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Abstract

Key message Transcriptomic analysis of the relationship between gene expression patterns and flavonoid contents
in the flower buds of Lonicera japonica under light-induced conditions, especially the flavonoid pathway genes and
transcription factors.

Abstract Flos Lonicerae Japonicae (FLJ), the flower buds of Lonicera japonica Thunb., has been used to treat some human
diseases including severe respiratory syndromes and hand-foot-and-mouth diseases owing to its putative antibacterial, and
antiviral effects. Luteoloside is a flavonoid that is used by the Chinese Pharmacopoeia to evaluate the quality of FLJ. Light is
an important environmental factor that affects flavonoid biosynthesis in the flower buds of L. japonica. However, how light
triggers increases in flavonoid production remains unclear. To enhance our understanding of the mechanism involved in light-
regulated flavonoid biosynthesis, we sequenced the transcriptomes of L. japonica exposed to three different light conditions:
100% light intensity (CK), 50% light intensity (LI50), and 25% light intensity (LI25) using an Illumina HiSeq 4000 System.
A total of 77,297 unigenes with an average length of 809 bp were obtained. Among them, 43,334 unigenes (56.06%) could
be matched to at least one biomolecular database. Additionally, 4188, 1545 and 1023 differentially expressed genes (DEGs)
were identified by comparative transcriptomics LI25-vs-CK, LI50-vs-CK, and LI25-vs-LI50, respectively. Of note, genes
known to be involved in flavonoid biosynthesis, such as 4-coumarate coenzyme A ligase (4CL), and chalcone synthase (CHS)
were up-regulated. In addition, a total of 1649 transcription factors (TFs) were identified and divided into 58 TF families;
98 TFs exhibited highly dynamic changes in response to light intensity. Quantitative real-time PCR (qQRT-PCR) was used
to test the expression profiles of the RNA sequencing (RNA-Seq) data. This study offers insight into how transcriptional
expression pattern is influenced by light in the flower buds of L. japonica, and will enhance the understanding of molecular
mechanisms of flavonoid biosynthesis in response to light in L. japonica.
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NR Non-redundant protein sequence database

KOG Clusters of eukaryotic orthologous Group

GO Gene ontology

KEGG Kyoto encyclopedia of genes and genomes

FSII Flavonol synthase

UFGT UDP-glucose: flavone
7-O-beta-glucosyltransferase

Introduction

Lonicera japonica Thunb. (honeysuckle), a member of the
Caprifoliaceae family, is a perennial deciduous shrub native
to East Asia (He et al. 2010). Its dried flower buds, known
as Flos Lonicerae Japonicae (FLJ), are a traditional Chinese
medicine that reportedly have anti-inflammatory, antibac-
terial, antiviral, antitumor, and antidiabetic properties (Liu
et al. 2016; Wang et al. 2017a). It has been widely used for
preventing and treating upper respiratory tract infections,
hyperlipidemia disease, and some epidemic disease such
as SARs, HIN1, and hand—foot—-mouth disease (Ku et al.
2009). In addition to its medicinal uses, FLJ is also used in
healthy foods and cosmetics (Shang et al. 2011; Seo et al.
2012). Due to these reasons, there has been a high demand
for FLJ in China. The steady supply of FLJ for traditional
Chinese medicine and pharmaceutical companies has been
met through increased honeysuckle cultivation.

FLJ contains chemical compounds such as essential oils,
flavonoids, iridoid glycosides, and saponins (Shang et al.
2011). In particular, the flavonoid luteoloside is a marker
compound used for quality evaluation and standardization of
FLJ (Chinese Pharmacopoeia Commission 2015). Increas-
ing the biosynthesis and accumulation of this active com-
pound through metabolic engineering and artificial planting
would have practical significance in the improvement of FLJ
quality.

Flavonoid biosynthesis and accumulation in plants are
related not only to genetics, but also to environmental fac-
tors, such as light, temperature, nutritional status, water, soil
type, and microbial interactions (Ferdinando et al. 2012).
Light not only sustains plant growth and development as
an energy source, but also affects the synthesis of multi-
ple secondary metabolites (Zhang et al. 2017). Extensive
studies indicate that changes in light intensity can stimulate
the synthesis and accumulation of secondary metabolites
in medicinal plants (Zoratti et al. 2014; Shao et al. 2014;
Yoneda et al. 2017; Ye et al. 2017). Tattini et al. (2004)
found that the concentration of quercetin and luteolin deriva-
tives in leaves of L. vulgare increases with light intensity,
and that the content of quercetin 3-O-rutinoside and luteolin
7-0 glucoside in leaves under 100% natural light is higher
than that in plants exposed to only 35% and 6% natural
light. Deng et al. (2012) also found that light intensity has
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a significantly positive effect on the content of total flavo-
noids, kaempferol, quercetin, and isoquercitrin in leaves of
C. paliurus. Xu et al. (2014) reported that full sunlight can
promote flavonol biosynthesis, including that of quercetin,
kaempferol, and isorhamnetin, in leaves of Gingko biloba.

