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Abstract

Gentiana dahurica Fisch. is a perennial herb of the family Gentianaceae. This species is used as
a traditional Tibetan medicine because of its rich gentiopicroside constituents. Here, we generate
a high-quality, chromosome-level genome of G. dahurica with a total length of 1,416.54 Mb.
Comparative genomic analyses showed that G. dahurica shared one whole-genome duplication
(WGD) event with Gelsemium sempervirens of the family Gelsemiaceaei and had one additional
species-specific WGD after the ancient whole-genome triplication with other eudicots. Further
transcriptome analyses identified numerous enzyme coding genes and the transcription factors
related to gentiopicroside biosynthesis. A set of candidate cytochrome P450 genes were identi-
fied for being involved in biosynthetic shifts from swertiamarin to gentiopicroside. Both gene
expressions and the contents measured by high-performance liquid chromatography indicated
that the gentiopicrosides were mainly synthesized in the rhizomes with the highest contents. In
addition, we found that two above-mentioned WGDs, contributed greatly to the identified candi-
date genes involving in gentiopicroside biosynthesis. The first reference genome of
Gentianaceae we generated here will definitely accelerate evolutionary, ecological, and pharma-
ceutical studies of this family.
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1. Introduction

Gentiana daburica Fisch. (Gentianaceae) (21 = 26) of Sect. Cruciata®
is widely distributed in grasslands, mountain meadows and hillside
forests at altitude of 800—4500m in southwest and northwest
China.” The rhizomes and flowers of this species are widely used as
traditional Chinese medicinal ‘Xiao-Qin-Jiao’ to treat rheumatoid ar-
thritis and cure sore throat and cough for more than 2000 years.?
The major secondary metabolites of this species comprise multiple
different seco-iridoid glycosides (including, gentiopicroside, loganic

acid, swertiamarin, and sweroside).** Among them, gentiopicrosides
were demonstrated to have significant anti-inflammatory, analgesic,
and antibacterial properties, which are also valuable in the treatment
of immune system diseases in both clinical and pharmaceutical prac-
tices.® More than 1000 species are acknowledged for the
Gentianaceae and the genus Gentiana contains around 360 species
and 15 sections over the world.? As the typical section, Sect.
Cruciata comprise around 22 species and most species (including G.
daburica) occurring in China, contain the highly concentrated
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gentiopicroside constituents and have been continuously used as tra-
ditional Chinese medicines.>®

Gentiopicrosides comprise as one of terpenoid indole alkaloids
(TIAs). TIAs are also found in several families of Gentianales, includ-
ing Apocynaceae, Loganiaceae, Gentianceae, and Nyssaceae.”® On
the basis of annotated metabolites and enzymes identified, biosynthe-
sis of gentiopicroside was suggested to be similar to that of iridoids
in Catharanthus roseus”'° Such a candidate pathway comprises
three major stages. First, the precursor of terpenoids, isopentenyl di-
phosphate (IPP) is synthesized by either cytosolic mevalonic acid
(MVA)®!! or  plastidial ~ 2-C-methyl-D-erythritol-4-phosphate
(MEP).*!? Second, dimethylallyl diphosphate reacts with IPP to gen-
erate geranyl diphosphate, which is then converted into geraniol.'*>'*
Finally, secologanin arises from geraniol by a series of enzymatic
reactions.'>'® However, all likely candidate genes have not been
identified or confirmed in the species from Gentianaceae. In addition,
whole-genome duplication (WGD) was found to occur in other fami-
lies with TIAs.®® The WGD-derived genes were found to be involved
in biosynthesis of these chemicals.® It remains unknown whether
such an independent WGD also occurred in the Gentianaceae be-
cause up to now, no de novo genome was reported for the family.

