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SUMMARY

TheChineseginsengPanax notoginseng is a domesticated herbwith significantme-
dicinal and economic value. Here we report a chromosome-level P. notoginseng
genome assembly with a high (�79%) repetitive sequence content. The juxtaposi-
tion with the widely distributed, closely related Korean ginseng (Panax ginseng)
genome revealed contraction of plant defense genes (in particular R-genes) in the
P. notoginseng genome. We also investigated the reasons for the larger genome
size of Panax species, revealing contributions from two Panax-specific whole-
genome duplication events and transposable element expansion. Transcriptome
data and comparative genome analysis revealed the candidate genes involved in
the ginsenoside synthesis pathway.We also performed a genome-wide association
study on 240 cultivated P. notoginseng individuals and identified the associated
genes with dry root weight (63 genes) and stem thickness (168 genes). The
P. notoginseng genome represents a critical step toward harnessing the full poten-
tial of an economically important and enigmatic plant.

INTRODUCTION

The genus Panax in the flowering plant family Araliaceae contains several medicinally and economically

important ginseng species, including Panax ginseng (Korean ginseng), Panax quinquefolius (American

ginseng), and Panax notoginseng (Chinese ginseng; s�anq�ı in Chinese) (Briskin, 2000). Unlike P. ginseng

and P. quinquefolius, which are widely distributed in several countries in the northern hemisphere

(including the United States, Canada, China, and the Koreas), P. notoginseng is restricted to several moun-

tain areas in Southern China (e.g., Wenshan Prefecture in Yunnan Province, Guo et al., 2010).

P. notoginseng is susceptible to a wide range of pathogens, and identification of the genes conferring dis-

ease resistance is a major focus of research (Ou et al., 2011). The cultivation of P. notoginseng faces several

challenges, including diseases that decrease production quality and yield (Baeg and So, 2013), and a

potentially sparse repertoire of disease resistance genes. The major active components in ginseng genus

Panax (Leung and Wong, 2010; Yang et al., 2014) are ginsenosides. Ginsenosides are steroid-like com-

pounds with diverse pharmacological properties in addition to a role in plant defense. These include hep-

atoprotection, renoprotection, estrogen-like activities, and protection against cerebrocardiovascular

ischemia and dyslipidemia (Li et al., 2009; Ng, 2006; Son et al., 2009; Xiang et al., 2011; Yang et al.,

2010). For example, the Danshen dripping pill (which comprises P. notoginseng, Salvia miltiorrhiza [the

Chinese herbal plant d�ansh�en], and synthetic borneol) is undergoing phase III clinical trials in the United

States as a potential treatment for cardiovascular disease (Luo et al., 2015).

Two P. notoginseng genomes were published in 2017. Chen and colleagues’ genome assembly (Chen

et al., 2017a) is �2.39 Gb (contig N50 of 16 kb and scaffold N50 of 96 kb), and Zhang and colleagues’ as-

sembly (Zhang et al., 2017) is �1.85 Gb (scaffold N50 of 158 kb and contig N50 of 13.2 kb) (Figure 1C). Sur-

prisingly, there is a notable difference in assembly size (�540 Mb) between the two versions (the estimated

genome size using flow cytometry analysis is about 2.31 Gb). The Chen et al. assembly has �75.94%
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repetitive sequences (�1.71 Gb), whereas the Zhang et al. assembly has 61.31% repetitive sequences

(�1.13 Gb), suggesting that P. notoginseng has a large number of repetitive sequences. Repetitive ele-

ments are abundant in many plant species and pose a significant challenge to genome sequencing and

assembly (Jiao et al., 2017). Here, we report on a third, more continuous and chromosome-level genome

assembly of P. notoginseng.

RESULTS

Sequencing and Genome Assembly

We generated 178.2-Gb-long Nanopore reads (74.253, with an average length of 11.49 kb) and 13.0-Gb-

long PacBio reads (63, with an average read length of 9 kb) (Table S1 and Figures S1 and S2). Using these

long reads and 75.86-fold massively parallel sequencing data (Table S2), we obtained a genome assembly

spanning 2.24 Gb—with a contig N50 of 220.89 kb and a 90.90% BUSCO (Seppey et al., 2019) completeness

score (Tables S3 and S4 and Figures 1A and S3). This assembly represents a 10-fold increase in N50

compared with the two previous assemblies (Chen et al., 2017a; Zhang et al., 2017) (Figures 1B and 1C).

Moreover, to meet the requirement of a chromosome-level reference genome for genome-wide associa-

tion study (GWAS) analysis, we constructed a Hi-C library and sequenced 295.32-Gb data (123.053) on the

DNBSEQ sequencing platform (Table S5 and Figures S4 and S5). We anchored 2.0 Gb of scaffold se-

quences (88.89% of the total assembly) into 12 P. notoginseng chromosomes (Table S6), generating a final

integrated P. notoginseng assembly. We annotated 1.78-Gb repetitive sequences spanning 79.07% of the

genome (Table S7 and Figure 1C). We predicted 39,452 protein-coding genes with a BUSCO completeness

score of 90.1% (Table S8 and Figure S6), an increase from the two previous assemblies (Chen assembly:

36,790 genes and 73.2% completeness; Zhang assembly: 34,369 genes and 73.8% completeness). It is

also worth mentioning that the genome size and gene number of P. notoginseng are both notably lower

than those of P. ginseng (genome assembly: 2.98 Gb; gene: 59,352) (Kim et al., 2018).

Genome Evolution of Ginseng Species

The phylogenetic tree showed that P. notoginseng and P. ginseng diverged approximately 4.7 mya and

Panax species diverged with carrot (Daucus carota) �64.4 mya (Figure 2A). We noticed that the genome

size of P. notoginseng and P. ginseng were considerably larger than that of carrot (421.5 Mb) (Table S9).