Flavonoid biosynthesis in plants is closely related to
the expression of genes encoding flavonoid biosynthetic
enzymes, such as phenylalanine ammonia-lyase (PAL),
CHS, flavanone 3-hydroxylase (F3H), and flavonol synthase
(FLS) (Winkel 2001). For instance, bagging of Pyrus pyri-
folia inhibits the accumulation of anthocyanins as well as
the expression of PpCHSs, chalcone isomerase (PpCHISs),
PpF3Hs, flavonoid 3'-hydroxylase (PpF3'Hs), dihydrofla-
vonol 4-reductase (PpDFRs), and anthocyanidin synthase
(PpANSs). At the same time, the expression of these genes
is up-regulated 6 h after the removal of the bag (Bai et al.
2017). Xu et al. (2014) found that full sunlight treatment
in Gingko biloba leads to a significant increase in flavonol
content in leaves, and that it promotes the expression of
PAL, CHS, F3H, and FLS. Pan et al. (2017) also reported
an increase in the relative expression of cinnamic acid
4-hydroxylase (C4H), CHS, CHI, and FLS, together with
an enhancement in the content of epimedin B, epimedin C,
and icariin in Epimedium pseudowushanense exposed to
high light intensity.

Various transcription factors, especially MYB, bHLH,
WD40, WRKY, and bZIP, regulate the transcription of fla-
vonoid biosynthetic structural genes (Hichri et al. 2011).
In turn, plant development and environmental signals, such
as light, salinity, temperature, and hormone concentration,
affect the regulatory function of these transcription factors
(Lai et al. 2013). For instance, Arabidopsis plants exposed
to light display enhanced expression of MYB111, MYB12,
and HY5 (bZIP family) as well as higher flavonoid content
compared to dark-grown plants (Pandey et al. 2014). Koy-
ama et al. (2012) also found that light induces the transcrip-
tion of an array of R2R3 MYB transcription factors. These
studies partly revealed the molecular mechanism of light-
induced flavonoids synthesis. However, they also indicated
that light-dependent control of signaling and physiological
processes represent a complex regulatory network. There-
fore, the molecular mechanism of light-induced flavonoid
biosynthesis needs further analysis.

With the rapid development of high-throughput sequenc-
ing technology, RNA-seq emerged as an efficient approach
for gene discovery and expression analysis at the transcrip-
tome level (Robinson et al. 2010). RNA-seq can detect
transcripts of low abundance with sufficient sensitivity and
does not require prior genomics information (Cullum et al.
2011). Moreover, RNA-seq serves as a powerful technique to
describe transcription of metabolic changes in many medici-
nal plant species in response to various stresses (Wang et al.
2017b; Pan et al. 2017).
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A previous study found that full light increases the bio-
synthesis and accumulation of luteoloside in L. japonica.
However, the underlying molecular mechanism remains
unclear. Here, we analyzed transcriptomes of the flower buds
of L. japonica exposed to different artificial light intensi-
ties. Our study aimed to construct the transcriptome of L.
Japonica in relation to light, and annotate the functions of
generated unigenes. Besides, we wanted to identify and char-
acterize differentially expressed genes (DEGs) under differ-
ent light intensity treatments. Moreover, we analyzed and
identified transcription factors responding to highly dynamic
changes in light intensity. The results not only elucidate the
potential light-dependent transcriptional mechanism con-
trolling the accumulation of flavonoids in L. japonica, but
also lay a foundation for quality improvement and molecular
breeding of this species through genetic engineering.

Materials and methods
Materials and treatments

An experiment was established in an experimental field
of the Institute of Botany, Jiangsu Province and Chi-
nese Academy of Sciences, Nanjing, China (32° 06’ N,
118° 28" E). One-year-old healthy and homogenous L.
Jjaponica seedlings (ground diameter 5.2~5.3 mm; seed-
ling height 30.0~32.0 cm) were transferred to plastic pots
(30.0 cm % 30.0 cm for inner-diameter and height, and one
seedling per pot) filled with 2.5 kg of a substrate mixture of
vermiculite: peat: soil (3:3:4, v/v/v), and then placed in the
greenhouse with a 16:8 light/dark cycle and 65 +5% relative
humidity at 23+ 1 °C on February 20, 2017. Six weeks later,
the plants were randomly divided into six groups (n= 10 per
group), and each light intensity treatment consisted of two
groups. Three light intensity levels were created by blocking
light penetration using a black cloth stretched over a rigid
frame. The light intensity groups were 100% light intensity
(non-shade, CK-1, CK-2), 50% light intensity (50% shaded,
LI50-1, LI5S0-2), 25% light intensity (75% shaded, LI25-1,
LI25-2) (the fluorescent lights as the light resource). The
light intensity was measured with a digital light meter (TES-
1330A, Taiwan). The average light intensity passing through
in each treatment was about 1300, 640, and 310 pmol m2s~!
of photosynthetically active radiation (PAR) at noon time
(May 2017) for CK, LI50 and LI25. Except for the light
intensity, the other culture conditions were the same for each
group. After treatment for 30 days, one hundred flower buds
from the control and each treated group were harvested at
7:30 a.m. Parts of the collected sample were flash-frozen
using liquid nitrogen and stored at — 80 °C until RNA
extraction, and the other parts were dried at 45 °C for chemi-
cal analysis.

