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ABSTRACT

The roots of Stephania tetrandra are used as a traditional Chi-
nese medicine. Isoquinoline alkaloids are considered to be the
most important and effective components in this herb, but lit-
tle is known about the molecular mechanism underlying their
biosynthesis. In this context, this study aimed to reveal candi-
date genes related to isoquinoline alkaloid biosynthesis in
S. tetrandra. Determination of tetrandrine and fangchinoline
in the roots and leaves of S. tetrandra by HPLC showed that
the roots had much higher contents of the two isoquinoline
alkaloids than the leaves. Thus, a comparative transcriptome
analysis of the two tissues was performed to uncover candi-
date genes involved in isoquinoline alkaloid biosynthesis. A to-
tal of 71674 unigenes was obtained and 31994 of these were
assigned putative functions based on BLAST searches against
6 annotation databases. Among the 79 isoquinoline alkaloid-
related unigenes, 51 were differentially expressed, with 42
and 9 genes upreqgulated and downregulated, respectively,
when the roots were compared with the leaves. The upregu-
lated differentially expressed genes were consistent with iso-
quinoline alkaloid accumulation in roots and thus were
deemed key candidate genes for isoquinoline alkaloid biosyn-
thesis in the roots. Moreover, the expression profiles of 10 iso-
quinoline alkaloid-related differentially expressed genes be-
tween roots and leaves were validated by quantitative real-
time polymerase chain reaction, which indicated that our
transcriptome and gene expression profiles were reliable. This
study not only provides a valuable genomic resource for S. tet-
randra but also proposes candidate genes involved in isoqui-
noline alkaloid biosynthesis and transcription factors related
to the regulation of isoquinoline alkaloid biosynthesis. The re-
sults lay a foundation for further studies on isoquinoline alka-
loid biosynthesis in this medicinal plant.

Introduction

Stephania Lour. is the largest genus of the family Menispermaceae
and includes approximately 60 species distributed in tropical and
subtropical areas of the world. Forty species have been identified
in China, most of which are medicinal plants containing diverse
bioactive alkaloids [1,2]. The roots of Stephania tetrandra
S. Moore, which have been recorded in the Chinese Pharmaco-
poeia, are widely used to treat hypertension, angina pectoris, fi-

brosis, and tumors [3]. This species is rich in IQAs, of which tetran-
drine and fangchinoline are major constituents. These IQAs pos-
sess significant antimicrobial, antitumor, anti-inflammatory, and
analgesic activities [4, 5]. Although these metabolites are of wide
pharmacological importance, their underlying biosynthetic path-
ways are still unclear.

In recent decades, overexploitation has made the wild re-
sources of this species increasingly rare, and planting yields are
rather limited. To sustainably meet the demands for this herb
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ABBREVIATIONS

COG clusters of orthologous groups of proteins

CYP cytochrome P450

DEG differentially expressed gene

FPKM fragments per kilobase of transcript per million
mapped reads

GO gene ontology

IQA isoquinoline alkaloid

KEGG Kyoto Encyclopedia of Genes and Genomes

NCBI National Center for Biotechnology Information

NR NCBI non-redundant protein sequences

ORF open reading frame

Pfam protein family

gRT-PCR  quantitative real-time polymerase chain reaction

SPE solid-phase extraction

St Stephania tetrandra

TAT tyrosine amino transferase

TF transcription factor

and its bioactive components, it is important to study the biosyn-
thesis of IQAs in S. tetrandra, which could help to improve meta-
bolic regulation in this plant and the sustainable production of
target bioactive metabolites.

IQAs are derived from the conversion of L-tyrosine to dopamine
and 4-hydroxyphenylacetaldehyde and then the formation of vari-
ous structures via intramolecular coupling, reduction, methyla-
tion, hydroxylation, and other reactions [6]. The biosynthetic
pathways underlying several IQAs have been reported in some
plants other than Stephania species, such as the biosynthesis of
bisbenzylisoquinoline alkaloids in Berberis stolonifera and apor-
phine alkaloids in Nelumbo nucifera, and many enzymes related to
IQA biosynthesis in these plants have been characterized [6, 7].