0

200

400

600

0 1 2 5 10 20 40 60 80 100 200 300 500 1000 5000
Contig length (Kb)

C
um

ul
at

iv
e 

le
ng

th
 (M

b)

Our genome
Zhang. et al.’s genome

Chr1

Chr2

Chr3

Chr4

Chr5

Chr6

Chr7

Chr8

Chr9

Chr10

Chr11

Chr12

Gypsy density
Copia density
>=500 Kb contigs

<100 Kb contigs
>=100 Kb and <500 Kb contigs

A B

C
Assembly features Chen. et al.’s

genome
Zhang. et al.’s

genome Our assembly

Sequence number 122,131 76,517 16,469

Total length (bp) 2,394,283,436 1,849,578,873 2,254,342,782

Max scaffold (bp) 834,327 1,196,860 7,102,368

Scaffold N50 (bp) 96,155 157,811 ---

Contig N50 (bp) 15,987 13,162 220,891

Repeat content (%) 75.94 61.31 79.07

Gene number 36,790 34,369 39,452

Average gene length (bp) 3,307 2,705 3,883

Average CDS length (bp) 942 957 1,038

BUSCO (genome) 82.4% 93.8% 90.9%

BUSCO (gene set) 73.2% 73.8% 90.1%
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(A) The characters of each chromosome of P. notoginseng.
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(C) Comparison of the assembly assessment values among the three assembly versions.
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We next investigated the possible drivers for the genome size variation. Fourfold degenerate synonymous

site (4DTv) comparisons on gene synteny blocks (Wang et al., 2012) revealed two recent Panax-specific

whole-genome duplication (WGD) events (Figure 2B). The time of the most recent WGD event closely

matches the divergence time of these two species, suggesting that it occurred before their speciation (Fig-

ure 2B). We also observed a higher proportion of transposable elements (TEs) in P. notoginseng (�79.07%)

and P. ginseng (�79.52%) compared with carrot (�46.37%) (Table S9). A similar pattern was observed in

their sister clades: pepper (81% of 3.48 Gb genome) versus the potato (�52.69% of 840 Mb genome)

and tomato (53.81% of 950 Mb genome). We calculated the insert time of long terminal repeats (LTRs)

(the major TEs of these species), revealing that P. notoginseng and P. ginseng experienced an LTR expan-

sion �3.03–3.6 mya (Figure 2C). In agreement, a phylogenetic tree of representative LTRs showed that

P. ginseng and P. notoginseng share all LTR subtypes, indicating the Panax-specific LTR expansion

occurred before the split of P. ginseng and P. notoginseng (Figure 2D). The LTR expansion is not observed

in the carrot, suggesting that it contributes to the relatively larger genome sizes of genus Panax.
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Figure 2. Genome Evolution and Disease Resistance

(A) Phylogenetic tree and divergence time of two Panax species. The events of WGD and WGT were represented by red and green asterisks, respectively.

(B) Detection of whole-genome duplication events of two Panax species by 4-fold degenerate synonymous sites (4DTv) comparisons.

(C) Calculated LTR insertion time of two Panax species compared with other related species.

(D) Themaximum likelihood tree constructed using LTR copia. For simplicity, 1,000 LTR sequences were randomly selected for each species. Blue, green, and

red colors represent P. notoginseng, P. ginseng, and D. carota, respectively.

(E) Pairwise sequential Markovian coalescent (PSMC) analysis of the historical effective population size of P. notoginseng. Global sea level and surface air

temperatures are shown in blue and yellow lines, respectively.

(F) Comparison of number of R-genes and two transcription factor genes among six species.

ll
OPEN ACCESS

iScience 23, 101538, September 25, 2020 3

iScience
Article



Reduced Plant Defense Gene Repertoire in P. notoginseng

Pairwise sequentially Markovian coalescent (PSMC) analysis (Li and Durbin, 2011) revealed a sharp decline

in the effective population size of the mountain-dwelling P. notoginseng from 100,000 to 10,000 years ago

consistent with the reduction of the atmospheric surface air temperature during this time (Figure 2E).

Despite the relatively recent divergence time of extant ginseng species, P. notoginseng and P. ginseng

have profoundly different disease resistance capabilities (Chen et al., 2017b; Lee et al., 2015; Mao et al.,

2013; Ryu et al., 2014) and contemporary effective population sizes (Jang et al., 2020; Li et al., 2011b;

Pan et al., 2016). Disease resistance genes (R-genes) serve to detect and respond to plant pathogens (Guru-

rani et al., 2012). Most R-genes encode proteins with nucleotide-binding site and leucine-rich-repeat (NBS-

LRR) domains. We identified 356 R-genes in P. notoginseng. This is notably fewer than that in P. ginseng

(662), and also less than those of five other related species (418 in carrot, 796 in pepper, 741 in potato,

and 537 in tomato) (Figure 2F). Moreover, we compared the R-gene subfamilies of the two Panax species

and found that the NBS-LRR and NBS subfamilies have contracted in P. notoginseng (Figures S7–S10). In

addition, transcription factor gene families involved in stress responses (Kielbowicz-Matuk, 2012; Zhuang

et al., 2011) and correlated with the disease-resistant phenotype (Li et al., 2011a) have contracted in

P. notoginseng. These include genes of the ABI3/VP1 family (48 in P. notoginseng, 87 in P. ginseng, 198

in carrot, 87 in pepper, 87 in potato, and 98 in tomato) and the C2H2-type zinc finger transcript factor family

(51 in P. notoginseng, 100 in P. ginseng, 62L in carrot, 66 in pepper, 67 in potato, and 63 in tomato)

(Figure 2F).

