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Abstract 
Gentiana macrophylla is a perennial herb in the Gentianaceae family, whose dried roots are used in traditional Chinese medicine. Here, we as-
sembled a chromosome-level genome of G. macrophylla using a combination of Nanopore, Illumina, and Hi-C scaffolding approaches. The final 
genome size was ~1.79 Gb (contig N50 = 720.804 kb), and 98.89% of the genome sequences were anchored on 13 pseudochromosomes 
(scaffold N50 = 122.73 Mb). The genome contained 55,337 protein-coding genes, and 73.47% of the assemblies were repetitive sequences. 
Genome evolution analysis indicated that G. macrophylla underwent two rounds of whole-genome duplication after the core eudicot γ genome 
triplication event. We further identified candidate genes related to the biosynthesis of iridoids, and the corresponding gene families mostly ex-
panded in G. macrophylla. In addition, we found that root-specific genes are enriched in pathways involved in defense responses, which may 
greatly improve the biological adaptability of G. macrophylla. Phylogenomic analyses showed a sister relationship of asterids and rosids, and all 
Gentianales species formed a monophyletic group. Our study contributes to the understanding of genome evolution and active component bio-
synthesis in G. macrophylla and provides important genomic resource for the genetic improvement and breeding of G. macrophylla.
Key words: medicinal plant, Gentiana macrophylla, genome assembly, whole-genome duplication, iridoid biosynthesis

1. Introduction
The genus Gentiana contains about 360 species which are 
widely distributed throughout the northern hemisphere.1 
Gentiana species have attracted interest due to their im-
portant medical, chemical, ecological, and horticultural prop-
erties.2,3 Among them, Gentiana macrophylla (2n = 2x = 26) is 
a well-known medicinal plant which was first recorded in the 
Chinese Medicine monograph ‘Divine Husbandman’s Classic 
of the Materia Medica’ (Shen Nong Ben Cao Jing) of the latter 
Han dynasty. The dried roots of G. macrophylla are used as a 
traditional Chinese medicine called ‘Qinjiao’ which is one of 
the famous ‘Qin medicines’ in Shaanxi province of northern 
China. In Traditional Chinese Medicine, Qinjiao is used to 
dispel rheumatism, to relieve arthralgia and deficiency-heat, to 
clear dampness-heat and to activate Qi (energy).4 Therefore, 
the dried roots of G. macrophylla are commonly used to treat 
diabetes, apoplexy, paralysis, and rheumatism.5–7

Phytochemical studies have indicated that G. macrophylla 
contains various compounds such as iridoids, triterpenes, fla-
vonoids, sterols, and alkaloids.8 Of these compounds, deriv-
ates of iridoids and triterpenes are the predominant bioactive 
ingredients which are responsible for the biological activities 
of Qinjiao. For instance, gentiopicroside and loganic acid are 
two secoiridoid glucosides in G. macrophylla with powerful 
anti-inflammatory and osteoprotective effects.4,9,10 Due to 
the medicinal properties, there is considerable commercial 
interest in G. macrophylla, however, the distribution and 
number of wild G. macrophylla populations is very limited. 
Overexploitation driven by economic interests and the lack 
of effective protective measures has resulted in a dramatic de-
cline of wild G. macrophylla plants in recent years and G. 
macrophylla is now listed on the National Key of Protected 
Wild Herbs in China.6,11 To date, no fully sequenced genome 
is available for G. macrophylla, which largely hinders con-
servation and cultivation efforts. Therefore, it is important 
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to obtain the whole genome of G. macrophylla in order to 
facilitate molecular breeding and germplasm conservation 
programmes as well as scientific research of this and other 
Gentiana species.

Results from flow cytometry studies suggest that Gentiana 
species usually have relatively large genomes.12–15 The genome 
size variation of plant species is related to the chromo-
some number changes caused by whole-genome duplication 
(WGD), hybridization, and chromosome loss.16 It has been 
shown that adaptive radiation as well as introgression and 
polyploidization events have contributed considerably to the 
species richness in the genus Gentiana.17–19 Therefore, WGD 
and/or hybridization had a profound impact on the evolution 
of Gentiana species facilitating diversifications of phenotypes 
and secondary metabolites via gene divergence and struc-
tural variants.20–22 High-quality genomes enable comparative 
analyses of the genome architecture and the evolution of key 
traits for plant species.23 Therefore, the complete genome of 
G. macrophylla can help to unravel the role of WGD events 
in Gentiana and facilitate the discovery of functional genes.

Large genome sizes have presented geneticists with many 
challenges regarding sequencing and bioinformatics, making it 
difficult to produce high-quality reference genomes. However, 
the newly developed long-read sequencing technologies from 
Pacific Biosciences (PacBio) and Oxford Nanopore combined 
with the high-throughput chromatin conformation capture 
(Hi-C) scaffolding strategy have greatly enhanced chromo-
somal level assemblies for plant species.24 Recently, several 
plant genomes have been sequenced, facilitating the study 
of the genetic regulation mechanisms of various biosyn-
thetic pathways.25–29 Here, we assembled a chromosome-level 
genome of G. macrophylla which consists of 13 chromosomes 
(scaffold N50 =122.73 Mb, totalling ~1.79 Gb) using Oxford 
Nanopore, Illumina, and Hi-C scaffolding strategies. This 
will facilitate the study of genetic mechanisms underlying the 
biosynthesis of bioactive ingredients and provide useful in-
formation for further improvement of the genome-assisted 
cultivation and conservation efforts of Gentiana.

2. Materials and methods
2.1. Plant materials, DNA library construction, and 
sequencing
The G. macrophylla plant used in this study was collected from 
the Liupan mountain, Ningxia autonomy region (35.28°N, 
106.66°E, 2,234 m asl), China. Approximately 500  mg of 
young leaf tissue was stored in liquid nitrogen and used 
for DNA extraction following a cetyltrimethylammonium 
bromide (CTAB) protocol.30 The quantity and quality of the 
extracted DNA were established with a NanoDrop ND-2000 
spectrophotometer (NanoDrop products, Wilmington, DE, 
USA) and a Qubit 2.0 Fluorometer (Invitrogen Ltd, Paisley, 
UK). 100  ng of genomic DNA was used to prepare the li-
brary for Illumina sequencing. A paired-end DNA library 
with the insert size of 500 bp was constructed using a NEB 
Ultra DNA library prep kit (NEB, UK) and then sequenced 
on an Illumina NovaSeq 6000 platform producing 350  bp 
reads. After sequencing, duplicate reads, reads with ≥20% 
low-quality bases, or reads with ≥5% unknown (‘N’) bases 
were filtered using fastp v. 0.12.631 with default parameters.