Determination of luteoloside and total flavonoids

The flower buds of each treatment group were collected
at the same time with RNA sequencing. All samples were
oven-dried at 50 °C and crushed into powder before extrac-
tion. The content of luteoloside was determined using HPLC
following the current PPRC’s protocol (Chinese Pharma-
copoeia Commission 2015). The total amount of flavonoid
compounds of each sample was determined according to the
method of Hsu et al. (2016).

RNA Extraction, cDNA library construction
and lllumina sequencing

Total RNA was extracted from flower buds using RNAiso
Plus reagent (Takara Bio, Dalian, China) according to the
manufacturer’s instructions. Genomic DNA contamination
was eliminated from the extracted RNA by RNase-free DNa-
sel (TaKaRa Biotech Co., Ltd., Dalian, China). RNA integ-
rity and concentration were then examined by agarose gel
electrophoresis (1.2%, w/v) and an Agilent 2100 Bioanalyzer
(Agilent Technologies, Inc., Santa Clara, CA, USA). The
high-quality RNA samples were sent to Gene Denovo Tech-
nologies Corporation (Guangzhou, China) for cDNA library
construction and sequencing. Poly (A)-containing mRNA
was purified from total RNA using poly-T oligo-attached
magnetic beads, and mRNAs were fragmented into short
sequences (~200nt) using fragmentation buffer. These short
sequences were transcribed into first-strand cDNA using ran-
dom hexamer primers and m-muLV Reverse Transcriptase
(RNase H-). The second-strand cDNA was synthesized using
RNase H and DNA polymerase I. The cDNA fragments were
purified using a QiaQuick PCR extraction kit (Qiagen, Inc.,
Hilden, Germany), and then subjected to end repair and sin-
gle dATP addition. Thereafter, these short fragments were
connected with adapters, and the suitable fragments were
screened as templates for PCR amplification. The transcrip-
tome libraries were sequenced using an Illumina HiSeq™
4000 (Illumina, Inc., San Diego, CA, USA) at the Gene
Denovo Institute (Guangzhou, China).

Transcriptome annotation and functional
classification

All of the unigenes were searched against annotated public
databases, including NR (Non-Redundant Protein Sequence
Database), Swiss-Prot, KOG (Clusters of eukaryotic Orthol-
ogous Group), GO (Gene Ontology) and KEGG (Kyoto
Encyclopedia of Genes and Genomes) using BLASTX
analysis with an E-value cut-off of 1.0E-05. Based upon the
BLAST results, unique transcripts were assigned to gene
ontology categories including cellular component, molecu-
lar function, and biological process terms, were annotated
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using the annotation program BLAST2GO (Conesa et al.
2005). GO functional classification and distribution of gene
functions of each assembly unigene were performed using
WEGQO software at the macroscopic level (Ye et al. 2006).

Identification and analysis of DEGs

To identify DEGs induced by light intensity, the clean reads
were mapped to the reference sequence. The relative expres-
sion of unigenes was calculated by the RPKM (Reads Per
kb per Million reads) method (Mortazavi et al. 2008). The
p value was adjusted using the g-value (Anders and Huber
2010). Unigenes with g value <0.05 and log2 Ratio > 1 were
considered to be statistically significant DEGs. All DEGs
were mapped to GO and KEGG database for functional and
pathway enrichment analysis using the Blast2GO software
(http://www.blast2go.org/) and KO-Based Annotation Sys-
tem (KOBAS) software (Mao et al. 2005).

Co-expression network construction

A co-expression network analysis was employed between
flavonoid biosynthesis pathway genes and transcription fac-
tors in the flower buds of L. japonica. The Pearson cor-
relation evaluation was conducted by SPSS v20 software.
The Pearson correlation coefficient of two genes > 0.8 with
p value <0.05 were considered to be co-expressed genes (Fu
and Xue 2010). The co-expression networks were visualized
with the Cytoscape software version 3.2.0 (Shannon et al.
2003).

qRT-PCR validation

Quantitative reverse transcription-PCR (qRT-PCR) was uti-
lized to validate the patterns of gene expression in the flower
buds of L. japonica under light intensity treatments. Total
RNA was isolated using the same method mentioned above,
and then the first-strand cDNA was synthesized using the
Superscript® III First Strand cDNA Synthesis System (Inv-
itrogen, USA) following the manufacturer’s protocol. Actin
was used as a reference for calculating the gene expression
normalization with the 2"*4¢ method (Livak and Schmittgen

2001). The gene-specific primers were designed with the
software Primer Premier 5.0 and are shown in Table S1. The
qRT-PCR was performed using SYBR Premix Ex Taq™
II kit (Takara) as per manufacturer’s instructions, and con-
ducted in qTOWER 2.2 Real-Time PCR System (Analytik
Jena AG, Jena, Germany) under the following parameters:
94 °C for 2 min, followed by 40 cycles of 94 °C for 20 s,
and 60 °C for 34 s. All reactions were performed in three
biological replicates and three technical replicate, and the
results were reported as mean + standard error.

Results

Effect of light intensity on the content of luteoloside
and total flavonoids

After exposing the plant to different light intensity, we
observed the highest luteoloside and total flavonoids con-
tents in CK treatment, followed by LI5S0 and LI25 (Fig. 1).
Therefore, we concluded that high light intensity enhanced
luteoloside and total flavonoids production in flower buds
of L. japonica.