Identification of Genes in Ginsenoside Biosynthesis Pathway

Themajor active ingredient of ginseng is ginsenosides (tetracyclic triterpenoid saponins). Ginsenosides are

synthesized from dammarenediol-II after hydroxylation via cytochrome P450 (CYP450) (Shibuya et al., 2006)

and glycosylation by UDP-glycosyltransferases (UGTs) (Choi et al., 2005). There are several gene families

involved in ginseng biosynthesis, including dammarenediol synthase (DDS),CYP716, and UGTs (Figure 3A).

We identified 320 and 532 CYP450 genes in 31 subfamilies in P. notoginseng (8 CYP716) and P. ginseng (15

CYP716), respectively (Figure S11). We also identified 185 and 308 UGT genes in 12 subfamilies in

P. notoginseng (12 UGT71 and 17 UGT74) and P. ginseng (29 UGT71 and 37 UGT74), respectively (Fig-

ure S12). As expected, the gene numbers of ginsenoside biosynthesis gene families is smaller in

P. notoginseng compared with P. ginseng. A notable exception is the DDS family, where a single copy is

present in both species. DDS is highly conserved in ginseng species (98% similarity), differing by only eight

amino acids (Figure 3B). Interestingly, we identified three Panax-specific amino acid residue insertions

(L194, A195, and E196) in P. notoginseng and P. ginseng DDS (Han et al., 2006) (Figure 3C). This insertion

is located in the cyclase-N domain of the protein (Figures 3D and 3E). We speculate that this variant is crit-

ical for the synthesis of ginsenosides.

P. notoginseng produces several different ginsenosides. These include protopanaxadiol-type (e.g., Rb1,

Rb2, Rc, and Rd) and protopanaxatriol-type (e.g., Re, Rf, and Rg1) ginsenosides found in different tissues

and developmental stages throughout the plant lifespan. Protopanaxatriol-type ginsenosides are primarily

found in roots, whereas protopanaxadiol-type ginsenosides are predominant in aerial parts (leaves and

flowers). To identify the candidate genes involved in the ginsenoside biosynthesis pathway, we interro-

gated transcriptome data from different tissues and life stages (Table S10). Four CYP716 genes

(PN006374, PN008424, PN011429, and PN029913), three UGT71 genes (PN006700, PN006701, and

PN013865), and two UGT74 genes (PN000315 and PN008014) were expressed at a higher level in the roots

and tissues of older plants (Figure 3F) (p < 0.01). These genes may be involved in protopanaxatriol-type

ginsenoside biosynthesis. Three UGT71 genes (PN000453, PN025151, and PN025152) and three UGT74

genes (PN000316, PN024572, and PN033259) showed higher expression in aerial tissues and may thus

be associated with protopanaxadiol-type ginsenoside biosynthesis (Figure 3F).

P. notoginseng Population Structure and Association Mapping of Agronomic Traits

To study the population structure and identify SNP markers possibly associated with agronomic traits, we

collected and sequenced 240 individuals of P. notoginseng. An average of�27.02 Gb of data was obtained

(�113 sequencing depth) (Table S11), providing a good foundation for variation calling. Using the SNP

data, we reconstructed the P. notoginseng population structure, revealing four distinct sub-populations

(Figures S13 and S14). This structure was supported by phylogenetic tree and principal-component analysis

(Figures 4A and 4B). The population structure revealed evidence of frequent gene flow between these sub-

populations, probably due to their extensive horticulture. We filtered the SNP data using individual-level
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cytoplasm

Gene family Gene ID 1-year root 2-year root 3-year root 2-year flower 3-year flower 1-year leaf 2-year leaf 3-year leaf
CYP716 PN006374 601.33 754.39 826.11 10.56 10.22 2.01 3.36 4.34
CYP716 PN008424 223.97 72.75 477 23.54 16.02 0.04 0 0
CYP716 PN011429 280.08 476.47 2824.53 58.55 273.89 92.9 45.45 108.51
CYP716 PN029913 20.94 25.72 173.39 6.05 3.18 0 0 0
UGT71 PN000453 0.29 2.17 0.46 25.6 94.49 150.68 89.25 188.95
UGT71 PN025151 0.33 2.28 0.33 8.56 1.57 33.93 22.05 34.04
UGT71 PN025152 0 2.68 0 12.24 0.9 37.14 16.11 30.87
UGT71 PN006700 28.3 42.23 327.37 3.16 7.76 3.84 1.91 6.38
UGT71 PN013865 217.39 253.5 1546.16 24.5 151.73 73.73 53.93 112.18
UGT71 PN006701 18.2 25.41 184.61 0.69 5.05 2.03 1.44 2.8
UGT74 PN008014 38.74 71.28 52.58 14.76 9.19 30.49 16.97 7.31
UGT74 PN000316 0.65 1.24 2.83 0.66 0.26 10.14 21.72 31.49
UGT74 PN024572 5.43 4.76 2.37 13.16 2.96 12.48 12.46 3.57
UGT74 PN033259 0.19 0 0.38 3.27 11.31 14.3 1.94 4.1
UGT74 PN000315 244.12 359.6 1269.61 51.87 182 92.41 51.39 128.49

aa:194-196α helix (Front) α helix (Back)

194L
195A

α helix (Front)

C

A

B D

E

F

Acetly-CoA Acetoacetyl-CoA
AACT HMGS

HMG-CoA
HMGR

MVA
MVK

MVAP
PMK

MVAPP
MVD

DPAPP (C5)GPP (C10)
GPPS

IPP (C5)

IDI

FPP (C15)
FPPSSQS

SQ (C30)2,3-oxidosqualene (C30)

β-amyin

AS

Dammarenediol-ll

DDS

CYP716A47
Protopanaxadiol

CYP716A53
Protopanaxatriol

UGT UGT UGT

Ginsenoside R0 Ginsenoside Rb1
Rb2,  Rb3, Rc and Rd

Ginsenoside Rg1, Re
Notoginsenoside R1

SQE

Oleanane-type Protopanaxadiol-type Protopanaxatriol-type

MVA pathway

*** ***** *** * * ** ** * ** * **

Figure 3. The Pathway of Ginsenoside Biosynthesis and Several Key Gene Families

(A) The ginsenoside synthesis pathway from glycolysis involves terpenoid backbone biosynthesis.