Here, we assemble a chromosome-level reference genome of G.
daburica using a combination of three technologies (Nanopore,
Illumina paired-end and Hi-C), it’s also the first genome of the whole
Gentianaceae family. Using comparative and evolutionary analyses,
we explored genomic evolution of this species and recovered one
WGD event with Gelsemium sempervirens of the family
Gelsemiaceaei and had one additional species-specific WGD events.
Based on this reference genome, we further employed transcriptome
and metabolome data of different tissues to examine expressions of
the candidate genes and contents of the related chemicals in order to
provide further insights into gentiopicroside biosynthesis. These ge-
nomic resources will be highly useful for evolutionary, ecological
and pharmaceutical studies of the species in the Gentianaceae in the
future.

2. Materials and methods

2.1. Plant materials collection

One wild G. daburica (2n=26) individual (Fig. 1A) was collected
from Sunan Yugur Autonomous County, Zhangye City, Gansu
Province, China (E 99°28'43.15”, N 38°5840.62"). In the field, fresh
leaves and stems of G. dahurica from the single plant were harvested,
immediately frozen at —80°C and kept in liquid nitrogen for extract-
ing the genomic DNA (gDNA) or total RNA. Leaves from a single
individual were used for gDNA extraction and genome assembly.
Leaves and stems from the other individuals were used for RNA-seq.

2.2. DNA extraction and genome sequencing

In order to extract high-quality gDNA, we used the QIAGEN Blood
& Cell Culture DNA Kit. We then selected the high molecular weight
gDNA (targeting 10-50kb) using a Blue Pippin system (Sage
Science, Beverly, MA, USA) and further processed the Nanopore se-
quencing library with the Ligation sequencing 1D kit (SQK-LSK108,
ONT, UK) according to the manufacturer’s instructions. We se-
quenced the resulting library through the GridION X5 sequencer
(ONT, UK) at the Genome Center of Nextomics (Wuhan, China).
Base calling was further carried out on fast$ files using the ONT
Albacore software v0.8.4, and low-quality reads (mean_qgscore <7)
and adapter sequences were filtered. Sequencing libraries were also

prepared with gDNA wusing Illumina Genomic DNA Sample
Preparation Kit and sequenced on an Illumina HiSeq X Ten system
in paired-end mode (2 x 150 bp). Adapter sequences and low-quality
reads were removed using NGS QC Toolkit v 2.3.3.'” The obtained
clean data were used for error correction and k-mer analysis. The
Hi-C library was prepared from 3 g of freshly ground young leaves,
using liquid nitrogen with a mortar and pestle. The chromatin ex-
traction, digestion, DNA ligation, purification, and fragmentation
were all performed as previously described.'®

2.3. Heterozygosity evaluation
We used Illumina sequencing reads to evaluate the level of heterozy-
gosity in G. daburica. The heterozygosity level was estimated using

GenomeScope v2.0"” with 17-mers. The k-mer analysis was per-

formed by Jellyfish v2.29.2°

2.4. Genome assembly and chromosome construction

Genome size was confirmed by k-mer analysis using findGSE v0.1%!
with Illumina short reads. All Nanopore long reads were corrected
using canu-correct and trimmed by canu-trim for low-quality bases,
and the assembly was performed with Canu v1.7** and polished the
chromosome-level genomes with two iterations using Pilon v1.23.2
Then, the Hi-C reads were aligned to the assembly using the Juicer
v1.6.2.2%%* The assembly was scaffolded with Hi-C data using the
3D-DNA v180922 with default parameters,”® and manually curated
using the Juicebox Assembly Tools v1.11.08.>” The Hi-C scaffolding
resulted in six chromosome-level super scaffolds, representing a total
of 95.36% of the assembled sequence. The completeness of the as-
sembly was evaluated using BUSCO (Benchmarking Universal
Single-Copy Orthologs) v4.1.2 (embryophyte_odb10, 2020-08-05).