2 µg of gDNA was recovered to construct the DNA library 
for Nanopore sequencing using a NEB Next FFPE DNA 
Repair Mix kit (M6630, USA) and subsequently processed 

with the ONT template prep kit (SQK-LSK109, UK). The 
large fragment library was premixed with loading beads and 
then pipetted into a R9 flow cell. The library was sequenced on 
the ONT PromethION platform with Corresponding R9 cell 
and the ONT sequencing reagent kit (EXP-FLP001.PRO.6, 
UK). Long raw reads were converted into fastq format using 
the Guppy tool.32

2.2. RNA isolation and sequencing
The genome sequencing sample and other two samples col-
lected from the same sites were used for RNA-seq. Roots, 
stems, leaves, and opening flowers of these three biological 
replicates were selected for RNA isolation. Total RNA was 
isolated using the Illustra RNAspin Mini RNA Isolation Kit 
(GE Healthcare, Hammersmith, UK). RNA purity and con-
centration were checked using a NanoDrop ND-2000 spec-
trophotometer (NanoDrop products, Wilmington, DE, USA) 
and a Qubit 2.0 Fluorometer (Invitrogen Ltd, Paisley, UK), 
respectively. The isolated RNA was treated with RNase-
free DNase I and eluted in RNase-free water. The cDNA li-
brary with insert size of 250–350 bp was constructed using 
the NEBNext® Ultra™ RNA Library Prep Kit (NEB, UK) 
and then sequenced producing 150 bp paired-end reads on 
NovaSeq 6000 sequencing platform. The raw reads were 
trimmed by removing adaptor sequences, reads with more 
than 5% of unknown base calls (N), and low-quality reads, 
i.e. >20% of the bases with a quality score ≤10 using fastp v. 
0.12.6.31

2.3. Hi-C library construction and sequencing
Young leaves from the same plant which was used for the 
Nanopore sequencing were collected for Hi-C library con-
struction applying the method in Rao et al.33 Briefly, leaf sam-
ples were fixed using formaldehyde to produce cross-linked 
DNA which was subsequently digested with the restriction 
endonuclease Hind III. Biotin-labelled bases were introduced 
during the sticky end repairing process to facilitate DNA 
purification and capture. After repairing, the interacting DNA 
fragments were cyclized to determine their location during 
subsequent sequencing and analyses. Finally, DNA fragments 
were purified and fragmented to a size of 300–700 bp, cap-
turing interacting DNA fragments using streptavidin beads 
for library construction. The libraries were sequenced on 
an Illumina NovaSeq 6000 sequencing platform producing 
paired-end 150 bp reads. The raw reads were trimmed by re-
moving adaptor sequences and low-quality reads using fastp 
v. 0.12.631 with default parameters, and the quality of the 
Hi-C sequencing data was evaluated with HiC-Pro v2.10.0.34

2.4. Genome size estimation
To predict the genome characteristics of G. macrophylla, 
we used a K-mer-based method to evaluate the genome size 
and the level of heterozygosity.35 Approximately 177.79 Gb 
(~131.78×) high-quality Illumina sequencing reads were gen-
erated and used for a 21 K-mer analysis. Based on the fre-
quency distribution of the 21 K-mers, GenomeScope was used 
to count the general characteristics of the genome, including 
the total genome size, repeat content, and heterozygosity.36

2.5. Genome assembly and Hi-C scaffolding
In order to recover high-accuracy reads for assembly, raw 
Nanopore sequencing reads (8,501,481) were self-corrected 
using Canu37 with the following parameters: genomeSize 
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= 2 G, minReadLength = 2,000, minOverlapLength = 500, 
-nanopore-corrected. The corrected Nanopore reads were 
then assembled using SMARTdenovo (https://github.com/
ruanjue/smartdenovo) with default parameters apart from 
the parameter -k which was set to 21. After initial assembly, 
Racon (https://github.com/lbcb-sci/racon) was used to further 
correct the assembly result with raw Nanopore reads and de-
fault parameters via three iterations. Finally, Pilon v1.2338 was 
utilized to fine tune the assembled contigs via three iterations 
using the 177.79 Gb high-quality Illumina paired sequencing 
reads. The Pilon parameters were set as follows: -fix bases, 
-changes, -vcf, -diploid.

Before chromosome assembly, the preassembled contigs 
were split into fragments with an average length of 50  kb 
for error correction. Any two segments which showed in-
consistent connection with information from the raw scaf-
fold were checked manually. Approximately 154.41 Gb of 
high-quality Hi-C reads were mapped to these fragments 
using BWA v 0.7.10.39 The uniquely mapped Hi-C data were 
retained to perform a chromosome-level assembly by using 
LACHESIS40 with the following parameters: CLUSTER_
MIN_RE_SITES = 76; CLUSTER_MAX_LINK_DENSITY 
= 2; ORDER_MIN_N_RES_IN_TRUNK = 59; ORDER_
MIN_N_RES_IN_SHREDS = 63. After this step, placement 
and orientation exhibiting obvious discrete chromatin inter-
action patterns were adjusted manually. A Hi-C contact map 
was drawn to show the scaffold interactions which could 
be used to evaluate the order and direction of the contigs 
on the pseudochromosomes. Finally, 4,154 scaffolds (rep-
resenting 98.89% of the total length) were anchored to 13 
pseudochromosomes which were named Chr01 to Chr13 ac-
cording to the scaffold total length.

2.6. Genome assembly quality assessment
To evaluate the accuracy and completeness of the assemblies, 
the overall alignment rates were calculated through mapping 
Illumina clean reads to the assembled sequences using BWA 
with the default parameters.39 The RNA sequencing reads 
from four tissues were also mapped against the genome as-
sembly with HISAT v2.0.5,41 and the overall alignment rates 
were estimated. Additionally, CEGMA (Core Eukaryotic 
Genes Mapping Approach)42 and BUSCO (Benchmarking 
Universal Single-Copy Orthologs, embryophyta_odb10 
database) analyses43 were used to assess the quality of the 
assembly.

2.7. Repetitive elements annotations
Repetitive sequences such as tandem repeats and trans-
posable elements (TEs) are ubiquitous in the genome.44 
In the current study, TEs were identified by a combination 
of homology-based and de novo strategies. Firstly, a de 
novo repeats library was modelled for the G. macrophylla 
genome using RepeatModeler (http://www.repeatmasker.org/
RepeatModeler), and RECON v1.0845 and RepeatScout46 
were used for the de novo repeat identification. Full-length 
long terminal repeat retrotransposons (fl-LTR-RTs) were 
identified using both LTR harvest47 with the following param-
eters: -minlenltr 100 -maxlenltr 40000 -mintsd 4 -maxtsd 6 
-motif TGCA -motifmis 1 -similar 85 -vic 10 -seed 20 -seqids 
yes and LTR_finder48 with the parameters: -D 40000 -d 100 
-L 9000 -l 50 -p 20 -C -M 0.9. The high-quality intact fl-LTR-
RTs and non-redundant LTR library were then produced 
using LTR_retriever.49 Finally, TEs in the G. macrophylla 

genome were identified and classified using RepeatMasker 
v4.10.50 Tandem repeats were annotated using Tandem 
Repeats Finder51 with the parameters: 1 1 2 80 5 200 2000 -d 
-h and the MIcroSAtellite identification tool (MISA v2.1).52