(B) Gene tree of DDS genes of two Panax species and other species.

(C) Protein sequencing: multiple comparisons of DDS among P. notoginseng, P. ginseng, and other representative plants.

Stars represent amino acids conserved in all protein sequences; red circles represent amino acids that are present in

P. notoginseng and P. ginseng, but missing in all other plants.
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filter criteria, retaining �11.8 M SNPs for GWAS analysis. The phenotypic (trait) data were normally distrib-

uted and not skewed (Figure S15). In the GWAS analysis, we considered the population structure (top 10

principal components) and the kinship (relatedness matrix) of seven phenotypic traits (Figures S16–S23).

Two phenotypic traits (dry root weight and stem thickness) had a significant signal (Figure 4C). We detected

91 loci and 63 genes located on chromosome 2 associated with root weight (Figures 4D and S24). These

included three genes encoding cysteine/histidine-rich C1 domain proteins (PN005195, PN005196, and

PN010902) closest to the SNP peak of the Manhattan plot. Such genes mediate plant growth and root

development and are required for plant cell death and pathogen defense in pepper (Hwang et al.,

2014). A large number (128) of genes were associated with stem thickness (Figures 4D and S25). These

included the nine genes closest to the SNP peak of the Manhattan plot. Among them, APC6 (PN038243)

gene was the most prominent. APC6 controls the overall number of lateral roots and root elongation in

the legume Medicago truncatula (Bangham and McMichael, 1990) and is also involved in the amount of

vascular tissue in Arabidopsis thaliana (Marrocco et al., 2009). WRKY71 (PN005405) accelerates flowering

by regulating FLOWERING LOCUS T, and LEAFY, and also has pivotal roles in shoot branching by regu-

lating the transcription of RAX genes and auxin pathways (Guo et al., 2015; Yu et al., 2016). We speculate

that WRKY71 might be of pivotal importance in the developmental plasticity and stem thickness of

P. notoginseng. Similarly, Reduced Wall Acetylation 3 (RWA3; P. notoginseng gene PN005404) protein

has a role in plant cell wall acetylation, revealing the importance of this process for plant growth and devel-

opment (Manabe et al., 2013). Finally, plant ubox 17 (PUB17, PN032338) has E3 ubiquitin ligase activity.

Ubiquitination regulates plant growth and development, including flowering and responses to abiotic

and biotic stresses (Sharma et al., 2016). For the disease resistance trait, we identified 33 genes. Likely

because disease resistance is a complex trait, the associated SNPs were separated into four chromosomes

with indistinct signals (Figures S26 and S27). We assessed the association of these candidate genes using

fastBAT (Bakshi et al., 2016), a gene set-based association test method (Figure S28). The disease resistance

trait was significantly enriched for the RIG-I-like receptor signaling pathway, which functions to recognize

different pathogens (Mayor et al., 2007) (Figure S29). Genes driving this enrichment included LRR receptor-

like serine/threonine-protein kinases (e.g., PN033297 and PN010029), members of large gene families with

critical role in defense (Afzal et al., 2008).

DISCUSSION

We here report a chromosome-level genome assembly of P. notoginseng. This high-quality genome pro-

vides insights into ginseng (genus Panax) evolution, including the timing of WGD events and TE expansion

in Panax. Moreover, we identify candidate genes associated with functional diversification in Panax. The

reduced pathogen resistance in P. notoginseng may be attributed to its comparatively smaller disease

resistance gene repertoire. A compensatory role for P. notoginseng ginsenoside in pathogen defense

cannot be ruled out, however. Phenolics, alkaloids, and terpenoids are three major classes of chemicals

involved in plant defenses (Freeman and Beattie, 2008). Ginsenosides have antimicrobial and antifungal

actions, as shown in numerous laboratory studies (Bernards et al., 2006; Nicol et al., 2002). The addition

of methyl jasmonate (a signaling molecule specifically expressed by plants in response to insect and path-

ogenic attacks) enhances overall ginsenoside production and conversion of PPD-type ginsenosides to PPT-

type ginsenosides (Palazón et al., 2003). Similarly, pepper and tomato (two species phylogenetically close

to Panax) produce alkaloids (capsaicinoids and tomatine, respectively), which function as deterrents

against pathogens (Friedman, 2002; Kim et al., 2014). We also identify several key genes in the ginsenoside

synthesis pathway and show a unique 3-amino acid insertion in Panax DDS, an enzyme in ginsenoside

biosynthesis. Transcriptome data revealed ginsenoside biosynthesis pathway genes associated with

distinct tissues and life stages. Population structure analysis of 240 individuals revealed four distinct pop-

ulations likely marked by agriculture-enhanced gene flow.

We identified genes associated with target traits by GWAS analysis. Recently, there have been a number of

studies related to the agricultural trait for the success of plant GWAS projects, for examples, GWAS for

improving grain yield, stress resilience, and quality of bread wheat (Juliana et al., 2019); GWAS for

Figure 3. Continued

(D) The protein 3D structure of DDS of P. notoginseng constructed by the SWISS-MODEL.

(E) The partial enlarged view of the protein 3D structure of DDS, and arrows indicate two amino acids specific to P.

notoginseng and P. ginseng.