2.5. Transcriptome library preparation and sequencing
RNA-seq experiments (three biological replicates) used RNAs
extracted from different tissues of G. dahurica: old-roots, roots, old-
stems, stems, old-leaves, leaves, flowers, and corollas (Fig. 1A). All
materials were collected from three mature and flowering individuals
with nearly same ages. All samples were transported on dry ice,
washed with ultrapure water three times, immediately frozen in lig-
uid nitrogen, and stored at —80°C before RNA extraction. The total
RNAs were extracted using Qiagen RNeasy Plant Mini Kits, and se-
quenced using Illumina HiSeq X Ten system in paired-end mode
(2% 150bp). Prepared libraries were sequenced on the Illumina
HiSeq 2500 platform according to the manufacturer’s recommended
protocol.

2.6 Repeats annotation

Orthologous repetitive elements in the G. daburica genome were
identified using RepeatMasker v4.0*® and RepeatModeler v4.07%°
with default settings. Intact long terminal repeat (LTR) retrotranspo-
sons were identified with LTRharvest v1.5.10°° and LTR_Finder
v1.06°" with LTR length set to range from 100 to 5,000 bases and
the length between two LTRs set to 1,000-20,000 bases. The
LTR_retriever v1.9%? was used to combine results from LTRharvest
and LTR_Finder, and estimate the insertion times of LTR retrotrans-
poson. The insertion times were estimated using T=K/2 ;1,>> where
K is the divergence rate and p is the neutral mutation rate>* (115—
130 million years).
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Figure 1. Summary of G. dahurica genome assembly. (A) Photo of G. dahurica. (B) G. dahurica genomic landscape of diversity and expression data. (a) Syntenic
blocks in G. dahurica genomes. The band width is proportional to syntenic block size. (b—f) The distribution of the gene density, Gypsy elements, Copia elements
and GC density, tandem density, respectively. (g—j) Expression of organ-specific genes (from inside to outside tracks: root, stem, leaf, and flower). (k) Circular rep-

resentation of the pseudomolecules.

2.7. Gene prediction and annotation

A combination of de novo-, homology-, and transcript-based meth-
ods was used for gene prediction. After quality filtering with
Trimmomatic v0.33,% a de novo and a genome-guided transcripts
assembly was performed on Illumina RNA-seq reads using Trinity
v2.6.6.%° Then, transcript-based gene predictions were built with the
PASA pipeline v2.1.0.” Homologs were predicted by mapping pro-
tein sequences from Arabidopsis thaliana,*® Capsicum baccatum,
C. roseus,*® Camptotheca acuminata,® Coffea canephora,’* Daucus

+ Olea europaea,” Dorcoceras

carota,*'  Calotropis gigantea,**
hygrometricum,** G. sempervirens,*> Striga asiatica,*® and Salvia
splendens®” (Supplementary Table S2) to the G. daburica genome us-
ing exonerate v2.4.0.*® A de novo gene prediction was performed
with Augustus v3.2.3*° and GlimmerHMM v3.0.4.°° Augustus
parameters are trained using ORFs predicted by PASA.** Gene mod-
els from the three main sources (i.e. aligned transcripts, de novo pre-
dictions and aligned proteins) were merged to produce consensus
models by EVidenceModeler v1.1.1.>" The functional annotation for
all genes were generated by alignment to public protein databases in-
cluding Swiss-Prot and TrEMBL.>? Protein domains were annotated
by searching against InterPro database.”®> The GO terms and meta-
bolic pathways were annotated using Blast2GO v2.5°* and KEGG

Pathway databases.”®

2.8. Phylogenetic tree construction and divergence time
estimation

A phylogenetic tree was built from clusters of gene families for the
G. dahurica and several other species: C. baccatum, O. europaea, C.
roseus, C. canephora, C. gigantea, D. hygrometricum, G. sempervi-
rens, and Gardenia jasminoides®® (Supplementary Table S2). Gene
families were firstly constructed using OrthoFinder v2.3.12.>” The

longest protein encoding sequence at each gene locus for each gene
model was retained to remove redundancy caused by alternative
splicing. Orthogroups with only one gene copy per species (Single-
copy orthogroups) were collected, and aligned using MUSCLE
v.3.8.31.°% Subsequently, the phylogenetic trees were constructed by
RAxML v8.2.11.% Divergence time was estimated from the phyloge-
netic tree using MCMCTree from PAML v4.9.%° The calibration
time for divergence time estimation was obtained from the TimeTree

database.®!