2.8. Gene prediction and genome annotations
Ab initio prediction, homolog protein-based, and 
transcriptome-aided methods were integrated to predict genes 
in the G. macrophylla genome. Augustus v2.453 and SNAP54 
were used for the ab initio prediction. GeMoMa v1.755 
was used for homology prediction with protein sequences 
from Arabidopsis thaliana, Coffea canephora, Gardenia 
jasminoides, Olea europaea, and Solanum tuberosum. For 
transcriptome-aided predictions, the de novo assembly was 
firstly conducted to obtain the transcripts for gene predic-
tions. Four RNA libraries generated from root, stem, leaf, and 
flower tissues were sequenced and de novo assembled with 
Trinity v2.1.1.56 In addition, genome-guided assembly was 
also performed to recover transcripts for the transcriptome-
aided predictions. The RNA sequencing reads were mapped 
to the G. macrophylla genome assembly using HISAT ver-
sion 2.0.5,57 and transcripts were reconstructed using 
StringTie v5.1.58 The transcript output derived from de novo 
and genome-guided assemblies were combined to construct 
comprehensive transcripts for gene prediction using PASA 
v2.0.2.59 Finally, all the gene prediction results produced from 
the three abovementioned methods were combined to gen-
erate the final consensus gene models with EVM v1.1.1,60 and 
the final gene models were further updated by PASA v2.0.2.59

Functional annotation of protein-coding genes was con-
ducted by searching the predicted amino acid sequences of 
G. macrophylla against public databases, including NCBI 
non-redundant protein (Nr), TrEMBL, Swiss-Prot, euKary-
otic Ortholog Group (KOG), and Evolutionary Genealogy of 
Genes: Non-supervised Orthologous Groups (eggNOG) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) using 
BLASTP with an E-value threshold of 1E−5.61 Protein family 
(Pfam) alignments were performed using HMMER (v3.0, 
http://hmmer.org/) with an E-value of 1E−5, and the Gene 
Ontology (GO) classification was conducted based on the an-
notation results of Nr using Blast2GO v2.5 with an E-value 
of 1E−5.62

The tRNA genes were predicted using tRNAscan-SE,63 
and the rRNA genes were identified by searching the genes 
in Rfam v 12.064 with barrnap v 0.9 (https://github.com/
tseemann/barrnap). The snoRNA and snRNA genes were pre-
dicted by searching the genes against the Rfam database using 
Infernal 1.1.65 The miRNA was identified by searching in the 
miRbase databases.66

2.9. Gene family construction and phylogeny
Protein and nucleotide sequences from G. macrophylla and 15 
other angiosperm species (Solanum lycopersicum, Aquilegia 
coerulea, Glycine max, Theobroma cacao, O. europaea, C. 
canephora, Ophiorrhiza pumila, Camptotheca acuminata, 
Helianthus annuus, Oryza sativa, G. jasminoides, Populus 
trichocarpa, A. thaliana, Vitis vinifera, and Gossypium 
raimondii) were recovered to identify the orthologous groups 
and construct gene families using OrthoFinder v2.467 based 
on diamond all-to-all BLASTP alignment with an E-value 
cutoff of 1E−3. The obtained gene families were annotated 
using PANTHER V1568 database, and GO and KEGG en-
richment were conducted for the specific gene family of G. 

https://github.com/ruanjue/smartdenovo
https://github.com/ruanjue/smartdenovo
https://github.com/lbcb-sci/racon
http://www.repeatmasker.org/RepeatModeler
http://www.repeatmasker.org/RepeatModeler
http://hmmer.org/
https://github.com/tseemann/barrnap
https://github.com/tseemann/barrnap
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macrophylla using clusterProfile v3.14.0.69 The single-copy 
orthologous genes were extracted from the orthologous clus-
tering results to reconstruct the phylogenetic relationships. 
Protein sequences of abovementioned 16 species were concat-
enated and aligned using MAFFT v7.453 with default param-
eters.70 The ambiguous and most variable sites in the multiple 
protein sequence alignments were removed with Gblocks 
v0.91b.71 Afterwards, the concatenated protein matrices were 
used to construct phylogenetic trees with the maximum-
likelihood (ML) method. The ML analysis was conducted 
using IQ-TREE72 under the best-fit model (GTR + F + I + G4) 
selected by ModelFinder73 with 1,000 bootstrap replicates.

The best ML tree was retrieved as a starting tree to estimate 
the divergence time of each species using the MCMC tree in 
PAML v. 4.74 Tree nodes were calibrated by the TimeTree 
web service (http://www.timetree.org/), including the split be-
tween C. canephora and G. jasminoides (15.8–27.5 million 
yrs ago, Ma), T. cacao and G. raimondii (30–60 Ma), and the 
split between O. sativa and other angiosperms (0–112.6 Ma). 
According to the results of the gene families and phylogenetic 
tree with divergence time, CAFÉ v4.2 software75 was utilized 
to determine the expanded and contracted gene families of 
16 species, which were further subjected to KEGG and GO 
enrichment analysis.

2.10. WGD and genome synteny analyses
In order to explore the origin of predicted protein-coding 
genes (55,337) in G. macrophylla, genome sequences of G. 
macrophylla were used to infer WGD events based on a 
synonymous substitution rate (Ks) estimation and a 4-fold 
synonymous degenerative third-codon transversion (4DTv) 
method. In addition, protein sequences of G. jasminoides, 
V. vinifera, and C. canephora were also recovered for ana-
lysing the WGD events. Protein sequences for each of these 
abovementioned species were compared using the all-to-all 
blastp strategy in BLAST with an E-value threshold of 1E−5 
to predict the conserved paralogs in each species. After then, 
Ks values for gene pairs were calculated with PAML v. 4,74 
and potential WGD events in each genome were highlighted 
based on their Ks and 4DTv distribution. It is thought that the 
only well-established whole-genome triplication occurred in 
V. vinifera and C. canephora.76,77 We therefore conducted the 
synteny searches with MCscanX78 using the protein-coding 
genes of G. macrophylla, V. vinifera, and C. canephora. The 
derived dot plots were examined to predict the paleoploidy 
level of G. macrophylla compared with that of the other 
angiosperms by determining the syntenic depth in each gen-
omic region. In addition, genomes of two iridoid-producing 
plants O. pumila and C. acuminata were also recovered in the 
synteny analyses as previous studies have indicated that O. 
pumila did not show signs of WGD and only one recent WGD 
was found for C. acuminata.79,80

