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Abstract

Cannabis sativa L., a multipurpose plant with historical significance in food, textile, and medicinal applica-
tions, exhibits undercharacterized genomic diversity within Chinese germplasm despite its widespread cultiva-
tion. To address this knowledge gap, we performed whole-genome resequencing of 271 geographically diverse
accessions spanning 29 populations across 12 Chinese provinces, achieving an average depth of 7.08x. Com-
parative genomic analysis against the reference assembly revealed 2,699,120 single nucleotide polymorphisms
(SNPs) and 42,201 insertion-deletion mutations (InDels), providing the most comprehensive variant catalog
for Chinese cannabis to date. Phylogenetic reconstruction delineated five distinct genetic clusters, with prin-
cipal component analysis (PCA) and population structure results demonstrating strong concordance between
genetic relatedness and geographical origins. Genome-wide selective sweep scans revealed distinct signatures
of selection across populations, identifying 3,299 candidate genes underlying north-south population differen-
tiation in Xinjiang, 3,215 genes at the Xinjiang-Xizang divergence interface, and 3,404 genes distinguishing
southwestern versus northeastern domestication trajectories. Genome-wide association studies (GWAS) identi-
fied CBDAS as a robust candidate gene associated with CBD content, with significant signals localized on
chromosome 1. For THC, while several suggestive loci were identified, no definitive candidate gene could be
confidently assigned based on functional annotations, highlighting the complex genetic architecture of THC
biosynthesis. This study establishes a foundational genomic resource for molecular breeding programs while
offering critical insights into the genetic basis of chemotypic variation, with dual implications for narcotics
control and agricultural improvement.
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Introduction

Cannabis sativa L. (Cannabaceae), a diploid (2n=20) annual dioecious herb, represents one of humanity’s earli-
est domesticated crops with multipurpose applications spanning nutrition, industry, and therapeutics [1]. While
phylogeographic evidence supports an East Asian origin, anthropogenic dispersal has established its pan-con-
tinental distribution across Eurasia, with China’s primary cultivation centers strategically located in Yunnan,
Heilongjiang, Xinjiang, Inner Mongolia, and Henan provinces [2, 3]. This ecological plasticity enables the spe-
cies to thrive across diverse latitudes (18°N—55°N), underpinning its tripartite utility: seed-derived oils rich in
essential fatty acids, bast fibers with exceptional tensile strength, and specialized metabolites including over 150
cannabinoids [4-6].

China is one of the origin and genetic variation centers of cannabis (C. sativa L.), with a history of utilizing the
plant for fiber, oil, and medicinal purposes spanning several millennia [7-9]. Archaeological evidence indicates
that cannabis was employed for medicinal and shamanistic practices in northwestern China as early as approxi-
mately 700 BC (ca. 2,700 years ago) [10—12]. Cultivated cannabis was domesticated from wild ancestors and,
through long-term selection, cultivation, and adaptation to diverse regional ecological environments, has evolved
into various landraces and geographically distinct varieties [9]. Currently, cannabis is cultivated in all provinces
of China except Taiwan, Hainan, Guangdong, and Fujian. Farmers in regions such as Sichuan, Guangxi, and
Shanxi commonly grow seed-type cannabis for oil production and edible seeds [13]. Fiber-type cannabis is exten-
sively cultivated in Yunnan province, Qinghai province, and northeastern China [7]. Furthermore, abundant wild
cannabis resources are distributed across Xinjiang, Tibet, Inner Mongolia, Yunnan, as well as North and North-
east China [2, 3]. Notably, China’s narcotics regulations prohibit cultivation of drug-type cannabis (THC>3 g/
kg), aligning with international conventions controlling THC-rich variants [14]. Given the widespread cultivation
of fiber- and seed-type cannabis across multiple provinces and the existence of abundant wild cannabis resources,
accurate chemotype differentiation through genomic approaches is essential for effective regulatory enforcement
within China’s traditional cannabis cultivation practices.

The origin and domestication of cannabis has long been a subject of debate and a focus of scientific research.
Archaeobotanical evidence traces cannabis domestication to the northeastern Qinghai-Tibet Plateau (~12,000
BP) [15], though conflicting hypotheses propose Central Asian [16] or low-latitude origins [17]. In a landmark
pan-genome analysis, Lynch et al. characterized 193 genomes from 144 Cannabis accessions, establishing a
foundational framework for comprehensive cannabis genomic research [18]. Notably, the study acknowledges
persistent underrepresentation of Asian germplasm in current genomic repositories and conservation collections,
revealing a geographically skewed genomic sampling strategy. This data gap is compounded by the probable
existence of undomesticated Cannabis progenitor species in Asia, whose ecological distribution patterns and con-
servation priorities remain poorly documented - critical lacunae that continue confounding taxonomic delineation
and population stratification within C. sativa L. Recent advances in whole-genome resequencing of 110 globally
distributed accessions have revealed a prehistoric domestication event in East Asia dating to the Early Neolithic
epoch [1]. Nevertheless, crucial research gaps persist regarding: (1) hybridization mechanisms shaping Chinese
landrace diversity; (2) multi-phase domestication trajectories across altitudinal gradients; and (3) genomic sig-
natures of artificial selection pressures. These knowledge deficits are primarily attributable to the inadequate
inclusion of representative Chinese cultivars in existing germplasm repositories—a major obstacle to unraveling
the regionally distinct domestication processes that may have occurred in the putative center of cannabis origin.