However, little is known about the biosynthesis of IQAs in S. tet-
randra, mainly because of the lack of genome or transcriptome in-
formation. Given the fact that plant secondary metabolites are
often biosynthesized in a tissue-specific manner [8], transcrip-
tomic comparisons between plant tissues combined with correla-
tion analyses of chemical components represent an efficient ap-
proach to discover the key genes involved in secondary metabo-
lism [9-11]. This method has already been successfully used to
uncover candidate genes related to the biosynthesis of chemical
constituents in some plant species [6,12-14].

In this study, HPLC analysis of tetrandrine and fangchinoline in
the roots and leaves of S. tetrandra indicated the tissue specificity
of IQA biosynthesis. Then, a comparative transcriptome analysis
of the two tissues was conducted to reveal candidate genes in-
volved in the biosynthesis of IQAs and TFs related to the regula-
tion of IQA biosynthesis in S. tetrandra. Moreover, 10 IQA-related
unigenes were validated by qRT-PCR. This work provides a molec-
ular basis for understanding IQA accumulation in the roots of
S. tetrandra and lays the foundation for further studies on the mo-
lecular mechanism underlying IQA biosynthesis in this medicinal
plant.

Results

According to previous reports, tetrandrine and fangchinoline are
the main IQA constituents of S. tetrandra [5,15,16]. Thus, an
SPE-HPLC method was developed for the determination of the
two IQAs in the roots and leaves of S. tetrandra. The representative
sample chromatograms (> Fig. 1) and the validation results (Ta-
bles 15-3S, Supporting Information) indicated that the proposed
method was specific, accurate, and repeatable. The average con-
tents of tetrandrine and fangchinoline in the three root samples
were 9.44 and 6.06 mg/g, respectively, showing that the roots
were rich in IQAs; in contrast, the two IQAs were almost undetect-
able in the leaves (» Fig. 2). This organ-specific distribution of tet-
randrine and fangchinoline suggested a root-preferred expression
pattern of IQA biosynthetic pathway genes.

To uncover the molecular mechanisms underlying the tissue
specificity of IQA biosynthesis in S. tetrandra, six RNAseq libraries
were constructed from the total RNA of each plant sample. After
removing adaptor sequences and ambiguous and low-quality
reads, 173, 128, 434 and 150, 248, 762 clean reads were obtained
from leaves and roots, respectively, and both data sets were char-
acterized by Q30294.24%. These clean reads were used for de
novo transcriptome assembly. The S. tetrandra transcriptome inte-
grated from the clean reads was then constructed and consisted
of 71674 unigenes with an average length of 1044 bp and an
N50 length of 1813 bp. The length distribution of all unigenes is
shown in Fig. 1S, Supporting Information.

The putative functions of the unigenes were annotated against
six public protein databases (> Table 1). Among the 71674 unig-
enes, 31994 (44.64%) were annotated in at least 1 public data-
base, of which 6964 unigenes (56.24%) were co-annotated in all
6 databases. Based on the NR database, 18.71 and 13.52% of the
annotated unigenes were matched to the sequences from Ma-
cleaya cordata [17] and N. nucifera 6], respectively (> Fig. 3), two
species which are also rich in isoquinoline alkaloids. Additionally,
87.82% of the unigenes were distributed within the 60 to 100%
similarity interval, indicating high-quality annotation of the tran-
scriptome data.

In the GO analysis, 21376 unigenes were assigned into 3 main
categories, including biological processes, cellular components,
and molecular functions (Fig. 2S, Supporting Information). Meta-
bolic process and cellular process were the most abundant subca-
tegories among the biological processes, whereas in the molecu-
lar functions, binding and catalytic activities were the richest. GO
analysis suggested that the identified unigenes were involved in a
series of biological processes. There were 6964 unigenes anno-
tated and grouped into 24 functional categories in the COG data-
base, which enables for homologously classifying gene products.
Among these categories, the group of “secondary metabolite bio-
synthesis, transport, and catabolism” (98 unigenes) plays an es-
sential role in the biosynthesis of secondary metabolites of S. tet-
randra (Fig. 3S, Supporting Information).