Transcriptome sequencing profile of L. japonica
under different light intensity treatments

To develop a global overview of the L. japonica transcrip-
tome under different light intensity treatments, we extracted
total RNA from the flower buds of CK, LI5S0, and LI25
plants. To minimize the bias from the Illumina sequenc-
ing and transcriptome sampling, we constructed six cDNA
libraries: CK-1, CK-2, LI50-1, LI50-2, L125-1, LI25-2, and
sequenced them separately using an Illumina HiSeq™ 4000
genome analyzer.

Each sequenced sample yielded 2 X 150 bp independent
reads from either end of a cDNA fragment, with approxi-
mately 52-61 million raw reads from each sample. After
removing low-quality sequences, we obtained 51-60 million
clean reads with 97.96-98.88% Q20 bases, while the GC
contents of all samples were 46.23-47.82% (Table 1).

Fig.1 The contents of luteolo- = 0157 a = 157
side and total flavonoids in L. .5 1 %’ ) a
Japonica under different light § § 'g' 2 —
intensity treatments. The data S & 0.10 b S > 10 b
are expressed as the mean +SD. ° a 1 3 a
Different letters (a, b and ¢) 23 % T c
indicate significant differences % g 0.054 c & '; 54 —_—
among the different light inten- 2 H e = H
sity treatments (p <0.05; n=10) = % =
g -8
0.00 T T T 0 T T T
*F F NG *F 8 NG
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Table 1. Summary of . Samples Raw reads Clean reads Reads length Clean bases Q20 per- GC per-

transcrlptome.seque?ncmg centage (%) centage

profiles of L. japonica under (%)

different light intensity

treatments CK-1 52,631,472 51,686,882 150 7,654,998,689  98.80 46.35
CK-2 61,992,576 60,899,234 150 9,020,049,289  98.81 47.40
LISO0-1 61,127,142 60,124,456 150 8,905,494,491  98.88 46.23
LI50-2 56,526,900 55,113,036 150 8,102,380,279  97.96 47.82
LI25-1 55,386,848 54,382,110 150 8,049,421,604  98.80 46.28
LI25-2 56,054,938 54,683,216 150 8,042,249,414  98.00 47.34

Table 2 Overview of the sequencing and assembly

Unigene number 77,297

GC percentage 41.65%
N50 1,281

Max length 15,715
Min length 201
Average length 809

Total assembled bases 62,540,345

Table 3 Functional annotation of unigenes searched against the pub-
lic databases

Annotation database Number of unigenes Percentage (%)

Nr 42,096 54.46
Swissprot 32,190 41.64
KOG 27,027 34.97
KEGG 16,687 21.59
GO 12,740 16.48
Annotated in at least one 43,334 56.06
database
Total Unigenes 77,297 100

In total, we obtained 77,297 unigenes with lengths rang-
ing from 201 to 15,715 bp using theTrinity program. The
average length of these unigenes and N50 were 809 bp and
1281 bp, respectively (Table 2). Figure S1 shows unigenes
with a distribution larger than 200 bp.

Sequence annotation and classification

We searched these unigenes against the NR, Swiss-Prot,
KOG, GO, and KEGG databases. The results indicated that
42,096 (54.46%) unigenes were annotated in the NR data-
base, 32,190 (41.64%) in the Swiss-Prot database, 27,027
(34.97%) in the KOG database, 16,687 (21.59%) in the
KEGG database, and 12,740 (16.48%) in the GO database
(Table 3).

For KOG analysis, there were 27,027 unigenes divided
into 25 groups for functional prediction and classification
(Fig. 2, Table S2). Among them, the “General function pre-
diction only” (9711) contained the largest number of uni-
genes, followed by “Posttranslational modification, protein
turnover, chaperons” (4835), “Signal transduction mecha-
nisms” (4777), “RNA processing and modification” (2647),
and “Transcription” (2372).

In addition, 12,740 unigenes were annotated to one or
more GO terms, and classified into 3 categories and 46
terms (Fig. 3, Table S3). For the “Biological Process” (BP)
category, the term “Metabolic process” (7290) represented
the largest cluster, followed by “Cellular process” (6668),
“Single-organism process” (5291), “biological regulation”
(2020), and “response to stimulus” (1728). In the “Molecu-
lar Function” (MF) category, the terms “Catalytic activity”
(7250), “Binding” (5119), “Transporter activity” (609),
“nucleic acid binding transcription factor activity” (136),
and “structural molecule activity” (123) were among the
most frequent. Within the “Cellular Component” (CC) cat-
egory, the top five terms were “Cell” (4125), “Cell part”
(4125), “Organelle” (2984), “Membrane” (2550), and
“Membrane part”(1795).