Early genetic analyses employed a variety of markers, including random amplified polymorphic DNAs (RAPD)
[19], simple sequence repeats (SSRs) [20-22], inter simple sequence repeat (ISSR) [23], and amplified fragment
length polymorphisms (AFLP) [24, 25], to assess diversity of C. sativa, while chloroplast and rDNA sequenc-
ing provided some phylogenetic insights [26—-29]. However, the impact of these studies has been constrained by
the limited size of the population and a restricted number of genetic markers. Recently, the progress in genome
resequencing has enabled scientists to investigate genetic variation within populations of both wild and cultivated
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plants with greater precision, such as citrus [30], castor [31], rapeseed [32], sweet cherry [33], wheat [34], grape-
vine [35], and cauliflower [36]. This facilitates the examination of evolutionary history and enables informed
molecular improvements in crop development going forward.

Recent advances in genome resequencing have revolutionized our understanding of C. sativa’s genetic archi-
tecture, domestication history, and secondary metabolite biosynthesis. Early genomic studies were limited by
fragmented assemblies and sparse sampling, but chromosome-scale genomes have enabled precise identification
of structural variations and cannabinoid-related loci [37-39]. Large-scale resequencing of 110 globally distrib-
uted accessions revealed a single East Asian domestication origin during the Early Neolithic, challenging earlier
hypotheses of multiple domestication centers [1]. Resequencing has further elucidated the genetic basis of che-
motypic differentiation, particularly in THC and CBD biosynthesis. The THCAS and CBDAS genes, located in
the cannabinoid synthase cluster (reported to be on chromosome 7 in the CS10 assembly), show strong selective
sweeps in drug-type cultivars [40]. Despite these advances, critical gaps persist regarding the genomic signatures
of ecological adaptation in wild populations and the role of introgressive hybridization in shaping chemotypic
diversity.

Despite progress, two critical limitations hinder cannabis genetic research: (1) Insufficient representation of
Chinese landraces in global diversity panels, and (2) Incomplete characterization of THC/CBD regulatory net-
works. To address these gaps, we analyzed 271 re-sequenced accessions (29 populations, 12 Chinese provinces)
encompassing wild, landrace, and cultivated genotypes. Through integrated GWAS and phylogenetic approaches,
we aim to resolve the genetic architecture of cannabinoid biosynthesis, elucidate ecological adaptation patterns,
and establish a molecular framework for germplasm utilization. This study provides the most comprehensive
genomic resource for Chinese cannabis to date, offering actionable insights for molecular breeding and narcotics
control.

Materials and methods

Sampling, DNA extraction and sequencing

A total of 271 C. sativa accessions representing diverse geographical origins were collected in the field from 29
sampling sites across 12 provinces in China, with the number of accessions per site ranging from 6 to 30 (detailed
sampling information is provided in Additional File 1: Table S1). In China, wild cannabis is not classified as
an endangered plant species, but rather as a controlled plant species. Under the authorization of the Narcotics
Control Bureau of the Ministry of Public Security of China, the Institute of Forensic Science of the Ministry of
Public Security (with authors Ying Zhang, Shan Gao, and Hao Nie all affiliated with this institute) completed the
collection, species identification, physicochemical determination, and DNA extraction. The Institute of Forensic
Science possesses legal and comprehensive qualifications and capabilities for the qualitative identification of
cannabis. The subsequent genome sequencing and bioinformatics analysis were carried out by Shenyang Medi-
cal College, and this part of the work did not involve the plants themselves. The remaining C. sativa samples are
all stored in the Cannabis Sample Bank of the Institute of Forensic Science of the Ministry of Public Security.