KEGG pathway analysis is useful to understand the biological
function of genes. A total of 10982 unigenes were annotated in
the KEGG database and were assigned to 6 main categories and
131 biological pathways (> Fig. 4 and Table 4S, Supporting Infor-
mation). The category of metabolism, which had the largest num-
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> Fig. 1 Representative HPLC chromatograms of (a) a standard mixture of tetrandrine and fangchinoline, (b) S. tetrandra roots, and (c) S. tetrandra
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. [ Leaf
mm Root

3 e
g 54 i
2

€20
51.5-
O 1.0
0.5
0.0 [_]| l___ll

Fangchinoline Tetrandrine

> Fig. 2 Contents of two main IQAs in the leaves and roots of
S. tetrandra. ***P<0.001, *****p <0.0001.

ber of unigenes, consisted of 364 unigenes involved in the bio-
synthesis of other secondary metabolites. These unigenes were
distributed over 13 pathways including IQA biosynthesis
(79 unigenes, 21.7%) (Table 5S, Supporting Information).

To investigate DEGs between roots and leaves in S. tetrandra,
the FPKM method was adopted. Thus, 37084 unigenes from the
roots and 38062 from the leaves were found to have FPKM values
above 1. Among them, 33236 unigenes were expressed in both

> Table 1 Statistics of annotations in six public databases for S. tet-
randra unigenes.

Database Number of unigenes Percentage (%)
NR 29228 40.78
Swiss-Prot 23844 33.27

Pfam 22831 31.85

COG 6964 9.72

GO 21376 29.82

KEGG 15017 20.95
Co-annotated in all 3731 5.21

six databases

Annotated in at 31994 44.64

least one database

tissues, whereas 4826 and 3848 were specifically expressed in
leaves and roots, respectively (Fig. 4Sa, Supporting Information).
The number of DEGs between the two tissues was 11433, of
which 5664 unigenes were upregulated and 5769 unigenes were
downregulated in the roots compared to expression in the leaves
(Fig. 4Sb, Supporting Information).
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» Fig. 3 Species distribution of the unigenes annotated in non-redundant protein sequences (NR) database.
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> Fig. 4 Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation of the unigenes in S. tetrandra.

These DEGs were further used for GO and KEGG enrichment
analyses. GO terms corresponding to organic substance metabol-
ic process, nitrogen compound metabolic process, and primary
metabolic process were significantly enriched in the roots of S. tet-
randra (Fig. 5S, Supporting Information). KEGG pathways specifi-

cally enriched in the leaves included photosynthesis, carotenoid
biosynthesis, and porphyrin and chlorophyll metabolism, whereas
phenylpropanoid biosynthesis and isoquinoline biosynthesis were
specifically enriched in the roots (> Fig.5). These results were
consistent with the biological functions of these tissues, indicat-

Zhang Y et al. Comparative Transcriptome Analysis... Planta Med 2020; 86: 1258-1268 | © 2020. Thieme. All rights reserved. 1261

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



@ Thieme

Toll-like receptor signaling pathway - @
Systemic lupus erythematosus - ®
Stilbenoid, diarylheptanoid and gingerol biosynthesis - e
Protein processing in endoplasmic reticulum - @)
Protein export - ]
Plant hormone signal transduction - o input_number
Phenylpropanoid biosynthesis - . ® 10

Phenylalanine, tyrosine and tryptophan biosynthesis - ® @ 2
® o
®

-log10(pvalue)

Phenylalanine metabolism - ®
NF-kappa B signaling pathway - @
N-Glycan biosynthesis - ®

Meiosis - yeast - @ 10

Top 20 terms

Leishmaniasis - @
Isoquincline alkaloid biosynthesis - @ . 5
Diterpenoid biosynthesis - .
DMNA replication - ®
Cell cycle - yeast - L]
Cellcycle - @
Arginine and proline metabolism - @

