, c71949_g2, c73788_g2 and c73824_g1 were
annotated in MYB1; c68975_g1, c53540_g2 were annotated
in MYB2; and c63052_g1 were annotated in MYB305. Thus
these nine genes are worthy of further study.
Many medically useful secondary metabolites produced
by plants are the result of the latter’s stress response.
Effective biological and abiotic elicitors can be used to
stimulate plant stress response and increase the production of
secondary metabolites (Gorelick and Bernstein 2014). And it
would have been interesting to apply elicitors on leaves and
roots of G. littoralis for short duration and look for the
expression of the genes involved in the metabolite production forfurther studies.
In conclusion, for the ﬁrst time, we demonstrated the
furanocoumarin biosynthetic pathway of G. littoralis using
transcriptome analysis. Our study lays the foundation for
improving the content of furanocoumarin by the overexpression of candidate genes, and it can also promote the
development of genomics research in related medicinal
plants.
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