Genomic DNA was isolated from fresh leaf tissues using a modified cetyltrimethylammonium bromide
(CTAB) protocol [41]. DNA purity and concentration were quantified via NanoDrop2000 Spectrophotometer
(Thermo Fisher Scientific), followed by library construction with Illumina TruSeq Nano DNA kits according to
manufacturer specifications. Paired-end sequencing (2% 150 bp) was performed on an Illumina NovaSeq 6000
platform (Kaitai Biotechnology, Hangzhou, China). Raw reads underwent stringent quality control: (1) removal
of adaptor-contaminated reads; (2) exclusion of reads containing>10% ambiguous bases (N); (3) trimming of
terminal bases with Phred quality scores <20; (4) elimination of reads with >40% low-quality bases (Q20<70%)
using Fastp v0.23.2 [42].
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Read mapping, variation calling and annotation

High-quality paired-endreads werealigned to the C. sativareference genome (NCBlaccession: GCA_013030365.1)
using BWA-MEM v0.7.17 [43] with default parameters. Resultant Sequence Alignment/Map (SAM) files were
converted to sorted BAM formats using SAMtools v1.12 [44, 45], retaining only reads with Phred-scaled map-
ping quality scores>20 (q20). PCR duplicates were systematically removed via Picard Tools v2.27.4 (Broad
Institute) MarkDuplicates module, followed by BAM index generation.

Genetic variants were identified through the GATK v4.2.6.1 HaplotypeCaller pipeline [46] using joint calling
mode with parameters --emit-ref-confidence GVCF and --min-base-quality-score 20. Further functional annota-
tion of single-nucleotide polymorphisms (SNPs) and insertion-deletion variants (InDels) was performed with
snpEff v5.1 [47] using a self-built database. A stringent filtering pipeline was applied to ensure variant reliability:
Minor allele frequency (MAF): SNPs with MAF <0.05 were excluded; Mapping quality: Sites with MapQ <20
were discarded; Missing data: Variants showing>50% missing genotypes across samples were removed.

Genetic diversity and population structure analysis

Phylogenetic reconstruction was performed through a three-stage workflow: (1) Pairwise genetic distance matri-
ces were computed using PLINK v1.9 [48] with identity-by-state (IBS) metrics; (2) Neighbor-joining trees were
constructed via PHYLIP v3.697 [49] with 1,000 bootstrap replicates; (3) Final visualization was implemented in
Interactive Tree Of Life (iTOL v6.7.4) [50] using circular layout optimization. Population stratification was ana-
lyzed through complementary approaches: (1) Bayesian clustering: ADMIXTURE v1.3.0 [51] was executed with
K=2-10 ancestral populations, employing 10-fold cross-validation and convergence criteria of Aln(L)<0.001
over 10,000 iterations; the final K was primarily selected based on the lowest cross-validation error, which also
coincided with a peak in the AK statistic (Evanno method); (2) Principal component analysis (PCA): Genetic
relationship matrices (GRM) were generated in GCTA v1.94.1 [52] using the command: gcta64 --bfile [pre-
fix] --autosome-num 10 --make-grm --out [grm_prefix]. Top eigenvectors (PC1-PC2) were extracted following
variance standardization. To avoid the confounding effects of sex-linked markers in this dioecious species, all
variants located on sex chromosomes were excluded from the population structure and nucleotide diversity (m)
analyses. Genome-wide diversity metrics were quantified using: (1) Nucleotide diversity (m): Calculated as the
average pairwise differences per site; (2) Population differentiation: Estimated via Weir-Cockerham method Both
statistics were computed in 100-kb sliding windows with 10-kb steps using VCFtools v0.1.14 [53], excluding
windows containing <10 SNPs.

Linkage Disequilibrium (LD) decay profiling

To investigate genome-wide linkage disequilibrium (LD) architecture, we implemented a standardized analytical
workflow using Haploview v4.2 [54] with the following analytical pipeline: (1) Allelic correlation analysis - sys-
tematic calculation of pairwise squared correlation coefficients (1?) for all biallelic SNPs within contiguous 1-Mb
genomic intervals; (2) Multiple testing adjustment - application of Bonferroni-corrected significance threshold
(0adj=0.05/[nSNP(nSNP-1)/2]) to control family-wise error rate; (3) Haplotype block delineation - identification
of LD structures using adaptive window parameters (sliding window approach with maximum span: 1,000 kb,
unlimited SNP count, and minimum r? threshold: 0). For spatiotemporal pattern characterization, we generated
LD decay profiles by modeling 12 as a function of inter-marker physical distance (1-1,000 kb), visualized through
nonlinear regression curves constructed with ggplot2 v3.4.2 (https://ggplot2.tidyverse.org/).
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Allelic-drift analysis

To investigate population divergence and admixture patterns, we employed TREEMIX v1.13 [55] to recon-
struct phylogenetic relationships among populations through covariance matrix analysis of allele frequencies.
The modeling process involved initial construction of a maximum-likelihood bifurcating tree followed by itera-
tive addition of migration edges to account for historical gene flow events. Resultant admixture signals were
subsequently geospatially visualized through customized mapping using the ggplot2 package in R (https://ggplo
t2.tidyverse.org/), with migration vectors superimposed on a digital elevation model of China. Migration edges
(m) were tested from 0 to 5 using TREEMIX. The final optimal number of migration events (m=3) was selected
based on the plateau of log-likelihood increase and the saturation of standard errors.