Alcoholism

0.1 0.2 0.3 0.4
a Rich factor

Ubiquinone and other terpencid-quinone biosynthesis - ®
Toll-like receptor signaling pathway - [&]
Stilbencid, diarylheptanoid and gingerol biosynthesis - e
Parphyrin and chlorophyll metabolism - ®
Photosynthesis - antenna proteins - L]
Photosynthesis - @ -log10(pvalue)
Flavonoid biosynthesis - °
Fc gamma R-mediated phagocytosis - @
Fatty acid elongation - ] 10
Circadian rhythm - plant - ® E 5
Choline metabolism in cancer - L] input_number
Cell cycle - Caulobacter - ® e 10
® 20
Carbon metabolism - () ® <

@«

Top 20 terms

Carotenoid biosynthesis -

-]

Carbon fixation in photosynthetic organisms - @

Bile secretion -

Bacterial secretion system -
Ascorbate and aldarate metabolism - ]
Aminoacyl-tRNA biosynthesis - ®
ABC transporters - [ ]

0.1 0.2 0.3 0.4
b Rich factor

> Fig. 5 Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of the differentially expressed unigenes in the roots (a) and leaves
(b) of S. tetrandra.
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ing that S. tetrandra root is the main tissue for the accumulation of
specific secondary metabolites, and that our transcriptome data
are suitable for studying the biosynthesis of these metabolites, es-
pecially IQAs.

We next focused on the discovery of genes involved in IQA bio-
synthesis. Among the 79 IQA-related unigenes based on KEGG an-
notation, 51 were differentially expressed with 42 and 9 genes up-
regulated and downregulated, respectively, when roots were
compared with leaves (Table 5S and Fig. 6S, Supporting Informa-
tion). The upregulated DEGs were deemed to be key candidate
genes for IQA biosynthesis in the roots. Based on KEGG pathways,
we discovered the unigenes encoding most known enzymes for
(S)-reticuline (a common precursor of benzylisoquinoline alka-
loids) biosynthesis, which included TAT, TYDC, NCS, 60MT,
CNMT, 4'0OMT, and CYP80B. Moreover, the downstream CYP450
candidate genes, including those encoding CYP80G2, CYP719A,
CYP80B1, and CYP80AT, were also found (> Fig. 6). Most of the
identified candidate genes showed a higher expression level in
the roots than in the leaves, which was particularly true of those
located downstream of IQA biosynthesis. This expression pattern
was associated with a higher content of IQAs in the roots of S. tet-
randra. Thus, these candidate genes were likely to play an impor-
tant role in IQA accumulation in the roots.

To confirm the transcriptome analysis results and to evaluate
the differential expression profiles between the two tissues,
10 DEGs related to IQA biosynthesis were chosen for qRT-PCR
analysis. The results showed that the expression patterns of all
10 genes were consistent between qRT-PCR (» Fig.7) and DEG
analysis (Table 5S, Supporting Information), despite some differ-
ences in fold changes. Thus, our transcriptome and gene expres-
sion profile are reliable for the study of candidate genes related to
IQA biosynthesis in S. tetrandra.

Discussion

IQAs are the most important active components in S. tetrandra.
The contents of major IQAs were much higher in the roots than
in the leaves, which suggests that this is an appropriate species
to study candidate genes involved in IQA biosynthetic pathways.
The biosynthetic pathways underlying the generation of sev-
eral IQAs have been reported in some other plant species, such
as those leading to bisbenzylisoquinoline alkaloids in B. stolonifera
[7], benzylisoquinoline alkaloids in Coptis species, and aporphine
alkaloids in Coptis japonica [18]. Generally, the biosynthesis of
IQAs begins with the conversion of t-tyrosine to dopamine and 4-
hydroxyphenyl acetaldehyde, which are then transformed by a se-
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> Fig. 7 Expression patterns of 10 unigenes involved in IQA biosynthesis in S. tetrandra. The unigenes were analyzed by qRT-PCR with actin as a

reference gene.

ries of enzymes, including NCS, 60MT, CNMT, 4'0OMT, and
CYP8O0B, to form the central intermediate (S)-reticuline. Then (S)-
reticuline undergoes intramolecular coupling, reduction, methyl-
ation, hydroxylation, and other reactions to form different types
of IQAs, including benzylisoquinoline, protoberberine, aporphine,
and morphinan alkaloids [6,19-23]. Bisbenzylisoquinoline alka-
loids are produced through another pathway, which involves the
(S)-reticuline precursor N-methylcoclaurine and is catalyzed by
CYPS0AT1 [7,20].