To classify gene function and identify biochemical path-
ways, we mapped all annotated unigenes onto the KEGG
database. 16,687 unigenes were annotated and assigned
to 130 KEGG pathways (Fig. 4, Table S4). Among them,
the largest category was “Metabolism pathways” contain-
ing “Carbohydrate metabolism” (2103), “Global and Over-
view” (1384), “Amino acid metabolism” (1190), “Lipid
metabolism” (1032), “Energy metabolism” (751), “Nucleo-
tide metabolism” (609), “Biosynthesis of other secondary
metabolites” (476), “Metabolism of co-factors and vitamin”
(432), “Metabolism of other amino acids” (376), “Metab-
olism of terpenoids and polyketides” (370), and “Glycan
biosynthesis and metabolism” (287). Other groups with a
high number of members were “Genetic Information Pro-
cessing” (4106), “Cellular Processes” (829), “Environmental
Information Processing” (585), and “Organismal Systems”
category (382).
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Fig.2 The classifications of assembled unigenes against euKaryotic Ortholog Groups (KOG). All assembled unigenes were aligned to the KOG
database, and each bar represents the number of unigenes classified functionally into the 25 molecular families

DEGs analysis of assembled L. japonica transcripts
under different light intensity treatments

We identified a total of 4188 DEGs, including 249 up-regu-
lated and 3939 down-regulated unigenes in the comparison
between LI25 and CK. Comparing LI50 and CK, we found
1545 DEGs, including 213 up-regulated and 1332 down-
regulated unigenes. The comparison between LI25 and LISO
indicated that there were 1023 DEGs, including 119 up-reg-
ulated and 904 down-regulated unigenes (Fig. 5).

To further analyze the functions of these DEGs, we
searched and annotated all DEGs with GO and KEGG data-
bases. GO analysis indicated the presence of 37, 36, and 31
functional groups in the comparisons between LI25 and CK,
between LI50 and CK, and between LI25 and LI5S0, respec-
tively (Figure S2). In these three pairwise comparisons,
“Metabolic process” and “Cellular process” were dominant
within the “Biological process” category. “Cell” and “Cell
part” categories were the most represented category with
“Cellular component”. “Catalytic activity” and “Binding”
were predominant in the “Molecular function” category.

KEGG pathways analysis categorized 1650, 560, and
307 DEGs in LI25-vs-CK, LI50-vs-CK, and LI25-vs-
LI50 comparisons into 121, 110, and 90 KEGG path-
ways, respectively (Table S5). In the comparison between
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LI25 and CK, 519 (31.45%) DEGs were significantly
enriched in 19 pathways, including “Proteasome” (28),
“Biotin metabolism” (12), “Ribosome” (89), “Oxida-
tive phosphorylation” (53), “Biosynthesis of unsaturated
fatty acids” (18), “Citrate cycle (TCA cycle)” (25), “Fatty
acid metabolism” (30), “Valine, leucine and isoleucine
degradation” (20), “Fatty acid degradation” (17), and
“Steroid biosynthesis” (15). Among the DEGs identi-
fied from the comparison of LIS0O and CK, 135 (24.11%)
DEGs were significantly enriched in 10 pathways, con-
taining “Ribosome” (58), “Oxidative phosphorylation”
(23), “Monoterpenoid biosynthesis” (3), “Biosynthesis
of unsaturated fatty acids” (7), “Betalain biosynthesis”
(1), “Carbapenem biosynthesis” (1), “Cyanoamino acid
metabolism” (7), “Phenylpropanoid biosynthesis” (14),
“Vitamin B6 metabolism” (3), and “RNA transport” (18).
For the comparison between LI25 and LI50, 93 (30.29%)
DEGs were significantly enriched in 15 pathways, includ-
ing “Sesquiterpenoid and triterpenoid biosynthesis” (10),
“Monoterpenoid biosynthesis” (3), “Isoquinoline alkaloid
biosynthesis” (4), “Cutin, suberine and wax biosynthesis”
(4), “Nitrogen metabolism” (4), “Ascorbate and aldarate
metabolism” (5), “Fatty acid metabolism” (8), “Starch and
sucrose metabolism” (12), “Pentose and glucuronate inter-
conversions” (7), and “Fatty acid biosynthesis” (5).
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Fig.3 The classfications of assembled unigenes against Gene ontol-
ogy (GO). The unigenes were systematically classified into three GO
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sub-categories: biological process, cellular component, and molecular

Fig.4 The classifications of
annotated unigenes against
Kyoto Encyclopedia of Genes
and Genomes (KEGG). Five
main KEGG metabolism path-
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lism (a), genetic information
processing (b), environmental
information processing (c),
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Fig.5 Differentially expressed genes (DEGs) of L.japonica under
different light intensity treatments. a Scatter-plot graphs of the differ-
ential gene expression patterns in the comparison between LI25 and
CK, LI50 and CK, and LI25 and LI50, respectively. Reds pots repre-
sent up-regulated DEGs, blue spots indicate down-regulated DEGs,

Structural genes involved in luteoloside
biosynthesis

Luteoloside is a flavonoid compound, an important group of
plant secondary metabolites with various pharmacological
activities, whose synthesis is influenced by a large number of
enzymes. Here, we identified 23 unique sequences encoding
eight enzyme families involved in luteoloside biosynthesis,
including PAL, C4H, 4CL, CHS, CHI, Flavonol synthase
(FSII), F3"H, and UDP-glucose: flavone 7-O-beta-gluco-
syltransferase (UFGT) (Fig. 6). The expression levels of
the two identified PAL genes, Unigene0038027, and Uni-
gene0005847, increased in response to light intensity. We
also identified four C4Hs, among which Unigene0036844
reached the highest expression level in LI25 treatment.
The levels of Unigene0036843, Unigene0034399 and
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and gray spots indicate unigenes that did not change significantly
under light intensity treatments. b Number of DEGs showing up-(red)
or down-(blue) regulation in pairwise comparisons of the three librar-
ies. ¢ Venn diagram describing the number of upregulated and down-
regulated genes revealed by paired comparison