Selective sweep analyses

To characterize genomic diversity and population differentiation, we conducted multilayered evolutionary analy-
ses through the following computational framework: (1) Nucleotide diversity (r) and pairwise fixation index (Fst)
were computed genome-wide using VCFtools v0.1.14 [53] with 100-kb sliding windows and 10-kb steps across
the C. sativa reference genome; (2) Selective sweep detection was performed using the cross-population com-
posite likelihood ratio (XP-CLR) method [56] with optimized parameters: window-specific weight (w1)=0.005
incorporating 200 SNPs per window, maximum physical span=10 Mb, and haplotype frequency threshold
(p0)=0.95. Chromosome-level XP-CLR scores were subsequently converted to 100-kb sliding windows (10-kb
step size) through weighted averaging. Significant selection signals were identified using an empirical genome-
wide threshold corresponding to the top 5% of windowed XP-CLR scores (95th percentile), effectively control-
ling false discovery rate at a=0.05.

Measurement of THC and CBD

The quantification of THC and CBD was performed using ultra-high-performance liquid chromatography cou-
pled with photodiode array detection (UHPLC-PDA). Dried plant material (100 mg) was homogenized in 5 mL
methanol containing 0.1% (v/v) formic acid, sonicated at 40 °C for 30 min, and centrifuged at 12,000 x g for
10 min. The supernatant was filtered through a 0.22-um PTFE membrane prior to injection. Chromatographic
separation was achieved on a C18 reversed-phase column (2.1 x 100 mm, 1.7 pum) with a gradient elution of 0.1%
formic acid in water (mobile phase A) and acetonitrile (mobile phase B) at a flow rate of 0.3 mL/min. Detection
wavelengths were optimized at 220 nm for THC and 210 nm for CBD based on their maximum absorbance [57].

Quantitation was performed using external calibration curves (5-200 pg/mL, R? > 0.999) with certified refer-
ence standards (THC: Sigma-Aldrich, #T044; CBD: Cerilliant, #C-045). Method validation included precision
(RSD<3.5%), accuracy (recovery 95-105%), and limit of detection (LOD=0.1 pg/mL) following ICH Q2(R1)
guidelines [58]. Matrix effects were evaluated by spiking blank plant extracts with known concentrations of
analytes.

GWAS

We performed genome-wide association analyses on C. sativa accessions representing 14 geographically distinct
populations. Genome-wide association mapping was performed using the high-confidence SNP set (n=2,699,120),
which had already been pre-filtered across all 271 accessions with MAF>0.05 and genotype missing rate <50%.
No additional filtering was applied prior to the association analysis. Genetic associations were detected using
GEMMA v0.98.1 [59] under a linear mixed model framework. A genetic relatedness matrix (GRM) was derived
from the top three principal components to account for population stratification. To correct for multiple test-
ing, we estimated the number of effective independent SNPs to be approximately 1.56 x 10° following linkage
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disequilibrium pruning (PLINK --indep-pairwise 50 10 0.2). This yielded a Bonferroni-corrected genome-wide
significance threshold of 0.05/1.56x10°> =~ 3.2x10"’. To maintain consistency with the standard Manhattan
plot presentation and the empirical visualization threshold applied in our study, we conservatively adopted a
unified genome-wide significance threshold of P<1.0x1077 (i.e., -logio(P)>7) and a suggestive threshold of
P<1.0x10 % (i.e., -logio(P)>6) throughout all downstream analyses.

Identification of the candidate genes related to THC and CBD

Genome-wide association analysis was performed using a three-stage filtering approach to identify function-
ally relevant SNPs. First, SNPs surpassing the unified genome-wide significance (P<1.0x1077) and suggestive
threshold (P<1.0x107%) as defined in the GWAS section were retained. Candidate genomic regions were sub-
sequently defined through pairwise LD clumping (1> > 0.8) around these lead SNPs. Subsequently, prioritized
variants were subjected to functional characterization, focusing on nonsynonymous SNPs affecting protein cod-
ing sequences and regulatory SNPs located within 2-kb upstream promoter regions. Final functional annotation
of candidate genes was performed through comparative genomic analysis using BLASTN (E-value<1 x 107'°)
against the Arabidopsis thaliana reference genome (TAIR10) and related species genomes from the Ensembl
Plants database.