In S. tetrandra, homologs of NCS, 60MT, CNMT, 4'OMT,
CYP80B1, CYP80AT, CYP719A1_2_3_13, and CYP80G2 were
found in this study (Table 5S, Supporting Information). NCS,
which catalyzes the condensation of dopamine and 4-hydroxy-
phenyl acetaldehyde to (S)-norcoclaurine, plays an important role
in IQA biosynthesis because of its entry point location in the path-
way [19-22,24].

Two NCS differentially expressed unigenes were identified in
the S. tetrandra transcriptome. The expression levels of both in
roots were 3.46- and 3.68-fold higher than those in leaves. These
two unigenes showed a significant correlation with alkaloid accu-
mulation in roots.

The homologs of 60MT, 4'0OMT, and CNMT were methyltrans-
ferases identified in S. tetrandra. Among the nine differentially ex-
pressed homologs of 60MT, six were upreqgulated and three were
downregulated in the roots compared to the expression levels in
the leaves. Only one 4'OMT-encoding unigene was found and its
expression level was 39-fold higher in the roots than in the leaves.
All 12 differentially expressed homologs of CNMT were upregu-
lated in the roots compared to expression levels in the leaves.
These results indicated that most methyltransferases were posi-
tively correlated with alkaloid accumulation in roots.

CYP450s play a key role in synthesizing plant secondary me-
tabolites. CYP80A, CYP80B, and CYP80G catalyze C-O phenol-

coupling, hydroxylation, and C-C phenol-coupling, respectively,
whereas CYP719A catalyzes methylenedioxy bridge formation [7,
21-23]. Eleven differentially expressed unigenes encoding IQA-
related CYP450 were found in S. tetrandra, including CYP80B1,
CYP719A1_2_3_13, CYP80A1, CYP80G2, and all were upregu-
lated in the roots compared with expression levels in the leaves,
indicating a positive effect on high IQA content in the roots. Phy-
logenetic analysis (> Fig.8) showed that two homologs of
CYP719A1 (TRINITY_DN36025_C4_g1 and 31463_C0_g1) clus-
tered with the two known CYP719A genes with a high bootstrap
value. Likewise, four homologs of CYP80B were phylogenetically
related to previously reported CYP80B1 genes in other species.
However, five homologs of CYP80A/G were related to either the
CYP80A or CYP80G gene clusters and thus could not be defini-
tively assigned. The reasons for this ambiguous identification
could be the high similarity of amino acid sequences between
CYP80G and CYP80A [18,20] and the lack of enough reference
genes, which impeded the clarification of their differences. How-
ever, the homologs of CYP80A/G would be key candidate genes
involved in the biosynthesis of major bisbenzylisoquinoline alka-
loids such as tetrandrine and fangchinoline in S. tetrandra, be-
cause CYP80A has been reported to catalyze the transformation
of (S)-N-methylcoclaurine into bisbenzylisoquinoline alkaloids
such as berbamunine [25] and liensinine [26]. Therefore, we will
undertake, in a further study, the functional characterization of
these CYP450 genes, which are important for IQA biosynthesis in
S. tetrandra.

Combining the expression pattern with alkaloid content, we
predict that the 42 uprequlated homologous unigenes in the
roots, which are positively correlated with IQA accumulation, are
candidate genes involved in IQA biosynthesis in S. tetrandra roots.

TFs, which usually exist as gene families, play essential roles in
regulating the expression of related genes to control the flux of
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secondary metabolites. TFs that regulate IQA biosynthesis are pri-
marily focused on the WRKY and bHLH families. In C. japonica, ex-
pression of these two transcription factors causes a significant in-
crease in the expression of several berberine biosynthetic genes
[27,28]. In California poppy, the transactivation effect of the requ-
latory factor WRKY1 results in an increase of up to 60-fold in the
expression level of EcCYP80B1 [(S)-N-methylcoclaurine 3'-hy-
droxylase] and EcBBE (berberine bridge enzyme) transcripts [29].
Thus, candidate TFs might be used to increase the production of
I1QAs.