2.11. Terpene synthase and iridoid-related genes 
identification and expression analyses
Terpene synthase (TPS) is essential for the biosynthesis of ter-
penoids. Two Pfam domain models (PF03936 and PF01397) 
were retrieved to search the G. macrophylla genome to identify 
the TPS proteins using HMMER v. 3.0 with an E-value cutoff 
of 1E−5.81 Previously annotated TPS genes of C. canephora, 
P. trichocarpa, O. sativa, and A. thaliana were downloaded 
to perform a comparative TPS gene family analysis together 
with G. macrophylla. Protein sequences of all TPS genes were 

aligned using MAFFT v7.453 with default parameters70 and 
trimmed using trimAL.82 An ML phylogenetic tree was con-
structed using IQ-TREE72 under the best-fit model (JTT + F + 
I + G4) selected by ModelFinder73 with a 1,000 bootstrap rep-
licates, with the subfamily TPS-c as outgroup. Besides, it has 
been well established that iridoids are synthesized from either 
the 2-C-methyl-d-erythritol-4-phosphate (MEP) pathway in 
the plastid or the mevalonic acid (MVA) pathway in the cyto-
plasm.83–85 All key enzyme genes related to the MEP, MVA, 
and iridoid pathway were searched according to the inte-
grated annotations.

RNA-seq clean reads were produced from the roots, stems, 
leaves, and flowers of G. macrophylla. These reads were 
mapped to the reference genome by using HISAT 2.41 The 
fragments per kilobase of transcript per million of fragments 
mapped (FPKM) were calculated using eXpress86 to estimate 
the gene expression levels of different tissues. DESeq2 was 
used to analyse the significantly differentially expressed genes 
(DEGs) with the thresholds P < 0.05 and |log2(FoldChange)| 
> 1, and threshold of P value was inferred from the false 
discovery rate. Afterwards, a k-means cluster analysis was 
conducted to show the similarities and differences of gene 
expression patterns in different tissues, and gene expression 
profiles of TPS and iridoid-related genes were plotted using 
TBtools87 based on the RNA-seq data from different tissues 
of G. macrophylla.

3. Results
3.1. Sequencing information, genome size 
estimation, and heterozygosity
Illumina sequencing generated on average a ×99 coverage 
of paired-end short reads (177.79 Gb), Oxford Nanopore 
sequencing a ×110 coverage of single-molecule long reads (a 
total of 198. 87 Gb, with an average length of 23.39 kb and 
a read N50 length of 29.21  kb), and the Hi-C sequencing 
produced ~154.42 Gb of data (Supplementary Table S1). 
Transcriptome sequencing generated 93.64 Gb reads for 
roots, stems, leaves, and flowers (Supplementary Table S1). 
K-mer frequency distribution analyses indicated a K-mer 
peak with a depth of 25 and an estimated genome size of 1.42 
Gb (Supplementary Fig. S1), which is less than the 1.78 Gb 
determined using flow cytometry.13 Based on the total number 
of K-mers, the heterozygosity and the repetitive content of 
G. macrophylla were estimated to be 1.49% and 72.4%, re-
spectively (Supplementary Fig. S1). These results indicate that 
the genome of G. macrophylla is large with high levels of 
heterozygsity.

3.2. Whole-genome assembly and quality 
evaluation
The genome of G. macrophylla was de novo assembled 
using the Oxford Nanopore long reads output incorporating 
Hi-C data for scaffolding. After the results derived from dif-
ferent assembly strategies were evaluated, we selected the 
SMARTdenovo results as the final assembly (Supplementary 
Table S2). The total length of contigs assembled by 
SMARTdenovo is about 1.791 Gb across 4,024 contigs, 
with contig N50 size of 720.80 kb (Table 1), which is larger 
than the estimated genome size but close to the genome size 
determined by flow cytometry. Employing the Hi-C scaf-
folding strategy, 516.3 million clean reads from the Illumina 
sequencing platform were used for chromosome construction 

http://www.timetree.org/
http://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsac034#supplementary-data
http://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsac034#supplementary-data
http://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsac034#supplementary-data
http://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsac034#supplementary-data
http://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsac034#supplementary-data
http://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsac034#supplementary-data
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to further refine the G. macrophylla genome assembly. 
Approximately 98.89% of the assembly was anchored to 13 
pseudochromosomes with LACHESIS, and the total length of 
the assembly was 1.792 Gb with a contig N50 of 647.20 kb 
and scaffold N50 of 122.73  Mb (Table 1). Ultimately, the 
assembled contig sequences were connected in the deter-
mined order and direction by adding 100  N to obtain the 
final chromosome-level genome sequence with a chromosome 
mount rate of 92.77% (Supplementary Table S3 and Fig. S2). 
A Hi-C contact map indicated that the clustering, ordering, 
and orientation of the contigs were valid, providing the first 
chromosome-scale genome assembly for G. macrophylla 
(Supplementary Fig. S2).

Different methods have been adopted to evaluate the as-
sembly quality of the genome. The Illumina reads were 
aligned to the assembled genome of G. macrophylla and 
showed a mapping rate of 99.60% (Supplementary Table 
S4). RNA sequencing data from four different tissues for 
genome annotation were also mapped to the assembly to as-
sess the quality of assembly, resulting in 96.12%, 96.10%, 
96.53%, and 95.90% of the total mapped RNA-seq reads 
for roots, stems, leaves, and opening flowers, respectively 
(Supplementary Table S5). The completeness of our genome 
assembly was also evaluated by CEGMA and BUSCO as-
sessment. The results indicated that a total of 232 (93.55%) 
of 248 core eukaryotic genes (CEGs) and 1,535 (94.73%) 
complete gene models among 1,614 conserved genes from 
BUSCO assessment were identified (Table 1). DNA/RNA read 
mapping using CEGMA and BUSCO could map more than 

93% of the reads suggesting that the completeness of the ref-
erence genome of G. macrophylla is good.

3.3. Repeat annotations
Homology-based annotation and a de novo approach 
were utilized to predict TEs and tandem repeats in the 
G. macrophylla genome. The total length of TEs was 
1,386,789,613  bp (73.47% of the genome length) in the 
genome assemblies of G. macrophylla. LTR elements were the 
dominant repeat type, accounting for 68.87% of the genome 
length (Supplementary Table S6). Two LTR superfamily elem-
ents (Copia and Gypsy elements) constituted 424,457,684 
and 415,291,490  bp, accounting for 34.40% and 33.65% 
of the total LTR repeat length, respectively. DNA trans-
posons (58,429,067 bp) and long interspersed nuclear elem-
ents (21,887,473 bp) accounted for 3.26% and 1.22% of the 
genome assembly (Supplementary Table S6), respectively. The 
tandem repeats constituted 70,335,884  bp accounting for 
3.93% of the genome length.