(F) Differentially expressed genes (CYP716, UGT71, and UGT74) among the different tissues and living years.
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Figure 4. Population Structure and GWAS Analysis of 240 Individuals

(A) The SNP tree of 240 individuals.

(B) Principal-component analysis results of 240 individuals.

(C) The results of GWAS analysis and linkage disequilibrium blocks for the root weight based on SNP data.

(D) The results of GWAS analysis and linkage disequilibrium blocks for the stem thickness based on SNP data.
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NAC42-activated nitrate transporter conferring high nitrogen use efficiency in rice (Tang et al., 2019); and

GWAS of 12 agronomic traits in peach (Cao et al., 2016). Identifying molecular genetic marker and major

effect QTL associated with important agricultural traits is of great interest to breeders. Root weight and

stem thickness of P. notoginseng are two of many traits for the highly valued commercial markets. Some

of these may be useful in ginseng breeding programs, for example, in concert with the development of

transgenic ginseng lines using methods such as CRISPR (Schreiber et al., 2018), a method now possible

with the availability of a high-quality ginseng genome. As a result, the findings in our GWAS study represent

the valuable resources of P. notoginseng, providing new opportunities and foundation for geneticists and

breeders to collectively explore the genetics underlying a wide array of agricultural traits.

Limitations of the Study

We sequenced the genome, transcriptome data, and population data and detected the candidate genes

associated with different traits. The reference genome and the variations were used for the GWAS analysis

mainly focused on these 12 chromosome sequences, which are about 88.98% of the whole genome se-

quences, suggesting that our work lacks part of GWAS results on the remaining 11.02% sequences. Be-

sides, the candidate genes associated with agronomic traits were only detected by sequencing data

with no experimental validation, and the function of these candidate SNP and gene markers should be

further validated using experiment results or other technologies.

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Xin Liu (liuxin@genomics.cn).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

The sequencing reads and genome assembly of P. notoginseng have been deposited in the CNGBdb un-

der accession number CNP0001042, the link is http://ftp.cngb.org/pub/CNSA/data2/CNP0001042/

CNS0223752/(for the whole-genome sequencing data, the accessions are from CNX0187192 to

CNX0187217; for the RNA sequencing data, the accessions are from CNX0205085 to CNX0205093; for

the genome assembly and annotations, the accession is CNA0013972). Meanwhile, all the sequencing

data of P. notoginseng have been deposited in the NCBI under Bioproject number PRJNA656117 (for

the whole-genome sequencing data, the accessions are from SRR11794023 to SRR11794041, for the

RNA sequencing data, the accessions are from SRR12506286 to SRR12506294) and the genome assembly

is available in the NCBI with the accession number JACBWS000000000.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.101538.
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Supplementary Information 



Supplementary Tables 

 

Table S1. The summary of sequencing data generated by Nanopore. Related to Figure 

1, Figure S1 and Figure S2. 

Category Raw data Corrected data 

Base (bp) 178,190,734,045 90,087,661,205 

Reads (#) 27,101,176 7,843,544 

  >5K Reads (#) 13,727,370 (50.65%) 7,822,498 (99.73%) 

  >5K Base (bp) 149,030,234,572 (83.64%) 90,004,843,293 (99.91%) 

  >7K Reads (#) 10,074,833 (37.17%) 6,634,864 (84.59%) 

  >7K Base (bp) 127,085,125,807 (71.32%) 82,276,443,072 (91.33%) 

  >10K Reads (#) 5,436,814 (20.06%) 3,499,559 (44.62%) 

  >10K Base (bp) 88,184,506,908 (49.49%) 56,000,524,443 (62.16%) 

  >13K Reads (#) 2,941,838 (10.86%) 1,882,065 (24.00%) 

  >13K Base (bp) 59,958,457,599 (33.65%) 37,710,163,159 (41.86%) 

  >15K Reads (#) 2,076,236 (7.66%) 1,327,213 (16.92%) 

  >15K Base (bp) 47,912,047,660 (26.89%) 29,988,350,872 (33.29%) 

Mean Length (kb) 6.56 11.49 

N50 (kb) 9.92 11.61 

Median Length (kb) 5.10 9.48 

 

  



Table S2. The summary of MPS sequencing data. Related to Figure 1. 

Library Raw read (M) Raw base (Mb) Clean read (M) Clean base (Mb) Depth (×) 

250 404.57  60686.16 322.06  48309.66 19.64  

500 775.64  77564.16 652.08  65207.79 26.51  

800 888.85  88885.46 730.91  73090.98 29.71  

Note: Genome depth is calculated from the genome size estimated by k-mer analysis (here: 

2.46 Gb).  

  



Table S3. 17-mer statistics information based on short insert-size reads. Related to 

Figure S3. 

k-mer No. Peak 

Depth 

Genome Size Used Bases Used Reads × 

101,730,529,320 41 2,463,818,076 121,107,773,000 1,211,077,730 48.81 

 

  



Table S4. Statistics of the assembly using Smartdenovo. Related to Figure 1. 

Type Smartdenovo Pilon  

Total number 16,469 16,469 

Total length of (bp) 2,242,091,458 2,254,342,782 

Gap number (bp) - 5 

Average length (bp) 136,140.11 136,884.00 

Contig N50 (bp) 219,818 220,891 

Contig N90 (bp) 59,598 59,761 

Maximum length (bp) 7,102,366 7,102,368 

Minimum length (bp) 7,760 7,763 

GC content is (%) 33.82 34.02 

BUSCO score C:57.3%, F:6.6%, M:36.1% C:90.9%, F:2.2%, M:6.9% 

 

  



Table S5. The summary of sequencing data generated by Hi-C library using BGISEQ-

500. Related to Figure 1, Figure S4 and Figure S5. 

Type R1 R2 

Total 2,953,199,263 2,953,199,263 

Mapped 2,510,887,432 2,441,423,245 

Global 2,484,156,564 2,410,785,590 

Local 26,730,868 30,637,655 

Mapping ratio 84.97% 82.63% 

 

  



Table S6. Statistics of the final chromosome assembly using Hi-C data. Related to Figure 

1. 