2.9. Gene family expansion and contraction analyses
and WGD events detection

The expansion or contraction of orthologous gene families was de-
termined using CAFE v4.2.%> The program uses a birth and death
process to model gene gain and loss over phylogenic distance. Gene
families that had undergone expansion and/or contraction were cal-
culated using the phylogeny and divergence times with the parame-
ters: P-value =0.05, number of threads=10. We investigated WGD
events in G. dahurica (Gentianaceae), C. roseus (Apocynaceae), and,
C. acuminata (Nyssaceae) by selecting two species as references:
Vitis vinifera® and C. canephora without more species-specific
WGD events after whole-genome triplication (WGT) of the eudicots
(WGT-y).%%> We used WGDI®* to detect syntenic blocks for three spe-
cies: C. canephora, V. vinifera, and G. daburica. Based on genes in
syntenic blocks, we calculated synonymous substitution rates (Ks) to
examine potential WGD events.

2.10. Transcriptome assembly and gene expression
analysis

RNA-seq reads from three replicates of the eight tissue types were
preprocessed using Trimmomatic®® by removing adaptor sequences
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and filtering low-quality reads. Salmon® was used to align the sam-
ples with the genome for genome-guided transcript assembly. Read
counts extracted from Stringtie were filtered using the R package
sva® to decrease batch effects and hidden variables. Differentially
expressed genes were detected using DESeq2,°” and calculated based
on absolute log, transformed fold-change values greater than 2 and
P-value of 0.05 using the Benjamini-Hochberg correction.®® A gene
set enrichment analysis®® was performed to determine significant
gene sets, and the WGCNA package”® was applied to perform a mul-
tivariate analysis of gene co-expression modules.

Genes encoding key enzymes thought to be involved in the gentio-
picroside biosynthetic pathway were annotated by BLAST v2.2.28.
The proteins were aligned to the Pfam database using HMMER
v3.1b1 for domain annotation. Gene expression levels in different
tissues were obtained from transcriptome data. In addition, we iden-
tified transcription factors in the G. daburica genome by comparison
with the PlantTFDB database.

2.11. Medicinal components extraction and statistical
analysis

The samples from the same seven tissues previously for RNA-seq
were further used for analyses of chemical contents. For each sample,
20 mg of powder was prepared and further extracted with 400 pl of
80% aqueous methanol at 4°C, followed by centrifugation for
10 min at 12,000 rpm. LC-MS analysis was performed using the
Waters Acquity UPLC System connected to an AB SCIEX 5500
QQQ-MS. Gradient elution was achieved on a Waters Acquity
UPLC BEH C18 column (100 mm*2.1 mm, 1.7 um) with water con-
taining 0.1% formic acid (solvent A) and acetonitrile (solvent B) at a
flow rate of 0.30 ml/min. The column temperature was maintained at
40°C. The gradient elution program was as follows: 1-10%B (0-1
min), 11-60%B (2-5 min), 60-90%B (5-7 min), held at 99%B (7-9
min), and allowed to equilibrate for a further 3 min before the next
injection and the last 8 min of the chromatogram solutions were dis-
carded. The injection volume was 4 pl. MS data were recorded with
the following parameters: Ton source, ESI; IonSource temperature,
450°C; IonSource Gasl, 55arb; IonSource Gas2,55arb; IonSpray
voltage, 4500V; Curtain Gas, 35arb; Collision GAS,
7arb.Components eluting from the UPLC-QQQ-MS system were
processed in MultiQuant for data preprocessing with default set-
tings, except that each sample was normalized to the internal stan-
dard.”! After filtering for outliers, the data were used for the
subsequent statistical analysis. One-way analysis of variance was
used to compare various contents among different tissues. If the var-
iances were significantly different, Tamhane’s T2 test was used to
perform post hoc analyses; otherwise, a least significant difference
test was used. The results were considered significant at P-value
<0.05.