3.4. Gene annotation and function prediction
Based on the assembled genome, 55,337 protein-coding genes, 
1,406 tRNAs, 755 rRNAs, 72 miRNAs, 293 snRNAs, and 143 
snoRNA were predicted (Supplementary Table S7). The gene 
density, GC content, Gypsy density, and Copia density were 
mapped onto the individual chromosomes using the Circos 
tool (http://www.circos.ca) (Fig. 1). The protein-coding genes 
in the G. macrophylla genome had an average gene length 
of 3,603.34 bp, an average coding DNA sequence length of 
1,096.01 bp, and an average exon number per gene of 4.71. 
The different gene structure parameters were compared with 
those of five selected species: C. canephora, A. thaliana, S. 
tuberosum, G. jasminoides, and O. europaea. Unexpectedly, 
G. macrophylla had the highest numbers of predicted genes 
and the largest average intron length (~2,243.04 bp) among 
abovementioned species (Supplementary Table S7), which ap-
pears to be related to the relatively large genome size of G. 
macrophylla. The completeness of gene prediction was evalu-
ated using 1,614 BUSCO genes from the embryophyta_odb10 
database. The results suggested that 1,567 (97.09%) BUSCOs 
were complete in the annotated results, indicating the reli-
ability of the predicted results (Supplementary Table S7).

Overall, 51,148 (92.43%) genes were functionally anno-
tated in at least one of the public databases (Supplementary 
Table S8). A total of 50,528 (91.31%) genes showed hom-
ologous genes in the NR database, while 37,975 (68.62%) 
genes were similar to proteins in the SwissProt database. The 
BLASTX top-hit species distribution showed highest hom-
ology to Coffea arabica (25.5%), C. eugenioides (13.9%), 
and C. canephora (7.8%) (Supplementary Fig. S3). A total of 
41,688 (75.33%) genes contained Pfam domains, and 41,756 
(75.46%) genes were assigned to at least one GO term and 
classified into 42 GO functional subcategories (Supplementary 
Fig. S4). In order to predict the metabolic pathways of G. 
macrophylla, 38,293 (69.2%) genes were annotated in the 
KEGG database and classified into 136 pathways. KEGG 
pathways involved in ‘sesquiterpenoid and triterpenoid 
biosynthesis’ (ko00909, 397 genes), ‘terpenoid backbone 
biosynthesis’ (ko00900, 97 genes), and ‘monoterpenoid bio-
synthesis’ (ko00902, 97 genes) can be used to explore the bio-
synthetic pathways of medicinally effective compounds in G. 
macrophylla (Supplementary Table S9).

Table 1. Statistics of final genome assembly

 Nanopore 
assembly 
(polished) 

Hi-C  
assembly 

Assembly

  Total scaffold length (Gb) 1.792

  Number of scaffolds 1,264

  Scaffold N50 (Mb) 122.726

  Scaffold N90 (Mb) 94.709

  Max scaffold length (Mb) 195.951

  Total contig length (Gb) 1.791 1.792

  Scaffold GC content 37.66%

  Scaffold N content 0.017%

  Number of contigs 4,024 4,301

  Contig N50 (kb) 720.804 647.199

  Contig N90 (kb) 210.320 203.182

  Max contig length (kb) 4,866.657 4,866.657

  Contig GC content 37.66% 37.66%

  Complete BUSCOs 95.11% 94.73%

  Complete and single-copy BUSCOs 69.89% 87.36%

  Complete and duplicate BUSCOs 25.22% 7.37%

  Fragmented BUSCOs 1.12% 1.36%

  CEGs present in assemblies 97.82% 98.20%

Annotation

  Repetitive density 77.40%

  Number of non-coding RNAs 2,669

  Number of protein-coding genes 55,337
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3.5. Gene family analysis
In order to explore the genome evolution of G. macrophylla, 
protein-coding genes of other angiosperms were retrieved and 
clustered into gene families. After cluster analysis of all gene 
families, a total of 48,374 genes were clustered into 19,134 
gene families in the genome of G. macrophylla. Gentiana 
macrophylla shared a total of 2,726 gene families with the 
15 other species, and 11,778 genes and 2,149 gene fam-
ilies were specific to G. macrophylla (Fig. 2A and B). We 
found that 8,573 gene families were shared among the four 
Gentianales species, including G. macrophylla, C. canephora, 
G. jasminoides, O. pumila, and iridoid-producing medicinal 
plant C. acuminata (Supplementary Fig. S5). KEGG pathway 
enrichment analysis indicated that G. macrophylla-specific 
gene families were mainly enriched in sesquiterpenoid and 
triterpenoid biosynthesis, linoleic acid metabolism, and other 
secondary metabolites (Supplementary Fig. S6). These results 
are consistent with the presence of iridoids and terpenoids in 
G. macrophylla.

3.6. Phylogenetic relationships
Base on the gene families of the above mentioned 16 spe-
cies, 100 single-copy orthologous genes were determined for 
the subsequent phylogenetic analysis with O. sativa as the 
outgroup. Aquilegia coerulea (Ranunculales) and other core 
eudicots formed an early branching clade with high BS sup-
port. All included species which belong to the Asterids formed 
a monophyletic group, which was sister to the Rosids (Fig. 
3). Expectedly, G. macrophylla displayed a close relation-
ship with O. pumila, G. jasminoides, and C. canephora all 
of which belong to the Gentianales (Fig. 3). Gentianales and 
Lamiales (Lamiids) diverged ~78.37 Ma (71.69–84.01 Ma) 

and the estimated divergence of the Asterids and Rosids clade 
occurred ~113.73 Ma (108.22–120.68 Ma).

3.7. Gene family expansion and contraction
The orthologous gene clusters generated from the 
OrthoFinder and the phylogenetic tree estimated by IQ-TREE 
were the input for CAFÉ v4.2 to infer whether expansion 
or contraction occurred in each gene family across species 
(Fig. 3). Among the 19,134 gene families identified in the G. 
macrophylla genome, 8,481 expansions and 7,440 contrac-
tions were detected. Compared with other three species in the 
Gentianales, G. macrophylla had the most expansions and 
contractions (G. jasminoides/C. canephora/O. pumila had 
1,083/1,144/1,525 expansions and 3,049/3,416/6,363 con-
tractions, respectively). GO enrichment analysis showed that 
the expanded gene families in G. macrophylla were involved in 
plant organ development, regulation of catalytic activity, root 
development, chloroplast thylakoid membrane, cytoskeleton, 
nucleosome, hydrolase activity and UDP-glycosyltransferase 
activity (Supplementary Fig. S7). KEGG pathway analysis 
suggested that these expanded gene families were enriched 
in inositol phosphate metabolism, phosphatidylinositol 
signalling system, pentose phosphate pathway, cutin, suberine 
and wax biosynthesis, diterpenoid biosynthesis, and carot-
enoid biosynthesis (Supplementary Fig. S8).