Chromosome ID Length (bp) 

chr1 219,051,668 

chr2 200,043,122 

chr3 197,455,767 

chr4 178,740,292 

chr5 177,835,634 

chr6 173,391,873 

chr7 162,606,337 

chr8 162,228,736 

chr9 155,173,254 

chr10 137,708,257 

chr11 123,133,882 

chr12 113,002,069 

 

  



Table S7. The statistics of transposable elements of updating genome assembly. Related 

to Figure 1. 

 RepBase TEs TE Proteins De novo Combined TEs 

Length 

(bp) 

% Length % Length 

(bp) 

% Length 

(bp) 

% 

DNA  27,715,502  1.23  7,997,523  0.35  89,117,447  3.95  114,716,567  5.09 

LINE  5,631,253  0.25  1,766,072  0.08  6,560,244  0.29  13,350,999  0.59 

LTR  10,134  0.00  -    0.00  15,481  0.00  25,615  0.00 

SINE 341,429,901  15.15 363,629,823  16.13 1,674,265,611  74.27 1,697,987,823  75.32 

Other  5,335  0.00  240  0.00  47,504  0.00  53,079  0.00 

Unknown  -    0.00  -    0.00  1,228,103  0.05  1,228,103  0.05 

Total 369,109,612 16.37 373,385,492  16.56 1,750,333,052  77.64 1,782,496,423  79.07 

 

 

 

  



Table S8. Summary of the gene prediction of P. notoginseng. Related to Figure 1 and 

Figure S6. 

Gene set 
Gene 

number 
BUSCO assessment 

Original version 41,917 C:91.0%[S:82.2%,D:8.8%],F:3.4%,M:5.6%,n:1440 

Filtered the genes 

overlapping with 

TEs (>0.8) 

39,452 C:90.1%[S:81.5%,D:8.6%],F:3.3%,M:6.6%,n:1440 

Filtered the genes 

overlapping with 

TEs (>0.5) 

38,242 C:88.4%[S:79.9%,D:8.5%],F:3.3%,M:8.3%,n:1440 

 

  



Table S9. Comparison of the repetitive sequences of six species. Related to Figure 2. 

Species 
DNA 

(%) 

LINE 

(%) 

SINE 

(%) 

LTR 

(%) 

Unknown 

(%) 

Total TEs 

length (bp) 

Total 

TEs 

(%) 

D. carota 13.49 2.19 0.22 31.72 1.41 195,464,165 46.37 

C. annuum 5.24 2.39 0.16 62.93 0.13 2,018,820,950 68.76 

S. tuberosum 7.42 3.13 0.29 43.69 0.77 407,295,270 52.69 

S. lycopersicum 5.09 1.88 0.16 47.73 0.96 445,626,787 53.81 

P. ginseng 4.01 0.57 0.01 66.25 0.11 2,082,049,069 69.75 

P. notoginseng 5.09 0.59 0.00 75.32 0.05 1,782,496,423 79.07 

 

  



Table S10. Statistics information of transcriptomes sequencing of eight samples. Related 

to Figure 3. 

Sample Type reads number percentage 

R1 Total Reads  68,570,216  -- 

 Total BasePairs  6,171,319,440  -- 

 Total Mapped Reads  60,706,857   88.53% 

R2 Total Reads  66,892,688  -- 

 Total BasePairs  6,020,341,920  -- 

 Total Mapped Reads  60,796,034   90.89% 

R3 Total Reads  65,258,974  -- 

 Total BasePairs  5,873,307,660  -- 

 Total Mapped Reads  60,457,069   92.64% 

L1 Total Reads  69,236,606  -- 

 Total BasePairs  6,231,294,540  -- 

 Total Mapped Reads  63,832,103   92.19% 

L2 Total Reads  68,605,032  -- 

 Total BasePairs  6,174,452,880  -- 

 Total Mapped Reads  62,249,641   90.74% 

L3 Total Reads  65,041,040  -- 

 Total BasePairs  5,853,693,600  -- 

 Total Mapped Reads  58,782,315   90.38% 

F2 Total Reads  69,007,174  -- 

 Total BasePairs  6,210,645,660  -- 

 Total Mapped Reads  62,707,160   90.87% 

F3 Total Reads  68,125,310  -- 

 Total BasePairs  6,131,277,900  -- 

 Total Mapped Reads  63,348,369   92.99% 

 

  



Supplementary Figures 

 

Figure S1. Summary of raw long read length. Related to Table S1. 

  



 

Figure S2. Summary of the length of the corrected long reads. Related to Table S1. 

  



 

Figure S3. The 17-mer depth distribution of P. notoginseng. Related to Table S3 
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 Figure 

S4. Quality control of Hi-C read. Statistics for the type of separated pair-end read 

alignment. The aligned read ratio shown in the left bar including full-read and trimmed read 

mapping. Related to Table S5. 

 

 



 

Figure S5. Quality control of Hi-C read. The left bar shows the ratio of duplication for the 

valid read pairs. For all the non-duplicated reads, the percentage of cis and trans contacts are 

shown (right bar). Related to Table S5 

 



 Figure 

S6. Comparison of the gene structures among P. notogiseng and other five species. 

Related to Table S8. 
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Figure S7. Comparison of the TIR_NBS_LRR R-genes, P.noto is the genes of P. 

notoginseng, P.gins is the genes of P. ginseng, S.tube is the genes of Solanum tuberosum, 

C.annu is the genes of Capsicum annuum, S.lyco is the genes of Solanum lycopersicum, 

D.caro is the genes of Daucus carota. Related to Figure 2. 