In S. tetrandra, 15 DEGs encoding WRKY TFs and 30 DEGs en-
coding bHLH TFs were identified (> Fig. 9), of which 13 WRKY and
18 bHLH genes were upregulated in the roots compared with the
expression levels in the leaves (Table 6S, Supporting Information).
These upregulated unigenes are critical candidate genes to fur-
ther investigate the regulation of IQA biosynthesis in S. tetrandra.
However, further studies are still needed to verify the function of
these candidate TFs in requlating IQA biosynthesis.

In summary, we conducted a comprehensive transcriptome
analysis of leaves and roots of S. tetrandra and identified candidate
genes involved in IQA biosynthesis and TFs related to the regula-
tion of this process. These results will be helpful to explain the ac-
cumulation of IQAs in S. tetrandra and provide a molecular basis
for further studies on the IQA biosynthesis in this medicinal plant.
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Materials and Methods

Chemicals

Tetrandrine (purity >98%) and fangchinoline (purity >98%) were
purchased from Chengdu Desite Bio-Technology Co., Ltd. Sol-
vents used for extraction and HPLC analysis were of HPLC grade
and were obtained from Shanghai Xingke High Purity Reagent
Co., Ltd.

Plant materials

S. tetrandra was collected from Hangzhou Botanical Garden in
Zhejiang province, China (30°15’N, 120°7'E and altitude of 42 m)
in June 2018. The plant material was identified by Dr. Yun Kang,
Fudan University. Voucher specimens (520180009, S20180010,
and S20180020) were deposited in the herbarium of the School
of Pharmacy, Fudan University (SHMU). Three biological replicates
of the roots and leaves were randomly harvested separately from
healthy individual plants. One part of each sample was cut into
small pieces, frozen immediately with liquid nitrogen, and then
stored at — 80 °C until further RNA extraction; meanwhile, the oth-
er sample was desiccated with silica gel immediately after collec-
tion and then dried at 40°C for chemical analysis.

Quantification of tetrandrine and fangchinoline
by HPLC

An ultrasonic-assisted extraction method followed by a solid-
phase cleanup step was developed for the extraction of major
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> Fig. 9 Heat maps of differentially expressed unigenes encoding WRKY TFs (a) and bHLH1 TFs (b) in the roots and leaves of S. tetrandra.

IQAs (tetrandrine and fangchinoline) from S. tetrandra. The dried
powder of S. tetrandra (0.1 g) was ultrasonicated with 6 mL of hy-
drochloric acid (0.01 mol/L) for 30 min. The extract was filtered,
and the filtrate was diluted to 10 mL with 0.01 mol/L hydrochloric
acid. An aliquot (5 mL) of the extract solution was then loaded on-
to a PCX cartridge (Cleanert PCX, 60 mg, 1 mL) preconditioned
successively with methanol (3 mL) and 0.01 mol/L hydrochloric
acid (3 mL). The loaded cartridge was washed successively with
0.01 mol/L hydrochloric acid and methanol (3 mL) and the re-
tained compounds were eluted with 3 mL of a methanol-25% am-
monia solution (97.5:2.5, v/v).

To determine tetrandrine and fangchinoline in S. tetrandra, a
Waters Alliance 2695 HPLC system with a 996 photodiode array
detector was used. Chromatographic separations were carried
out on a Promosil Cyg column (250 mm x 4.6 mm, 5 um; Aglea)
at a column temperature of 40°C. The mobile phase consisted of
0.5% triethylamine aqueous solution adjusted to pH 9.0 with 10%
phosphoric acid (solvent A) and acetonitrile (solvent B). The gra-
dient elution was as follows: 0-30 min, linear from 20% to 95% B;
30-35 min, held at 95% B. The flow rate was 1.0 mL/min and the
injection volume was 10 pL. The monitoring wavelength was set at
280 nm.
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RNA extraction, RNA-seq library preparation,
and lllumina sequencing

Total RNA was extracted from the roots and leaves of S. tetrandra
using TRIzol Reagent (Invitrogen), and genomic DNA was re-
moved using DNase | (TaKara). RNA purification, reverse tran-
scription, library construction, and sequencing were performed
at Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd. using
the methods previously reported.