3.8. Analyses of genome synteny and WGD
MCScanX analysis was conducted to screen the genome 
synteny between G. macrophylla and two other species (C. 
canephora and V. vinifera), investigating potential WGD events 
during the evolutionary course of G. macrophylla. A total of 
18.16% (10,050/55,337) colinear gene pairs on 740 colinear 
blocks were detected within the G. macrophylla genome 

Figure 1. Morphological and genomic characteristics of Gentiana macrophylla. (A) Gentiana macrophylla in flower. (B) The roots of G. macrophylla 
which are used for medicinal purposes. (C) Gentiana macrophylla whole plant. (D) Genome assembly of 13 pseudochromosomes. (a) Assembled 
pseudochromosomes, (b) TE density, (c) gene density, (d) GC content, (e) gene expression profiles in flower, (f) gene expression profiles in leaf, (g) gene 
expression profiles in root, (h) gene expression profiles in stem, (i) LTR-Copia density, (j) LTR-Gypsy density, (k) CACTA DNA transposon density, and (l) 
chromosome synteny (from outside to inside).
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(Supplementary Fig. S9). 14,681 colinear gene pairs from 
892 colinear blocks were detected between G. macrophylla 
and C. canephora, and 12,361 colinear gene pairs from 1,087 

colinear blocks between G. macrophylla and V. vinifera (Fig. 
4A and D, Supplementary Fig. S10). Synteny analyses between 
G. macrophylla and C. canephora/V. vinifera provided clear 

Figure 2. Gene family statistics in the comparative genomics analysis. (A) Number of genes in selected 16 angiosperm species, with Gentiana macrophylla 
having the highest number. (B) Venn diagram showing overlap of gene families between G. macrophylla and the other 15 angiosperm species.

Figure 3. ML phylogeny and number of gene families that have expanded or contracted among 16 plant species. Confidence intervals of estimated 
divergence times are indicated at each node as teal bars. Calibrated nodes are labelled by red dots. The two WGD specific to Gentiana macrophylla are 
indicated by a blue star. All the branches are supported with a bootstrap value of 100 unless indicated otherwise below the branches.

http://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsac034#supplementary-data
http://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsac034#supplementary-data
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structural evidences for two WGDs in G. macrophylla with a 
1:4 syntenic depth ratio in G. macrophylla–C. canephora/V. 
vinifera comparison (Fig. 4A and B, Supplementary Fig. S11). 
For instance, we identified the region of Chr2: 1.23–1.64 Mb 
in C. canephora corresponded to four genomic regions in 
G. macrophylla (Chr12: 0.42–0.85  Mb, Chr12: 101.21–
100.61 Mb, Chr2: 21.65–21.14, and Chr11: 103.09–102.90) 
(Fig. 4B). Dot plots of syntenic blocks in G. macrophylla–C. 
canephora/V. vinifera also revealed a nearly 1:4 orthology 
ratio (Fig. 4D, Supplementary Fig. S10), indicating two 
WGD events might have occurred during G. macrophylla 
genome evolution. Besides, dot plots of syntenic blocks in G. 
macrophylla–O. pumila and G. macrophylla–C. acuminata 
also showed 1:4 and 2:4 orthology ratios, respectively 
(Supplementary Figs S12 and S13), which further supported 
two WGDs for G. macrophylla. However, we found that dot 
plots of syntenic blocks within G. macrophylla genome did 
not show a clear 1:3 syntenic depth ratio (Supplementary Fig. 
S9). We therefore analysed the duplicate gene origins in G. 
macrophylla. The results indicated that the dispersed dupli-
cation is the predominant type of gene duplication (57.12%, 
31,607) compared with WGD or segmental duplication 
(18.16%, 10,050), proximal duplication (11.94%, 6,607), or 
tandem duplication (8.18%, 4,527).

To further validate and estimate the timing of the two WGD 
events in the G. macrophylla genome, synonymous nucleo-
tide substitutions (Ks) were characterized between collinear 
homeologs within or between G. macrophylla and other 
five species (C. canephora, G. jasminoides, O. pumila, C. 

acuminata, and V. vinifera). The Ks distributions of one-to-one 
orthologs identified between G. macrophylla and the other 
five species showed different Ks peaks, indicating divergent 
evolutionary rates among these species (Supplementary Fig. 
S14). After dividing Ks values of G. macrophylla paralogs into 
three groups with Gaussian mode, Ks distribution showed two 
clear peaks of duplicated genes at Ks values of approximately 
0.1 (WGD-1) and 0.6 (WGD-2) after the peak representing 
WGT-γ (Fig. 4C). Based on the abundance of 4DTv sites, two 
significant peaks were found in G. macrophylla, which also im-
plied that G. macrophylla underwent two independent WGD 
events (Supplementary Fig. S15). These WGD events in the G. 
macrophylla genome might date back to ~5.80 and 34.60 Ma 
by mapping the WGD events onto the phylogeny, respectively. 
The peak value of orthologs between G. macrophylla and O. 
pumila (Ks ≈ 1.1) was coincident with the value of Ks between 
G. macrophylla and G. jasminoides/C. canephora (Ks ≈ 1.1) 
(Supplementary Fig. S14), implying that the split between G. 
macrophylla and these three species occurred simultaneously, 
which was also supported by the phylogenetic analyses. We 
thus inferred that WGD events in G. macrophylla occurred 
after the divergence from the O. pumila, C. canephora, and G. 
jasminoides lineage.

3.9. Expression pattern analyses of tissue-specific 
genes
The analysis of gene expression levels in the transcriptome 
showed that 1,323 genes were expressed in roots, 233 in stems, 
600 in leaves, and 1,252 in flowers together with 17,701 genes 

Figure 4. Inter-genomic comparisons revealed that Gentiana macrophylla experienced two rounds of WGD events. (A) Syntenic comparisons of G. 
macrophylla, Coffea canephora, and Vitis vinifera chromosomes. The collinearity pattern shows that typically an ancestral region in the C. canephora 
and V. vinifera genome has four corresponding copy regions in G. macrophylla. This 1:4 collinear relationship is highlighted in green. Syntenic blocks 
with more than 15 genes are linked by grey lines. (B) A representative block in the microsynteny comparison between G. macrophylla and C. canephora 
shows a 1:4 collinear relationship. Rectangles represent annotated genes with orientation on the same strand (blue) or reverse strand (green) and the 
grey lines connect syntenic gene pairs, with the 1:4 blocks are highlighted in colour. (C) Distribution of synonymous substitutions (Ks) of paralogous 
genes in the G. macrophylla genome recovered from syntenic blocks. The green, blue, and orange peaks represent WGT-γ, WGD1, and WGD2 during 
the evolutionary processes of the G. macrophylla genome, respectively. (D) Dot plot of inter-genomic comparison of G. macrophylla and C. canephora 
(15,882 gene pairs).
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which did not show tissue-specific expression levels (Fig. 5A). 
12,329 DEGs could be divided into 12 clusters (Fig. 5B and C) 
which also included the genes with tissue-specific expression. 
Clusters 1 and 11 contained genes related to defense responses 
such as ‘plant–pathogen interaction’, ‘plant hormone signal 
transduction’, and ‘MAPK signalling pathway-plant’ which 
were highly expressed in roots (Fig. 5C, Supplementary Table 
S10). In contrast, highly expressed genes in leaves derived from 
clusters 4 and 8 which were mainly correlated with fundamental 
pathways such as ‘carbon metabolism’ and ‘photosynthesis’. 
Genes in clusters 3 and 9 showed high expression levels in 
flowers and were mainly enriched in ‘phenylpropanoid biosyn-
thesis’, ‘pentose and glucuronate interconversions’, and ‘starch 
and sucrose metabolism’. Unexpectedly, no stem-specific gene 
clusters were identified. Stems also had the smallest number of 
tissue-specific genes. These results provide the basis for the fol-
lowing analysis to investigate the gene expression regulatory 
networks and the mechanisms for the biosynthesis of bioactive 
metabolites in G. macrophylla.