Results

Resequencing 271 accessions of C. sativa

The genetic resources of cannabis, especially wild cannabis, are extremely scarce and difficult to collect within
China. This research was coordinated by the National Anti-Drug Committee and assisted by all levels of public
security anti-drug departments across the country. The project basically covered all areas in China where wild
cannabis might exist, and the collection work was highly comprehensive and representative. In this study, a com-
prehensive panel of 271 C. sativa accessions was analyzed, representing diverse ecogeographic origins spanning
29 regions across 12 Chinese provinces: Xizang, Xinjiang, Yunnan, Qinghai, Sichuan, Guangxi, Gansu, Shaanxi,
Shandong, Heilongjiang, Anhui, and Inner Mongolia (Table S1). Whole-genome resequencing generated 4.51 Tb
of raw sequencing data, with individual samples yielding 8.84 —19.68 Gb. Following adapter trimming and qual-
ity filtering (Phred score>20), 1.53 Tb of high-confidence data were retained (4.28—11.21 Gb per accession),
achieving an average sequencing depth of 7.08x (range: 5.36—13.45x) with a mean read mapping efficiency of
36.98% (ranging from 23.52% to 95.00% per line).

Variant calling against the C. sativa reference genome identified 2,699,120 SNPs and 42,201 InDels (Tables
S2-S3). Chromosomal distribution analysis revealed significant heterogeneity in variant density: chromosome
3 harbored the highest SNP count (334,455; density: 3.72 SNPs/kb), while chromosome 10 contained the few-
est (162,541; density: 2.98 SNPs/kb) (Fig. 1a). InDel frequency peaked on chromosome 7 (5,173 events; den-
sity: 0.06 InDels/kb) (Fig. 1b). Functional annotation classified 74.63% of SNPs (2,014,439) as intergenic, with
remaining variants distributed in downstream (7.76%; 209,571), upstream (9.43%; 254,599), exonic (2.83%;
76,292), and intronic regions (5.34%; 144,219) (Table S3). Among coding SNPs, 49.80% (37,995) were syn-
onymous and 50.20% (38,297) nonsynonymous. Similarly, InDels predominated in intergenic regions (63.14%;
26,646), followed by upstream (15.72%; 6,634), downstream (11.51%; 4,857), and exons and introns (9.63%;
4,064) (Table S3).
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Population structure and genomic variation

Genetic architecture of the 271 C. sativa accessions was investigated through phylogenetic reconstruction, popu-
lation structure analysis, and principal component analysis (PCA) using high-confidence SNPs. Neighbor-joining
(NJ) phylogenetic clustering delineated five major groups (I-V), largely concordant with geographic origins
(Fig. 2, Fig. S1): Group I comprised accessions from Southwest China (Xizang: JL, YD, LZ), Group II included
Sichuan (BX, ZJ), Yunnan (LC, MD, QZ), and Guangxi (NN) accessions, Group III mainly included Anhui (LA),
Heilongjiang (HG) and Inner Mongolia (TL, CF and AES). Group IV contained five populations from Xinjiang
(BL, FK, FY, QT, XKS). Group V is the most complex, mainly including the covered population in Xinjiang
(KS), Inner Mongolia (HLBR, JN), Gansu (MQ), Shaanxi (XA, YA), Shandong (DZ, WF), Qinghai (QH, GD).
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Fig. 2 Neighbor-joining
phylogenetic tree constructed
using SNPs. The colors of the
branches represent different

population
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Notably, populations from Xinjiang exhibited distinct north-south divergence, with southern (KS) and northern
(BL, FK, FY, QT, XKS) accessions segregating into separate groups. Inner Mongolian accessions displayed two
clustering across group III (AES, CF and TL) and V (HLBR and JN), suggesting complex migration history.

Our population structure analysis (Fig. 3a) corroborated phylogenetic patterns. At K=2, populations parti-
tioned into Southwest/Northeast-Southeast clusters. Optimal clustering (K=5, AK peak in Fig. S2) resolved:
Xizang group: JL, YD, LZ; Northern China group: Inner Mongolia (AES, CF, TL), Heilongjiang (HG), Gansu
(MQ); Northern Xinjiang group: BL, FK, FY, QT, XKS; Southwest group: Sichuan (BX, ZJ), Yunnan (LC, MD,
QZ), Guangxi (NN); and Transitional group: Shandong (DZ, WF), Qinghai (QH, GD), Inner Mongolia (HLBR,
IN), Shaanxi (XA, YA). The Xizang group demonstrated exceptional genetic homogeneity across K-values, sup-
porting its potential status as an evolutionary conservation hotspot and putative origin of Chinese C. sativa
germplasm. Our PCA results (Fig. 3b) confirmed these divisions found by NJ phylogenetic tree and population
structure, with PC1 (6.53% variance) and PC2 (3.80% variance).