  



 

Figure S8. Comparison of the CC_NBS R-genes, P.noto is the genes of P. notoginseng, 

P.gins is the genes of P. ginseng, S.tube is the genes of Solanum tuberosum, C.annu is the 

genes of Capsicum annuum, S.lyco is the genes of Solanum lycopersicum, D.caro is the genes 

of Daucus carota. Related to Figure 2. 

  



 

Figure S9. Comparison of the NBS_LRR R-genes, P.noto is the genes of P. 

notoginseng, P.gins is the genes of P. ginseng, S.tube is the genes of Solanum 

tuberosum, C.annu is the genes of Capsicum annuum, S.lyco is the genes of Solanum 

lycopersicum, D.caro is the genes of Daucus carota. Related to Figure 2. 

 



 

Figure S10. Comparison of the NBS R-genes, P.noto is the genes of P. notoginseng, 

P.gins is the genes of P. ginseng, S.tube is the genes of Solanum tuberosum, C.annu is 

the genes of Capsicum annuum, S.lyco is the genes of Solanum lycopersicum, D.caro is 

the genes of Daucus carota. Related to Figure 2. 

 



 

Figure S11. The gene trees of CYP450 of P. notoginseng and A. thaliana. Related to 

Figure 3. 
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Figure S12. Phylogenetic analysis for classifying the UGT subfamilies of P. notoginseng 

based on the subfamily class of P. ginseng and A. thaliana. Related to Figure 3. 

  



 

 

Figure S13. The population structure of this resequencing population. Related to Figure 

4. 

  



 

 

Figure S14. The estimated best K if this population structure. Related to Figure 4. 

  



Figure S15. The statistics of sequencing data and seven phenotypic traits. Related to 

Figure 4. 

Figure S16. The Manhattan plot of the trait of plant height. Related to Figure 4. 



 
Figure S17. The QQ plot of the trait of plant height. Related to Figure 4. 

 

  



 
Figure S18. The Manhattan plot of the trait of root weight (fresh). Related to Figure 4. 

  



 
Figure S19. The QQ plot of the trait of root weight (fresh). Related to Figure 4. 

 

  



 
Figure S20. The Manhattan plot of the trait of shear weight (dry). Related to Figure 4. 

  



 
Figure S21. The QQ plot of the trait of the shear weight (dry). Related to Figure 4. 

  



 
Figure S22. The Manhattan plot of the trait of shear weight (fresh). Related to Figure 4. 

  



 
Figure S23. The QQ plot of the trait of shear weight (fresh). Related to Figure 4. 

  



 

  

Figure S24. The KEGG and GO enrichment results of the root weight. Related to Figure 

4. 

  



  

Figure S25. The KEGG and GO enrichment results of the stem thickness. Related to 

Figure 4. 

  



 
Figure S26. The Manhattan plot of the trait of disease resistance. Related to Figure 4. 

  



 
Figure S27. The QQ plot of the trait of disease resistance. Related to Figure 4. 

  



 

 
Figure S28. The result of the gene set-based association test using fastBAT. Related to 

Figure 4. 

  



 

  

Figure S29. The KEGG and GO enrichment results of the disease resistance. Related to 

Figure 4. 

  



 

Methods 

Sequencing and genome assembly 

Because of the high error rate of the long read data generated on the Nanopore and PacBio 

sequencing platforms, we used Canu (v1.7)(Koren et al., 2017) to correct the raw reads. The 

initial version of the P. notoginseng genome assembly was generated using the corrected raw 

reads and Smartdenovo (v1.0; available at https://github.com/ruanjue/smartdenovo) with the 

parameters ‘-c 1 -k 17’. We used Pilon (v1.22)(Walker et al., 2014) with the parameters ‘--

chunksize 15000000 --diploid --changes’ to refine the genome assembly using corrected long 

reads and MPS sequencing reads. To anchor the scaffolds of the assembly into chromosomes, 

we sequenced a Hi-C library(Belton et al., 2012) on the BGISEQ-500 sequencing platform. 

To construct the Hi-C library, leaves were cut into fragments and fixed in 1% formaldehyde 

(the reaction was stopped with glycine). Next, restriction enzyme Mbo I was added to digest 

the DNA, followed by 5′ overhang repair by 5U/ μl DNA Polymerase I. The Hi-C library was 

created by shearing 20 g of DNA and capturing the biotin-containing fragments on 

streptavidin-coated beads. Following PCR, the standard circularization step required for 

BGISEQ-500 was carried out and DNA nanoball (DNB) prepared as previously 

described(Mak et al., 2017). The library was sequenced on a BGISEQ-500 sequencer with 50 

bp paired-end reads. HiC-Pro(Servant et al., 2015) (v170123) was utilized for quality control 

(QC) of sequencing data with the partial parameter ‘BOWTIE2_GLOBAL_OPTIONS = --

very-sensitive -L 30 --score-min L,-0.6,-0.2 --end-to-end –

reorder;BOWTIE2_LOCAL_OPTIONS = --very-sensitive -L 20 --score-min L,-0.6,-0.2 --

end-to-end –reorder; IGATION_SITE = GATC; MIN_FRAG_SIZE = 100; 

MAX_FRAG_SIZE = 100000; MIN_INSERT_SIZE = 50; MAX_INSERT_SIZE = 1500’. 

We employed Juicer(Durand et al., 2016) (v1.5) and 3d-dna(Dudchenko et al., 2017) (version 

170123) to obtain the contact matrices of chromatin and construct super-scaffolds (i.e., 

chromosomes) with the parameters ‘-m haploid -s 4 -c 5’. 

 

Identification of repetitive sequences 

We identified repetitive elements by integrating homology and de novo predictions. 