3.10. TPS gene predictions and identification of 
genes related to the biosynthesis of iridoids
TPS is necessary to catalyse geranyl diphosphate, GGPP, and 
farnesyl diphosphate which function as precursors to produce 

monoterpenes, diterpenes, sesquiterpenes, and triterpenes. 
Using the Pfam domain models PF03936 and PF01397, a 
total of 39 putative TPS genes were identified in the genome 
of G. macrophylla. In order to classify the TPS proteins, we 
constructed a phylogenetic tree using all the TPS protein 
sequences from G. macrophylla, A. thaliana, C. canephora, 
P. trichocarpa, and O. sativa. The TPS genes found in G. 
macrophylla could be assigned to six subfamilies: TPS-a (26 
genes), TPS-b (3 genes), TPS-c (2 gene), TPS-e/f (4 genes), 
and TPS-g (4 genes) (Fig. 6A, Supplementary Table S11). The 
TPS-a genes contained the largest number of genes and had 
a tandem duplication on Chr2 (9 genes) and Chr8 (12 genes) 
(Fig. 6B). Therefore, it is likely that the tandem duplication 
could be responsible for the TPS gene family expansion in 
G. macrophylla. In addition, we found that most TPS genes 
belong to the same group showed similar expression profiles 
(Fig. 6C). Especially, TPS-a genes were mainly expressed in 
leaves and TPS-g genes showed relatively high expression 
levels in stems, which may be the causes for the tissue-specific 
differences in substance synthesis.

Iridoids isolated from G. macrophylla are important 
terpenoid compounds which belong to the group of 
monoterpene analogs. It has been shown that the precursor 
for iridoid biosynthesis (Geranyl diphosphate) is derived from 

Figure 5. Gene expression patterns in different tissues of Gentiana macrophylla. (A) Venn diagram showing the expressed genes in roots, stems, 
leaves, and flowers. (B) Heatmap of all DEGs from different tissues. Each column in the figure represents one sample, each row represents one gene. 
The colour indicates the normalized gene expression level (log10(FPKM + 1)) in different tissues. (C) Hierarchical clustering showing the expression 
patterns of DEGs. The y axis represents different tissues, and the x axis represents the normalized gene expression level.
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dimethylally diphosphate synthesized via the MVA and MEP 
pathways.85 Based on our genome annotation, all structural 
enzyme genes involved in the MVA and MEP pathways which 
may regulate the biosynthesis of iridoids could be identified 
(Supplementary Table S12). Three genes (DXR, CMK, and 
MDS) in the MEP pathway and one gene (MVD) in the MVA 
pathway were single-copy genes. Other genes in the MEP/
MVA pathways had two to eight copies, where the corres-
ponding gene families have experienced an expansion (Fig. 7). 
Gene expression analyses indicated that most MVA enzyme 
genes showed high expression levels in flowers, while enzyme 
genes in the MEP pathway were highly expressed in leaves. 
In the iridoid biosynthesis pathway, key enzyme genes such 
as GES (TPS-g subfamily), G10H, 8-HGO, IS, NEPS, IO, 
7-DLGT, 7-DLNGT, 7-DLH, LAMT, SLS, and STR with 
different copy numbers were identified (Fig. 7). To investi-
gate the copy number variations of iridoid-annotated genes 
in iridoid-producing species, iridoid-related genes from O. 
pumila and C. acuminata genomes were compared with G. 
macrophylla. The results indicated that the copy number of 
15 iridoid genes in G. macrophylla was higher than in these 
species (Supplementary Table S13). Unexpectedly, all gene 
families related to structural genes in the iridoid biosynthesis 
pathway experienced expansion except for GES and genes 
such as G10H, 8-HGO, NEPS, 7-DLGT, 7-DLH, LAMT, 
SLS, and STR may have undergone tandem duplication in 
the G. macrophylla genome based on the chromosome loca-
tion (Fig. 8). We compared the expression profiles of enzyme 
genes related to the iridoid biosynthesis in different tissues 
and identified a total of 40 genes (GES, 7G10Hs, 7 8-HGOs, 
2 ISs, 1 NEPS, 2 IOs, 6 7-DLNGTs, 4 7-DLGTs, 3 DLHs, 

2 SLSs, 5 STRs) that were differentially expressed. Among 
these DEGs, 19 iridoid-related genes exhibited higher expres-
sion levels in leaves, and 13 were highly expressed in flowers 
(Supplementary Table S12), indicating that these genes may 
be the reason for the different expression levels of iridoid der-
ivates in different tissues of G. macrophylla.

4. Discussion
Gentiana macrophylla is one of the important Qin herbs in 
TCM and is threatened due to over-harvesting of wild popu-
lations, which may result in the loss of germplasm diversity. In 
the past decades, most studies were carried out on the pharma-
cology of G. macrophylla, with little focus on the genomics of 
this species. Therefore, the availability of genomic information 
on G. macrophylla might contribute to its future genetic im-
provement and the development of molecular breeding pro-
grammes. Here, we combined Nanopore and Hi-C sequencing 
technologies to assemble a chromosome-level genome of G. 
macrophylla. Although the contig N50 of the assembly did 
not reach a high length (>1 M), approximately 98.89% of the 
assembly could be anchored to 13 chromosomes. In addition, 
the BUSCO assessment in this study also showed a relatively 
high value. Previous genome-wide assemblies of plants with 
large genomes or high heterozygosity such as G. jasminoides,25 
Magnolia biondii,88 and Rehmannia glutinosa,89 also had com-
parable contig N50 lengths.