3. Results

3.1. Genome assembly and gene annotation

We generated a total of 233.1 Gb sequencing data for genome assem-
bly. After filtering, 173.0 Gb long reads with the N50 size of 27.4 Kb
were generated (Supplementary Table S3). The genome size was esti-
mated to be 131, 7.1 Mb by k-mer analysis (Supplementary Fig. S1).
The genome was firstly assembled into contigs with a total length of
1449.94 Mb and contig N50 was 1.30 Mb. We then anchored these
contigs into thirteen pseudochromosomes with Hi-C reads using 3D-
DNA.2%"% The final sequences anchored on pseudochromosomes is

1416.54Mb  in scaffold N50=113.31Mb
(Supplementary Table S1, Fig. 1B, Supplementary Fig. S2). Genome

length  with

assembly completeness evaluation suggests a total of 96.5% com-
plete BUSCOs were present (Supplementary Table S4). The heterozy-
gosity level was estimated to be ~1% in the assembled genome
(Supplementary Fig. S1).

A total of 995.11 Mb (70.25%) repetitive sequences were identi-
fied and most of them were classified as LTR retrotransposons
(57.57%) (Supplementary Table S5). In total, 37,988 genes were pre-
dicted, with an average gene length, coding sequence length and an
average exon number of 4,159 bp, 263 bp, and 4.55 exons, respec-
tively (Supplementary Table S1). The gene prediction showed 96.5%
coverage of complete BUSCOs (Supplementary Table S7). In our as-
sembly, 97.57% of the genes (37,065 out of 37,988) were annotated
on the thirteen pseudochromosomes, only 2.43% (923 out of
37,988) remained on unplaced scaffolds. These statistics revealed
that the newly assembled genome had high coverage and accuracy in
genic regions. Among the 37,988 predicted genes, we annotated
44.33%, 89.92%, 39.70%, and 22.84% of the genes using the
Swiss-Prot, InterPro, Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) Pathway databases, respectively
(Supplementary Table S8).

3.2. Whole-genome duplication

Gentianales contains five families: Rubiaceae, Gentianaceae,
Loganiaceae, Gelsemiaceae, and Apocynaceae. As the first reference
Gentianaceae genome, we investigated the phylogenetic position of
the G. dahurica to explore phylogenetic position of Gentianaceae
within the Gentianales. Here, we used 1,045 single-copy orthologs
from the genomes of the other seven species (four Gentianales, two
Lamiales, and one Solanales) to construct a phylogenetic tree, sug-
gesting that Gentianaceae and Gelsemiaceae have a closer relation-
ship with each other than to Apocynaceae. We estimated that the
Gentianales and Lamiales diverged around 83.16 million years ago
(Mya) (76.14-90.65 Mya), and Gentianaceae diverged from
Gelsemiaceae approximately 47.03 Mya (41.12 -53.18 Mya)
(Fig. 2A).

Firstly, we identified collinear blocks pairs of G. dahurica with V.
vinifera and C. canephora and recovered 1:4 syntenic ratios in G.
daburica—V. vinifera and G. dahurica—C. canephora comparisons
(Fig. 2C and Supplementary Figs S3 and S4), suggesting that G.
daburica experienced more WGD events after WGT-y. Secondly, we
calculated the value of synonymous substitutions per synonymous
site (Ks) for the collinear gene pairs. The Ks distribution of C. cane-
phora and V. vinifera (Fig. 2D) recovered the WGT-y, consistent
with the previous reports.”® The Ks distribution between G. daburica
and C. canephora indicated their divergence after WGT-y. The Ks
distribution of G. dahurica showed two peaks at 0.766 and 1.064,
suggesting that this species had experienced two more species-
specific WGD events occurred 42.78-53.14 Mya and 30.39-37.75
Mya (Fig. 2D and Supplementary Fig. S5). We found that the earlier
WGD was also shared by G. sempervirens (Gelsemiaceae) and an in-
dependent WGD event was detected between 67.11 and 73.83 Mya
for C. acuminata after WGT-y as found before®® (Supplementary
Fig. S6).