Unigene0034398 varied with the increase of light inten-
sity. Five 4CL genes were identified. The expression level
of these genes gradually increased with the increase of
light intensity. Six unigenes encoding CHS exhibited two
expression patterns. Of these genes, the expression levels
of Unigene0035685, Unigene0019785, Unigene0035684,
Unigene0022607, and Unigene0065625 decreased with
the decrease in light intensity. By contrast, the transcrip-
tion levels of Unigene0008477 reached the highest at LI50.
Two identified CHIs showed differential expression pat-
tern between the three treatments. The expression level
of Unigene0033496 was highest at LI50. In contrast, the
transcription of Unigene0029885 gradually increased as
the light intensity was increased. The transcription levels
of Unigene 0021760 and Unigene 0027683, which encode
FSII and F37H, respectively, displayed similar expression
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Fig.6 Simplified scheme and a heat map of the expression of genes
related to luteoloside biosynthesis in L. japonica. Enzyme names,
unigene IDs, and expression patterns are indicated at the right side of
each step

pattern with 4CL genes. The expression level of Unigene
0041850, which encodes UFGT, gradually decreased with
light intensity decreased. Conversely, the expression level of
Unigene 0036141 reached the highest at LI25.

Transcription factors (TFs)

We identified a total of 1649 TFs and divided them into
58 families aligning the annotated L. japonica unigenes
to the Plant TFDB database (Fig. 7). Members of the
C2H2, ERF, bHLH, MYB, NAC, MYB-related, bZIP,
C3H, WRKY, and FARI1 families, containing more than

58 unigenes, scored in the top 10 classes. The C2H2 and
ERF families with 120 members were the largest family.
In addition, EIL, LSD, HB-PHD, NF-X1, Whirly, LFY,
S1Fa-like, RAV, STAT, VOZ, and NZZ/SPL families con-
tained fewer than 5 members.

To better reveal the transcriptional regulation mecha-
nism of luteoloside biosynthesis under light, we identified
98 TFs that exhibited highly dynamic changes in response
to light intensity (Fig. 8). Among them, C2H2 constituted
the largest group (19, 19.38%), followed by WRKY (12,
12.24%), MYB (8, 8.16%), WD40 (7, 7.14%), bZIP (6,
6.12%), ERF (6, 6.12%), NAC (6, 6.12%), GATA (4,
4.08%), bHLH (3, 3.06%), M-type (3, 3.06%), and MYB-
related (3, 3.06%).

The expression levels of these C2H2s, except for Uni-
gene0023926, Unigene0006264, and Unigene0063182,
decreased with the decrease in light intensity. The MBW
transcription complex composed of MYB, bHLH, and
WD40 proteins activate structural genes in the flavonoid
biosynthesis pathway (Xu et al. 2015). In our study, the
expression levels of four MYB TFs (Unigene007630, Uni-
gene0024490, Unigene0026235, and Unigene0036537),
two bHLH TFs (Unigene0072300 and Unigene0076621),
and seven WD40 TFs (Unigene0002370, Unigene0019012,
Unigene0040850, Unigene0064230, Unigene0067152,
Unigene0068542 and Unigene0075099) were up-regulated
under light intensity treatment. Furthermore, we also identi-
fied twelve WRKY TFs, of which five increased in response
to the increase in light intensity. Moreover, Unigene0009170,
Unigene0012620, Unigene0024130, Unigene0027671,
Unigene0041877, Unigene0068250, and Unigene0075386
reached the highest expression at LI5SO. In addition, six
NAC TFs showed a differential expression pattern. The
expression levels of the four NAC TFs Unigene0025772,
Unigene0034001, Unigene0035139, and Unigene0074792,
increased with the increase of light intensity. By contrast, the
two other NAC TFs, Unigene0014311 and Unigene0075492
reached the highest expression level at LI50.

Validation of RNA-Seq Data by qRT-PCR

To validate the reliability of our RNA-Seq data, we selected
12 genes, including luteoloside biosynthetic pathway-related
structural genes and TFs involved in the regulation of fla-
vonoid biosynthesis, for a qRT-PCR experiment using CK,
LI50, and LI25. The expression patterns of these genes
(Unigene0028388, Unigene0024490, Unigene0076621,
Unigene0035139, Unigene0065625, Unigene0034685,
Unigene0026235, Unigene0073241, Unigene0019660, and
Unigene0068250) were consistent with our transcriptome
sequencing results (Fig. 9), suggesting that our RNA-Seq
data were reliable.
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Fig. 7 Distribution of transcription factor (TF) families

Co-expression network analysis between flavonoid
biosynthesis pathway genes and transcription
factors