Genetic differentiation and population diversity

Genome-wide analyses revealed substantial genetic variation among C. sativa populations, with nucleotide diver-
sity (0m) ranging from 2.63 x 10™* to 4.78 x 10~* (Fig. 4a, Table S4). Among all the populations, the Xinjiang FK
population exhibited the highest diversity (dn=4.78 x 10~%), contrasting sharply with the Xinjiang FY population
(0m=2.63 x 10~ *), suggesting heterogeneous selection pressures across Xinjiang’s ecogeographic zones. Pairwise
Fst values (ranging from 0.000 to 0.341) revealed significant genetic differentiation extremes among populations.
Notably, the Yunnan QZ and Xinjiang FY populations exhibited the highest divergence (Fst=0.341), whereas
three population pairs—Inner Mongolia HLBR and Shandong DZ, Inner Mongolia HLBR and Gansu MQ, as
well as Gansu MQ and Inner Mongolia TL—showed complete genetic panmixia (Fst=0.000) (Table S5).
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Linkage disequilibrium (LD) decay patterns provided evolutionary insights (Fig. 4b). The Xizang Jilong (JL)
population exhibited rapid LD decay, characteristic of ancestral populations with prolonged recombination his-
tory. This contrasts with slower LD decay in derived populations, supporting the hypothesis that Xizang acces-
sions represent foundational germplasm for Chinese C. sativa.

Phylogeographic patterns and allelic drift dynamics

To analyze population divergences and mixtures among the main source locations, we computed drift parameters
based on the genetic variations and constructed trees to illustrate the relationships among populations (Fig. 5a,
b). Our results revealed Xizang Jilong (JL) as the basal lineage in phylogenies, establishing this Xizang popula-
tion as the probable progenitor of domesticated C. sativa in China. Integrative analysis of phylogenetic topol-
ogy, structure coefficients, and diversity metrics supports a southwest-to-northeast expansion pattern with three
primary dispersal phases: (1) Primary Radiation: Core origin: Xizang JL — YD — LZ, Southwest expansion: LZ
(Xizang) — Sichuan (BX, ZJ), Yunnan (LC, MD, QZ) and Guangxi (NN); (2) Northern Dispersal: Central hub:
Xi’an (XA, Shaanxi), Western spread: XA —Southern Xinjiang (KS), Northwest route: XA — Qinghai (GD/
QH) — Northern Xinjiang (BL, FK, FY, QT, XKS), Northeast corridor: XA — yanan (YA) — Jining (JN) —
Chifeng (CF) — Tongliao (TL) —AES (Arshan) — HLBR (Hulunbeier) — Heilongjiang (HG); Eastern spread:
XA — Luv’an (LA, Anhui); (3) Secondary Radiation: Inner Mongolia nexus: HLBR (Hulunbeier) — Shandong
(DZ, WF). Notably, the Kunlun Mountains formed a substantial phylogeographic barrier, restricting gene flow
between Xizang and Xinjiang populations. This isolation is reflected in the elevated Fst between southern Xinji-
ang (KS) and Xizang populations (0.187-0.206) compared to intra-regional differentiation (0.127—-0.168).

Selective signals of natural and artificial selection

To identify genetic changes shaped by natural and artificial selection, we performed genome-wide selective
sweep analysis using XP-CLR across three critical population contrasts. These included: (1) Ecogeographic
contrast: Northern versus Southern Xinjiang; (2) Regional isolation: Xinjiang versus Xizang; (3) Domestication
axis: Southwestern populations (Xizang-Sichuan-Yunnan) versus Northeastern populations (Inner Mongolia-
Heilongjiang). Using 100 kb sliding windows (10 kb step), we identified loci under strong selection containing
missense variants. In total, we found 3,299 genes in Xinjiang north-south differentiation (Fig. 6a, Table S6). In
addition, a total of 3,215 genes were identified within the sweep regions at Xinjiang-Xizang divergence interface
(Fig. 6b, Table S7). Moreover, we found 3,404 genes distinguishing southwestern vs. northeastern domestication
pathways (Fig. 6¢, Table S8). The few overlapping genes among the three parts indicate that the loci selected for
the three regions are different (Fig. S3).

Chemotypic selection in cannabinoid biosynthesis

To dissect genetic determinants of A°-tetrahydrocannabinol (THC) and cannabidiol (CBD) variation, we quanti-
fied cannabinoid content across 14 C. sativa populations. Specifically, a subset of 90 individual accessions from
these 14 representative populations was selected for phenotyping. These 14 populations were chosen based on
their broad geographical distribution across China and their distinct genetic backgrounds revealed by phylo-
genetic analysis. The GWAS analyses were exclusively performed on these phenotyped individuals to ensure
statistical accuracy. The sex of the measured plants was recorded as female to minimize sex-related metabolic
interference. The complete phenotype information is provided in Table S9. Based on the measurements, we
stratified these accessions into high- (H) and low-content (L) chemotypes (Fig. 7a-b). Using genome-wide Fst
differentiation analysis, we identified chemotype-associated selective sweeps (Fig. 7c-d).