3.3. Gene family analyses

We clustered the annotated genes into gene families for G. daburica
and other four species of Gentianales, C. roseus, C. canephora, G.
sempervirens, and C. gigantea. A total of 34,960 G. dahurica genes
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Figure 2. Phylogenetic analysis of the G. dahurica genome. (A) Phylogenetic tree for G. dahurica and seven other plants: (Dorcoceras hygrometricum,
Catharanthus roseus, Coffea canephora, Gelsemium sempervirens, Calotropis gigantea, Olea europaea, Capsicum baccatum), divergence time and gene family

expansions and contractions displayed on a maximum likelihood tree. Divergence times were estimated using MCMCTree and are indicated by bars at the intern-
odes with 95% highest posterior density (HPD). Circles represent recent whole-genome duplication (WGD) events. (B) Shared gene families by G. dahurica and
four other species. The numbers indicate gene families identified among all selected species. (C) Collinear relationship between G. dahurica and C. canephora
chromosomes. The collinearity pattern shows that typically an ancestral region in the C. canephora genome can be traced to four regions in G. dahurica. Grey
bands in the background indicate syntenic blocks between the genomes spanning more than 15 genes; example of the 1:4 blocks are highlighted in red. (D)
Evolutionary rate correction. Distribution of corrected Ks values in syntenic blocks and age estimates for the WGD events.

(89.81%) were clustered into 17,175 gene families, which included
9,728 (56.64%) gene families shared by all five species and 4,640
(27.02%) G. daburica specific families (Fig. 2B). Gene ontology
(GO) term enrichment analysis (P-value < 0.01) revealed that those
G. daburica unique genes were involved in the negative regulation of
transcription, cellular macromolecule metabolic process, amino acids
biosynthetic process, flavonoid metabolic process, and so on
(Supplementary Table S9).

By conducting gene family expansion and contraction analysis, we
discovered 4,181 expanded and 3,431 contracted gene families in G.
daburica relative to G. sempervirens. Among them, 104 and 11 gene
families were significantly (P-value < 0.01) expanded and contracted
respectively (Fig. 2A). The significantly expanded gene families derived
mainly from the tandemly duplicated genes (24.92%) (Supplementary
Table S10). The GO enrichment analysis of these expanded genes
revealed that they were mainly enriched in monoterpenoid and (-)-
secologanin biosynthetic process and flavonoid metabolic process
(Supplementary Figs S7 and S8, Supplementary Tables S11 and S12).

Therefore, expansions of these gene families may play important roles
in gentiopicroside biosynthesis in G. daburica.