Transcriptome co-expression analysis is an excellent tool for
predicting regulatory networks of genes involved in linked
processes (Yonekura-Sakakibara and Saito 2013). To further
understand the relationships between the light-responsive
flavonoid biosynthesis genes and TFs in the flower buds
of L. japonica, 21 unique sequences encoding 6 flavonoid
biosynthesis genes (PAL, C4H, 4CL, CHS, CHI, FSII, and
F3'H) and 98 TFs were used to construct a co-expression
network and identify those that may regulate flavonoid bio-
synthesis (Fig. 10). A total of 69 TFs were co-expressed with
these flavonoid biosynthesis-related genes. PAL, 4CL, C4H,
CHS, and CHI were found to be co-expressed with more
TFs, indicating that these genes might have critical roles in
light-induced flavonoid biosynthesis. In addition, twelve uni-
genes including Unigene0064230 (WD40), Unigene0075099
(WD40), Unigene0033261 (WRKY), Unigene0056344
(WRKY), Unigene0072300 (bHLH), Unigene0076621
(bHLH), Unigene0024090 (ERF), Unigene0007630 (MYB),
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Unigene0036537 (MYB), Unigene0026235 (MYB), Uni-
gene0034001 (NAC), and Unigene0035139 (NAC) are
simultaneously co-expressed with the flavonoid biosynthe-
sis genes. These results suggest that the candidate TFs may
contribute to the light-induced flavonoid biosynthesis.

Discussions
lllumina sequencing of L. japonica

RNA-seq has played an important role in illuminating the
molecular interactions underlying specific biological events
in non-model plants (Roy et al. 2011; Ward et al. 2012). Tra-
ditional Chinese medicine uses L. japonica to treat various
diseases due to the anti-bacterial, and anti-viral properties
of this plant. Some transcriptome-based reports focused on
luteoloside biosynthesis, different tissues and floral devel-
opmental stages (Yuan et al. 2012; He et al. 2013; Zhang
et al. 2016b; Rai et al. 2017). Here, we found that light
could promote the accumulation of luteoloside in L. japon-
ica. Several studies elucidated the molecular mechanisms
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of light-induced secondary metabolism biosynthesis using
Illumina deep sequencing technique (Zhang et al. 2016a;
Hao et al. 2017). Therefore, we also attempted to explain

the light-induced flavonoid accumulation in L. japonica
using this technology creating a transcriptome for different
light intensity treatments. In our study, we sequenced six
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Fig.9 Validation of RNA-seq data by qRT-PCR. The data are expressed as the mean+ SD. The actin genes were used as reference genes

libraries (CK-1, CK-2, L125-1, LI25-2, LI50-1 and LI50-
2) from the flower buds of L. japonica under the different
light intensity treatments using the Illumina Hiseq 4000 plat-
form. We obtained 77,297 unigenes with an N50 value of
1281 bp, representing a better result than those obtained in
previous works. For example, Zhang et al. (2016b) gener-
ated 150,523 unigenes with an N50 value of 947 bp using
Illumina HiSeq™. Furthermore, we observed that 43.94% of
the unigenes were not found in any database searches. This
might be the absence of genome information or the unique
genes functions of L. japonica.

We performed differential expression analysis between
CK, LI50, and LI20 after transcriptome assembly, sequence
annotation, and classification. We identified 4188 DEGs in
total, including 249 up-regulated and 3939 down-regulated
unigenes between LI25 and CK, 1545 DEGs including 213
up-regulated and 1332 down-regulated unigenes between
LI50 and CK, 1023 unigenes with 119 up-regulated and 904
down-regulated unigenes between LI25 and LI50.

Previous works reported that shading affects the biosyn-
thesis of secondary metabolites (Xu et al. (2014). In our
study, DEGs were significantly enriched in pathways includ-
ing “Monoterpenoid biosynthesis”, “Phenylpropanoid bio-
synthesis”, “Sesquiterpenoid and triterpenoid biosynthesis”,

@ Springer

and “Isoquinoline alkaloid biosynthesis”. Previous studies
also reported similar results in Litchi chinensis and Chrysan-
themum X morifolium ‘Purple Reagan’ (Zhang et al. 2016a;
Hong et al. 2015). The findings indicate that these metabolic
pathways might be modulated in response to light.

Transcription factors involved in light-regulated
flavonoid biosynthesis

Flavonoids are important secondary metabolites in plants,
and play multiple roles in plant growth, development, and
adaptation to the external environment. In addition, they also
have various pharmacological activities, such as antibacte-
rial, anti-inflammatory, antioxidative, and anticancer effects
(Duthie et al. 2000). Therefore, promoting the biosynthesis
of flavonoids in plants has important practical significance.
Extensive studies show that there are a large number of
structural gene encoding enzymes, such as PAL, 4CH, CHI,
F3H FLS, and UFGT, that directly influence the biosynthesis
and accumulation of flavonoids (Winkel 2001). Moreover,
the expression levels of these structural genes depend on
a series of TFs (Hichri et al. 2010). In recent years, many
studies have indicated that manipulation of TFs is a means
to enhance flavonoid biosynthesis in plants (Pandey et al.
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Fig. 10 Co-expression network analysis between flavonoid biosynthesis pathway genes and transcription factors

2014; Dalman et al. 2017). In our study, we identified a
total of 1649 unigenes encoding for TFs. Among these,
we found 98 DEGs of TFs responding to changes in light
intensity, and divided them into 26 subfamilies (Figs. 7, 8).
Light enhanced the expression of most of these genes in our
experiment, suggesting that these DEGs may participate in
flavonoid biosynthesis in L. japonica.