Based on the findings, the lengths identified in the selected differentiation regions for CBD and THC are
41,199,176 bp and 40,249,195 bp respectively. The corresponding numbers of genes are 1724 and 1238 (Table
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S10, 11). And the results showed that there are 254 overlapping genes for shared genomic signature of the
two parts (Fig. S4). Notably, six key CBD and THC selected-site related genes were annotated as CBDAS and
THCAS. Among these genes, there is one THCAS (1fm_FM.07G0003110.PATH1 0 R8) and two CBDAS
(1fm_FM.08G0016800.PATHI 0 R4; 5sl GENE25331 0 R1) genes associated with CBD, while there are two
THCAS (8mn_GENE-LOC112093202 0 R9; 1fm FM.07G0003110.PATH1 0 R8) and one CBDAS (1fm_
FM.08G0016800.PATH1 0 R4) genes associated with THC (Table S12). To further explore the potential func-
tions of the candidate genes identified in the chemotype-associated selective sweep regions, we performed Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. The complete
results are provided in the supplementary materials (Tables S13—S16; Figs. S5—S6). Among these, for CBD-asso-
ciated genes, the GO term dolichyl-diphosphooligosaccharide-protein glycotransferase activity (GO:0004579)
and the KEGG pathway protein processing in endoplasmic reticulum (map04141) are notable, as they are con-
sistent with the N-linked glycosylation and ER processing of CBDA synthase, which is a glycoprotein requir-
ing proper folding and glycosylation for enzymatic activity. For THC-associated genes, the enrichment results,
detailed in the supplementary tables, included a range of GO terms and KEGG pathways (Tables S13—S14; Fig.
S5). However, given the high repetitive content of the C. sativa genome and the potential for TE-associated
annotations in the candidate gene lists, we interpret all enrichment results with caution and emphasize the directly
identified THCAS and CBDAS genes as the primary functional evidence for chemotype-associated loci.

GWAS of cannabinoid chemotypes

We performed genome-wide association studies (GWAS) to dissect genetic architecture underlying THC and
CBD variation (Fig. 8a-d). Applying the unified threshold of P<1.0x 1077 for genome-wide significance and
P<1.0x107° for suggestive associations, significant signals were cross-validated against prior selection signals.
For CBD association landscape, three genome-wide significant loci were identified, highly overlap with signifi-
cant Fst loci (Fig. 8a-b). Overall, using the suggestive threshold (P<1.0x107°), we identified 1,176 suggestive
SNPs mapping to 294 genes; among these, 140 SNPs within 52 genes surpassed the genome-wide significance
threshold (P<1.0x1077) (Table S17). The significant findings revealed a dispersed distribution of observed sig-
nals throughout the genome, with a notable clustering on chromosomes 1, 2, and 3. At the distal end of chromo-
some 1’s right arm, a prominent peak associated with CBD was observed (Fig. 8a, b). Upon local enlargement of
this chromosomal region, it was discovered that the gene annotated at the peak corresponds to CBDAS, which
plays a functional role in CBD synthesis (Fig. 9a). For THC association architecture, three peaks were also
identified. Notably, we detected 323 suggestive SNPs linked to 82 genes, of which 35 SNPs in 17 genes reached
genome-wide significance (Fig. 8c, d and Table S18). The significant findings showed a dispersed distribution
across the genome, with the exception of chromosomes 6 and 8. The majority of these signals are predominantly
localized on chromosome 3 (Table S18). Interestingly, the identification of relevant candidate genes for THC
remains elusive based on functional annotations (Fig. 9b).

Discussion

The genomic variation present in C. sativa offers a precious opportunity for delving into genetic diversity, gene
mapping, selection, and molecular-assisted breeding. Previous research on the genetic diversity of C. sativa has
mainly concentrated on a small number of restriction site-associated DNA markers and a limited selection of C.
sativa accessions [19-23]. Previously, Low-density DNA markers like AFLPs and SSRs have been used in canna-
bis to detect QTLs linked to sex determination and cannabinoid composition [60, 61]. Additionally, some shorter
DNA sequences, such as chloroplast genome sequences and ribosomal DNA regions, are also used in genetic
analysis of cannabis [29, 62—65]. These studies have provided some initial insights, but it has obvious limitations.
The restricted range of markers used may not fully represent the entire genetic complexity of the species, and
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the small number of accessions studied might not accurately reflect the overall genetic diversity present within
the diverse populations of C. sativa. In the present study, we conducted resequencing and characterization of the
genetic variations in 271 C. sativa accessions, which were collected from 29 major C. sativa production regions
of 12 provinces in China.