3.4. Key genes involving in gentiopicroside
biosynthesis

We reconstructed the putative gentiopicroside biosynthetic pathway
based on the KEGG database and previously published results.*>"*
Homologous alignment and a Pfam database searching were con-
ducted subsequently. A total of 135 genes were classified into 33 en-
zyme categories related to four metabolic pathways leading to the
likely gentiopicroside biosynthesis”® (Fig. 3A, Supplementary Table
S14). Previous studies found that secologanin synthase’® (SLS/
CYP72A219) and 7-deoxyloganic acid 7-hydroxylase’”” (7-DLH/
CYP72A224) involved in MIA biosynthesis in C. roseus, always show
high amino acid residue sequence identity.”® We therefore constructed
phylogenetic trees to explore potential genes encoding 7-DLH and SLS
in G. daburica. All candidate genes that may encode these enzymes in
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Figure 3. Genes involved in gentiopicroside biosynthesis. (A) A simplified representation of the gentiopicroside biosynthetic pathway. Top hits for pathway genes
identified by blast and the expression value for each gene is indicated in color on a log,o (TPM + 1) (transcripts per million) scale for eight tissues: root, rhizome, co-
rolla, flower, stem, old stem, leaf, and old leaf. (B) A phylogenetic tree of all candidate genes in the CYP72A subfamily. The sequences shown in figure indicate previ-
ously published 7-DLH and SLS genes, and candidate genes identified in the G. dahurica genome. (C) Phylogenetic tree of the candidate CYP450 enzyme encoding
genes identified in the G. dahurica genome. Different colors indicate different CYP450 family members classified based on the protein domain annotation, homolog
searching by A. thaliana and SwissProt protein database. Families involved in gentiopicroside biosynthesis were marked by arcs.

the subfamily CYP72A were retrieved from two previously published
SLS and 7-DLH sequences in C. roseus and C. acuminata.®’ Our phy-
logenetic trees showed that 11 genes clustered with the previously
reported SLS genes, while the other 10 clustered with the previously
reported 7-DLH genes with high statistical support values (Fig. 3B).

In order to identify candidate genes for the gentiopicroside biosyn-
thesis in the later stages, we screened candidate CYP450 genes in G.
daburica by homology searching and structural domain alignment,
and constructed their phylogenetic relationships (Fig. 3C) according to
previous studies.””** We then clustered them into families and subfa-
milies based on domain annotation, functional descriptions of the
homologs in A. thaliana and the SwissProt database. These genes may
be involved in gentiopicroside biosynthesis, although further verifica-
tion of the functions of these proteins are needed to be determined. We
therefore completed the set of candidate genes for gentiopicroside bio-
synthesis based on our chromosome-scale genome assembly and gene
annotation. In total we identified 135 candidate genes involving in gen-
tiopicroside biosynthesis. We further found that the detected WGD
event shared by G. daburica and G. sempervirens and the other only
for G. daburica contributed to 26 and 28 genes of these candidates
identified here for gentiopicroside biosynthesis.

3.5. Gene expressions and metabolome analysis of
gentiopicroside biosynthesis

We performed detailed transcriptome analyses of G. dahurica based on
our high-quality reference genome. We calculated the gene expression

level of each gene and carried out analyses of differential gene expres-
sions. We found that 21,827 genes were expressed significantly different
between tissues. We then constructed weighted gene co-expression net-
works with WGCNA based on the differentially expressed genes. The
results revealed that 25 co-expression network modules comprised 940
differentially expressed TFs and 80 genes related to the gentiopicroside
biosynthesis pathway (Figs 3 and 4 and Supplementary Figs S8 and S9).
We found that modules 1 and 2 were mainly related to the seroside bio-
synthesis, which showed the high expressions in the leaf, while modules
21 to the secologanin and gentiopicroside biosynthesis pathways con-
tained the vast identification genes. In modules 1 and 2, genes from the
MEP pathway and those SLS and LAMT genes were included. In addi-
tion, genes related to the MVA pathway and some SLS genes were
grouped in the module 9, which showed the high concentration in
roots. Therefore, we suspected that the upstream pathway of the gentio-
picroside biosynthesis might occur in the leaves and the produced inter-
mediates were then transferred to the other tissues and continued the
downstream biosynthesis. In addition, we found that all candidate genes
derived from two WGD events for G. dahurica were also included these
modules.