The S. tetrandra RNA-seq transcriptome libraries were prepared
using the Illumina TruSeqTM RNA sample preparation kit. Six RNA-
seq libraries were sequenced in a single lane on an lllumina Hiseq
X ten sequencer (lllumina) for 2 x 150 bp paired-end reads. All raw
sequencing data were submitted and deposited in NCBI’s Gene
Expression Omnibus (GEO) repository with the SRA accession
number: PRJNA599532

De novo assembly and functional annotation

The raw reads from S. tetrandra were trimmed and subjected to
quality control using SeqPrep (https://github.com/jstjohn/
SeqPrep) and Sickle (https://github.com/najoshi/sickle) with de-
fault parameters. Next, clean data were used to perform de novo
assembly with Trinity software (Version v2.8.5) [30]. All as-
sembled unigenes were annotated functionally via BLAST searches
against the following six public annotation databases: NR,
SwissProt, Pfam, GO, COG, and KEGG [31,32].

Differential expression analysis of unigenes

To identify DEGs between different tissues of S. tetrandra, the ex-
pression level of each transcript was calculated using the FPKM
method. RSEM software (Version 1.3.1) [33] was used to quantify
gene and subtype abundances. The R statistical package software
EdgeR (Version 3.24.3) [34] was used for differential expression
analysis. In this work, a |log2 fold-change| =1 and a p value
<0.05 were set as thresholds to judge the significance of gene ex-
pression. The DEGs were then used for functional enrichment
analysis including GO and KEGG.

Phylogenetic analysis

Phylogenetic analysis was performed based on the deduced ami-
no acid sequences of CYPs involved in IQA biosynthesis in S. tet-
randra and other plants. The evolutionary distances were calcu-
lated with the Poisson correction method and a neighbor-joining
tree was established with MEGA6.0 software. Bootstrap values ob-
tained after 1000 copies are indicated on the branches.

Analysis of genes encoding transcription factors

To find the TF families expressed in the S. tetrandra transcriptome,
the ORFs of each unigene were tested with the software getorf
(EMBOSS:6.5.7.0) [35]. These ORFs were then compared to all TF
protein domains using the plant transcription factor database
PlantTFDB (Version 4.0) with BLASTX (e value < 1e-5), adopting
the hmmsearch method [36].

Verification of gene expression using quantitative
real-time polymerase chain reaction

To validate RNA-Seq data, qRT-PCR was performed using an
ABI7500 fast Real-Time PCR system (Applied Biosystems) with a

HiScript Q RT SuperMix for qPCR (+ gDNA wiper) (Vazyme Bio-
tech). Ten DEGs related to IQA biosynthesis were selected for
qRT-PCR analysis. The actin gene (TRINITY_DN37280_c2_g18)
was used as a reference to standardize the expression level. The
primer sequences used and the conditions of each qRT-PCR reac-
tion are listed in Table 7S, Supporting Information. Three biologi-
cal replicates and three technical repeats were performed for each
candidate gene and sample. The relative expression level of each
unigene was calculated by the 2-24¢T method [37].

Supporting information

Retention times, regression equations, correlation coefficients,
LODs, LOQs, linear ranges, precision, accuracy, and repeatability
for the two analytes in S. tetrandra (Tables 1S and 2S, respective-
ly), the contents of the two analytes in the three batches of S. tet-
randra (Table 3S), KEGG pathways assigned to the unigenes, 79
unigenes related to isoquinoline alkaloid biosynthesis, 15 DEGs
encoding WRKY TFs, and 30 DEGs encoding bHLH TFs in S. tetran-
dra (Tables 4S-6S, respectively), primer sequences used in
qRT-PCR (Table 7S), length distribution of S. tetrandra unigenes
(Fig. 1S), classification of the S. tetrandra unigenes based on GO
and COG analysis (Figs.2S and 3S, respectively), unigenes ex-
pressed in the leaves and roots of S. tetrandra (Fig. 4S), and GO en-
richment analysis of the DEGs and heat map based on the expres-
sion level of the IQA-related DEGs between the roots and leaves of
S. tetrandra (Figs.5S and 6S, respectively) are available as Sup-
porting Information.
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