RepeatModeler (v1.0.8) (Sengupta et al., 2004) to obtain TEs predictions. Homology-based 

transposable elements (TEs) annotation were obtained by interrogating RepBase (v21.01) 

(Jurka et al., 2005) using RepeatMasker and RepeatProteinMask(Tarailo-Graovac and Chen, 

2009). A non-redundant repeat annotation was obtained by combining the above data  



 

Gene prediction and annotation 

We predicted protein-encoding genes from homolog, de novo, and RNA-seq data. The results 

of the three methods were integrated using EVM(Haas et al., 2008) (v1.1.1), excluding genes 

without homolog and RNA-seq evidence. Protein sequences from closely related species 

(Solanum tuberosum, Lactuca sativa, Solanum lycopersicum, Vitis vinifera, and Daucus 

carota) were applied in homolog prediction by mapping them to the P. notoginseng genome 

assembly using tBLASTn(Mount, 2007) with a 1 × 10-5 E-value cut-off. For de novo 

prediction, BRAKER2(Hoff et al., 2016)(v2.1) was used with default parameters. RNA-data 

were aligned using HISAT2(Kim et al., 2015) (v2.1.0; a fast splice-aware aligner with low 

memory requirements), transcripts were predicted using StringTie(Pertea et al., 2015) 

(v1.3.4), and coding sequences (CDS) were identified using TransDecoder(Haas et al., 2013) 

(v 5.5.0). A final non-redundant reference gene set was generated by merging the three 

annotated gene sets using EVidenceModeler(Haas et al., 2008). The gene set was annotated 

by translating their coding sequences into proteins and interrogating the protein databases 

(Swiss-Prot (Bairoch and Apweiler, 2000), TrEMBL, KEGG(Kanehisa and Goto, 2000) and 

InterPro (Zdobnov and Apweiler, 2001)) using BLASTp (1 × 10-5 E-value cut-off) and 

InterProScan(Jones et al., 2014). BUSCO (Benchmarking Universal Single-Copy Orthologs) 

v3.0.1 (embryophyta_odb9 library) was used to evaluate the gene set and genome.  

 

Identification of R-genes 

Most R-genes in plants encode NBS-LRR proteins. According to the conservative structural 

characteristics of such domains, we used HMMER(Finn et al., 2011) (v3; 

http://hmmer.janelia.org/software) to screen the domains in the Pfam NBS (NB-ARC) family. 

We compared all NBS-encoding genes with the TIR HMM (PF01582) and LRR 1 HMM 

(PF00560) data sets using HMMER (V3). For the CC domains, we used paircoil2 

(v2)(McDonnell et al., 2006) with a P-score cut-off of 0.025. 

 

Gene cluster analysis 

We used OrthoMCL (v1.4)(Li et al., 2003) to identify gene families. We constructed a 

phylogenetic tree based on the single-copy orthologous gene families using PhyML(Guindon 

et al., 2010). We used MCMCTREE (implemented in PAML v4.4)(Yang, 2007) to estimate 

the species divergence time. A ‘Correlated molecular clock’ and the ‘JC69’ model in the 

MCMCTREE program were used in our calculation. 



 

Analysis of key gene families 

Genes of interest in A. thaliana (such as CYP450 and UGT genes) were found in the TAIR10 

functional descriptions file. P. notoginseng were identified and classified using BLASTp with 

a 1 × 10-5 E-value cut-off. Gene trees were constructed using FastTree(Price et al., 2010) 

(v2.1.10) . The tree representation was constructed using iTOL(Letunic and Bork, 2016) 

(v5.5.1). 

 

Gene expression analysis 

Clean reads (see gene annotation section) were mapped to reference gene sequences using 

SOAP2 (Li et al., 2009), with no more than five mismatches allowed in the alignment. The 

gene expression level of each gene was calculated using the RPKM method (Mortazavi et al., 

2008) (reads per kilobase transcriptome per million mapped reads) based on the unique 

alignment results. Referring to a previous study(Audic and Claverie, 1997), we used a 

stringent procedure to identify differentially expressed genes. The probability of a gene being 

expressed at equal levels in two groups was calculated based on a Poisson distribution.  

 

Variation calling and population analysis 

Low-coverage (11×) whole-genome sequencing of 240 P. notoginseng individuals was used 

to identify SNPs covering coding and regulatory regions. Sequencing reads were mapped to 

the reference genome using BWA (v0.7.12) (Li and Durbin, 2009). We used GATK 

(v4.0.6.0)(McKenna et al., 2010) to call SNPs and small indels. We re-constructed the 

population structure and determined the optimal number of sub-populations using Admixture 

(v1.3.0)(Alexander and Lange, 2011). 

 

GWAS analysis of phenotypic traits 

We recorded seven phenotypic traits of these samples subjected to whole-genome 

sequencing. The traits included disease resistance, the dry root weight, and the stem 

thickness. The phenotypic data showed an approximately normal distribution, so 

normalization transformation was not conducted. We filtered the SNP data using an 

individual-level filter: call rate ≥ 90% and site-level filter: call rate ≥ 90% and MAF ≥ 0.05. 

The filtered SNPs were subjected to GWAS analysis. We considered the population structure 

(the top 10 principal components were determined using PLINK (1.90b6.6) (Purcell et al., 

2007)) and kinship (the relatedness matrix was calculated using EMMAX (beta-



07Mar2010)(Kang et al., 2010)). Genes associated with significant peaks in the Manhattan 

plot of these three phenotypic traits were considered genes of interest. When peaks were not 

obvious (e.g., associated SNPs were separated into several different chromosomes), we 

considered candidate genes using fastBAT(Bakshi et al., 2016), a gene set-based association 

test method (P-value cut-off of 0.05).  
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