The MYB TFs family takes its name from its conserved
MYB domain. It is one of the largest TF families in plants,
involved in the regulation of diverse biological processes,
including flavonoid biosynthesis (Dubos et al. 2010).
Recent works identified and characterized many MYB TFs
regulating flavonoid biosynthesis in model species (Gon-
zalez et al. 2008; Gesell et al. 2014). For instance, in A.
thaliana, AtMYB12 activates the expression of AtFLS and
AtrCHS (Mehrtens et al. 2005). MYBs not only can regu-
late the expression of structural genes directly, but also can
modulate interactions with protein partners such as bHLH
or WD40 (MBW transcription complex) (Xu et al. 2015).
Abiotic stresses, such as light, soil salinity, moisture, and

temperature, affect the expression of TFs. In Litchi chin-
ensis, light exposure promotes the expression of LcMYBI
and anthocyanin accumulation relative to bagging in the
pericarp (Lai et al. 2014). In Vitis vinifera, light controls the
co-expression of MYB, bHLH, WRKY, and MADS-box,
and in turn that of the structural genes in flavonoid bio-
synthesis (Sun et al. 2017). In this study, the expression of
four MYB TFs, two bHLH TFs, and seven WD40 TFs were
mostly up-regulated with light intensity enhanced, suggest-
ing that MBW might participate in light-induced flavonoid
biosynthesis.

In addition, AP2/ERF (AP2/EREBP) is a large family of
transcription factors unique to plants whose members con-
tain the AP2/ERF structural domain composed of 60-70
amino acids (Licausi et al. 2013). They have important func-
tions in plant growth and development, including hormonal
signal transduction, response to biotic and abiotic stresses,
and regulation of metabolism (Nakano et al. 2006). In L.
erythrorhizon, light significantly inhibits the transcription
of LeERF-1, required in the biosynthesis of shikonin (Zhang
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et al. 2011). Moreover, Jiao et al. (1987) found that light
reduces ethylene formation. Yuk et al. (2016) suggested that
ethylene activates a set of structural genes involved in fla-
vonoid biosynthesis. Here, we identified a total of 120 ERF
TFs, representing the largest TF family in our transcriptome
data. Among them, we detected six DEGs codifying for ERF
TFs, of which three were up-regulated with the increase of
light intensity, indicating that these ERFs might be involved
in the interaction between light and ethylene.

NAC:s are another important plant-specific TF family, also
involved in regulating flavonoid biosynthesis (Xiong et al.
2005). ANACO78 positively regulates flavonoid biosynthesis
in responses to high light intensity in A. thaliana (Morishita
et al. 2009). This suggests that NAC TFs may play an impor-
tant role in light stress (Nakashima et al. 2012). In our exper-
iment, 6 NAC TFs exhibited differential expression, and
most of these were up-regulated except for Unigene0014311
and Unigene0075492 in response to high light. Therefore,
we hypothesize that NAC TFs might directly or indirectly
involve in flavonoid biosynthesis in response to light. As
for the NAC family, WRKY is also a large family involved
in the metabolic regulation, abiotic stress and physiologi-
cal processes (Schluttenhofer and Yuan 2015). We found 12
WRKY TFs showing differential expression between three
different treatments, including five unigenes up-regulated in
response to the increase of light intensity, and seven other
unigenes reached the highest expression at LI5S0, which sug-
gests that these seven genes might also play a regulatory role
in responses to light. Previous research demonstrated that
the regulation of WRKY TFs in flavonoid production might
relate to the MYB-bHLH-WD40 TF complex, indicating
an interaction between WRKY TFs and other transcription
factors in regulating specialized metabolism (Ishida et al.
2007; Amato et al. 2016). In conclusion, we hypothesize
that WRKY TFs may regulate the flavonoid biosynthesis
in combination with multiple TFs and hormone signaling.

Conclusion

In our study, we investigated the transcriptome profiles of
L. japonica using Illumina RNA-seq to identify responsive
genes and specific secondary metabolism pathways involved
in light responses. A total of 43,334 unigenes with lengths
ranging from 201 to 15,715 bp were obtained. We identi-
fied 4188, 1545, 1023 differential genes in the comparison
between LI25 and CK, LI5S0 and CK, LI25 and LI5S0, respec-
tively. In addition, structural genes involved in the luteolo-
side biosynthesis pathway were identified in L. japonica, and
the response mechanism of luteoloside biosynthetic genes
to light signaling needs to be studied, especially 4CL and
CHLI. 98 differentially expressed TFs belonged to 26 subfam-
ilies were identified, and the large number of up-regulated

@ Springer

WRKY, MYB, NAC, WD40 and ERF TFs in L. japonica
suggests that they may play important roles in light-respon-
sive transcriptional regulation of flavonoid metabolism. We
believe that the transcriptome data and DEGs presented
in this study will provide valuable information and gene
sequences for understanding the regulatory mechanism of
light-induced secondary metabolism pathways of L. japon-
ica and other medicinal plants.
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