About 47% of annotated genes could be matched to the 
proteins of the genus Coffea, the closest available genomic re-
source which belongs to the same order as the genus Gentiana 
(Gentianales). Phylogenomic analyses of 100 single-copy 

Figure 6. TPS gene family in Gentiana macrophylla. (A) The phylogenetic tree of the TPS gene family using an ML method. Branches are coloured based 
on the species colour scheme on the top right. (B) Chromosomal locations of TPS gene family in the G. macrophylla genome. The expanded gene 
families in G. macrophylla genome are labelled with red colour. (C) Heatmap showing the standardized gene expression levels (log10(FPKM + 1)) of TPS 
genes in different tissues.
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orthologs from 16 seed plant genomes strongly supported the 
sister relationship of asterids and rosids, which is consistent 
with previous research on the phylogeny of angiosperms.90 
Our phylogenomic results also supported the monophyly of 
Gentianales with a sister relationship to Lamiales. This con-
trasts with a recent asterid phylotranscriptomics study which 
indicated that Gentianales and Boraginales formed a clade.91 
It is likely that this discrepancy could be due to the unbal-
anced lineage sampling in this study and the lack of genomic 
resources for Boraginales.

Polyploidization and WGD events, resulting in the expan-
sion of repeated genes and increased genetic variation, are the 
prominent drivers for diversity in metabolites, species diver-
sification and evolutionary novelty in plants.22,92,93 A recent 
phylotranscriptomic study indicated extensive gene duplica-
tion events in the subtribe Gentianinae (Gentianaceae), par-
ticularly within the species-rich genus Gentiana.19 We detected 
a large proportion of repeated genes in the G. macrophylla 
genome, and gene family analyses also indicated that G. 
macrophylla displayed the greatest number of expanded gene 
families apart for G. max. Unexpectedly, 19.75% of duplicated 

genes are syntenic and originated from WGD, however we did 
not find a clear 1:3 syntenic depth ratio in the dot plot. This 
is consistent with the chromosomal-level genome assembly 
of siberian ginseng (Eleutherococcus senticosus) which has a 
comparable genome size and N50 contig value (1.3 Gb and 
309.43  kb, respectively), where a clear 1:3 syntenic depth 
ratio could not be detected.94 Dispersed duplication (TEs) was 
the dominant type in the G. macrophylla genome. It has been 
showed that TEs shaped and (re)organized the chromosome 
structure of plant species such as A. thaliana and wheat.95,96 
It is therefore likely that TEs are responsible for the large 
genome size of G. macrophylla, and may also have caused 
large-scale chromosome rearrangements which might have 
compromised the intragenomic collinearity. The published 
genomes of Taxus wallichiana and Magnolia biondii which 
are also large (10.9 and 2.22 Gb, respectively) and have high 
TE content, show equally low proportions of intragenomic 
collinearity.88,97 The quality of genome assembly may have a 
considerable effect on the retrieval of intragenomic synteny. 
Therefore, it is possible that current levels of synteny in G. 
macrophylla were underestimated as large scale syntenic 

Figure 7. Expression analysis of genes involved in iridoids and other terpenoid biosynthesis. Different colour blocks represent the normalized gene 
expression levels (log10(FPKM + 1)) of all genes in different tissues. Red dots represent expanded gene families in Gentiana macrophylla.
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intragenomic regions may not have been detected because 
the current assembly of G. macrophylla did not achieve the 
more desirable N50 length >1  Mb (current contig N50 = 
720.804 kb). However, both our inter-genomic synteny and 
Ks distribution analyses suggested two WGDs that occurred 
independently after WGT-γ in the G. macrophylla genome. It 
is likely that the WGDs may have facilitated gene family ex-
pansions and genome evolution in G. macrophylla.

Our analyses indicated that the two WGDs in G. 
macrophylla occurred ~5.8 and ~34.6 Ma which is after the 
divergence time (38.1 Ma) of Gentiana species.98 A previous 
study also reported two rounds of independent WGD events 
for a different Gentianaceae species (Sinoswertia tetraptera), 
but the estimated times (41–46 and 67–75 Ma) were earlier 
than the ones for G. macrophylla.99 This might indicate that 
the two rounds of WGD detected in G. macrophylla could be 
specific to the genus Gentiana. However, it is not clear if all 
the Gentiana species have undergone WGD events due to the 
limited genomic resources for this genus.

Root rot caused by pathogens is a major disease affecting 
the yield of G. macrophylla.100 Based on expression patterns, 
genes highly expressed in roots related to plant–pathogen 
interactions, which may be an adaptative response to various 
pathogens. In addition, genes associated with a defense re-
sponse such as ‘Plant hormone signal transduction’ and 
‘MAPK signalling pathway-plant’ which play a vital role in 
plant disease resistance by regulating biotic defenses101,102 
also showed high expression levels in roots compared with 
other tissues. These results provide new insight into the mo-
lecular mechanism underlying the interaction between G. 
macrophylla and pathogens.

The major medicinally effective compounds of G. 
macrophylla are iridoids that belong to the terpenoids. The 
biosynthesis of terpenoids is initiated by the precursors 
dimethylally diphosphate and isopentenyl diphosphate, 
which are then converted by TPS to compounds such as 
monoterpenes, diterpenes, sesquiterpenes, and triterpenes.102 
All the TPS genes screened in the G. macrophylla genome 

Figure 8. Chromosomal locations of genes related to biosynthesis of iridoids in the Gentiana macrophylla genome. The red gene name indicates that 
the corresponding gene family expanded in the G. macrophylla genome.
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were classified into six subfamilies based on the gene tree 
topologies of five angiosperm TPS proteins which is con-
sistent with the classification of TPS genes in Magnolia 
biondii and Aristolochia fimbriata.88,103 The gene tree top-
ologies inferred from TPS proteins and our gene family ana-
lyses indicated the expansion of TPS gene family (TPS-a, 
TPS-b, and TPS-e/f) in G. macrophylla which are responsible 
for the high accumulation of terpenoids in G. macrophylla. 
Iridoids are the downstream derivates in the monoterpenoid 
biosynthesis pathway. We identified the candidate genes 
related to the biosynthesis of iridoids in G. macrophylla 
and analysed their copy number variance among iridoid-
producing plants suggesting that 15 out of 27 iridoid-related 
genes had higher copy numbers compared with O. pumila 
and C. acuminata. No WGD signals were detected for O. 
pumila, and C. acuminata which experienced WGD.79,80 We 
showed that G. macrophylla experienced two rounds of 
WGDs which likely increased the copy numbers of iridoid-
related genes. In addition, we found that most gene families 
of key enzyme genes involved in the synthesis of iridoids 
also expanded in G. macrophylla. The expansion of key en-
zyme genes in specific metabolic pathways facilitates the 
biosynthesis and accumulation of active ingredients and is 
a ubiquitous phenomenon in medicinal plants during their 
evolutionary history.89,102,104,105 However, we found that sev-
eral expanded genes with the same function showed dif-
ferent expression patterns, indicating a potential functional 
divergence of these gene families.

5. Conclusions
The chromosome-level reference genome of G. macrophylla 
provides insight into the genome evolution and active com-
ponent biosynthesis of this species. However, it will also be 
an important resource for researchers working on the gen-
etic improvement and breeding of G. macrophylla and other 
Gentiana species. Furthermore, it will be useful to address 
evolutionary questions and investigate patterns of genome 
within the Gentianaceae.
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