We determined concentrations of the four compounds among the
gentiopicroside biosynthesis pathway, loganin, sweroside, swertimarin,
and gentiopicroside (Fig. 4). These metabolites had two contrasted ac-
cumulation level in contents. Gentiopicroside, swertimarin, and loganin,
had the highest content in rhizomes but lowest in leaf, while sweroside,
highest in leaf but lowest in rhizomes. This was similar to the clustered
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Figure 4. Co-expression gene clusters of gentiopicroside biosynthesis and concentrations of the related chemicals. (A) Heatmap of correlation matrix with 25
gene modules in WGCNA and contents of four major chemical concentrations (Loganin, Sweroside, Swertimarin, and gentiopicroside) in different tissues of G.
dahurica. (B) Contents of four major chemical concentrations (Loganin, Sweroside, Swertimarin and gentiopicroside) in different tissues of G. dahurica deter-
mined based on HPLC. Values are means = SE. The *** within each medicinal component type between different tissues indicates P-value <0.01.

gene modules and their tissue expressions, which indicates that gentiopi-
crosides may be mainly synthesized in the rhizomes although the syn-
thesis of some intermediate chemicals likely occurs in the other tissues.

4. Discussion

In this study, we assembled a chromosome-level genome for one me-
dicinal plant G. daburica. The genome length is 1416.54 Mb, with

97.29% (1378.19 Mb) assigned to 13 pseudochromosomes. The as-
sembled genome has a high quality and completeness, with total
complete BUSCOs of 96.5%. Moreover, 37,988 genes were pre-
dicted in total and 97.57% of them were annotated on the pseudo-
chromosomes. These results show the high accuracy of genome
assembly and gene annotation. This is the first chromosome-level ref-
erence genome for the Gentianaceae. Such a genome sequence will
accelerate evolutionary, ecological, and pharmaceutical studies of
this family in the future.
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Base on the selected representative species with genome available,
we found that Gentianales and the closely related Lamiales diverged
very early. In addition, within Gentianales, Gentianaceae was dated
to diverge from Gelsemiaceae approximately 47.03 Mya. These two
families shared one WGD event that occurred 42.78-53.14 Mya.
However, we further identified one species-specific WGD event
30.39-37.75 Mya in G. dahurica. We did not identify the additional
WGD event in the family Apocynaceae of Gentianales. However, we
recovered an independent but more ancient WGD for the distantly
related Camptotheca in the family Nyssaceae.® All of these WGDs
concur basically with phylogenetic relationships and diversification
orders of these groups.

TIAs occur in all of these families in Gentianales but the final pro-
ductions are different, for example, camptothecin in Camptotheca®
while gentiopicroside for Gentiana.*® The genes from independent
WGD events were repeatedly to be reported to be related to biosyn-
thesis of these specific chemicals.® Through the annotated genome se-
quence and the likely gentiopicroside biosynthetic pathway based on
the KEGG database, we identified 135 candidate genes related to
gentiopicroside synthesis. Our transcriptome analyses and measure-
ments of these intermediate chemicals also suggest that these candi-
date genes have been involved in gentiopicroside synthesis. Similarly
we found that two WGDs, one specific to G. daburica and the other
shared with the closely related G. sempervirens contributed greatly
(40%) to the identified candidate genes for gentiopicroside synthesis
(Supplementary Tables S15-S17). It is highly likely that evolutionary
synthesis of gentiopicroside derived from the step-by-step origin of
the related genes through two consecutive WGDs that also leaded to
phylogenetic diversification of G. daburica and related species. In ad-
dition, the high concentration of gentiopicroside in the rhizomes sug-
gests that this chemical is finally synthesized there (Fig. 4B).
However, some intermediate chemicals, for example, sweroside,
seem to be synthesized in the leaf where the concentration is the high-
est. The expressions of the related genes also are consistent with the
concentrations of these chemicals (Fig. 3). Therefore, the intermedi-
ate chemicals may be transferred to rhizomes from other tissues. The
underlying molecular mechanism needs further investigation.
Overall, our genome sequence data and preliminary analyses ad-
vance our understanding of the origin of the gentiopicroside synthe-
sis in the family Gentianaceae.
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