In our study, a comparison between the genomes of C. sativa and the reference genome identified a com-
bined total of 2,699,120 SNPs and 42,201 InDels. The results showed that most SNP markers fell in intergenic
regions. Stop gained mutations were less frequent. There were more SNPs upstream and downstream, indicating
a higher frequency of SNPs near gene promoters and terminators. Similar results have been observed in mango
[66] and rapeseed [32]. Our phylogenetic analyses classified the 271 C. sativa accessions into five major groups
(I-V). Accessions from Xizang, located in southwestern China, formed a distinct cluster (Group I), exhibiting
close genetic relationships within the group and significant genetic distance from other populations. Accessions
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region contains gene annotations, but no definitive candidate gene for THC biosynthesis was identified based on functional
annotation. X-axis coordinates indicate physical positions in megabases (Mb). This is a local magnification view; genome-
wide Manhattan plots are presented in Fig. 8

originating from Sichuan, Yunnan, and Guangxi clustered together as Group II. Group III comprised accessions
from other Chinese regions, including Anhui, Heilongjiang, and Inner Mongolia (TL, CF, AES). The five popu-
lations sampled from northern Xinjiang formed Group IV. Group V was the most complex, primarily including
cultivated populations from southern Xinjiang, Inner Mongolia (HLBR, JN), Gansu, Shaanxi, Shandong, and
Qinghai. Notably, the genetic relationship between the Xizang accessions (Group I) and those from Sichuan and
Yunnan (Group II) is relatively close, corresponding with their geographical proximity. This phylogenetic pattern
suggests that the initial dissemination point of cultivated cannabis within China was likely in Xizang, followed
by gradual spread to adjacent areas such as Sichuan, Yunnan, and Guangxi, and subsequently further inland.
Although geographically proximate, Xizang and Xinjiang accessions exhibit substantial genetic divergence
based on the phylogenetic tree. This observed genetic distance may be explained by a scenario where wild can-
nabis originating in Xizang hybridized with domesticated fiber-type varieties. These hybridized forms could then
have spread to Gansu and Qinghai via the Silk Road before reaching Xinjiang. Our population structure and PCA
results are consistent with the phylogenetic tree. The samples from the same province tend to cluster together.
However, interestingly, cannabis samples from Kashgar (KS) in Xinjiang show a distant genetic relationship
with other Xinjiang population samples (BL, FK, XKS and QT). Considering that the Tianshan Mountains divide
Xinjiang into two parts [67], where KS is located in southern Xinjiang and BL, FK, XKS and QT are located in
northern Xinjiang. There may be geographical isolation between southern and northern Xinjiang, which could
explain why the genetic relationship of KS is distant from other Xinjiang populations.

The Pi (n) value of population diversity is used to analyze the level of nucleotide diversity within subgroups.
A larger Pi value indicates a higher level of nucleotide diversity [68]. Our results showed the nucleotide diver-
sity (0m) for the tested populations varied from 2.63 x 10™* to 4.78 x 10~ *, indicating a significant difference in
genetic diversity among C. sativa populations. We observed that the Xinjiang FK population exhibited the high-
est nucleotide diversity (Om=4.78 x 10~*), while Xizang populations (JL, YD, LZ) showed moderate diversity lev-
els (range: 3.30-4.55 % 107*). After analyzing the LD values of C. sativa in different provinces, we found that the
LD values of C. sativa in Xizang are relatively low, which is characteristic of ancestral populations with longer
recombination history. Therefore, the basal phylogenetic position of Xizang JL population, its rapid LD decay,
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and its geographic proximity to the putative South/Central Asian origin collectively support the status of Xizang
as the origin and dissemination center of domestic C. sativa in China, rather than nucleotide diversity alone. Pre-
vious studies have also reached similar conclusions, thus strengthening our findings [1, 3].

The origin of C. sativa has always been a focal point for scientists and is also the subject of controversy. Pre-
viously, the common belief was that C. sativa had its origins in Central Asia [10, 69]. It has been suggested that
Central and Southeast Asia may have been potential regions for its natural origin and initial domestication, playing
a significant role in its evolutionary history [16]. However, recent microfossil data indicate that the northeastern
Tibetan Plateau may actually be the center of origin for C. sativa [15]. Furthermore, in recent years, a large-scale
whole-genome resequencing study has been conducted on 110 C. sativa resources, and the results show that C.
sativa underwent single-origin domestication in East Asia during the Early Neolithic [1]. Due to factors such as
difficulties in sample collection, there has been very little research on the origin and spread of Chinese cannabis in
the past, which also poses a challenge to the protection and rational development of genetic resources of Chinese
cannabis. Based on the allelic variation across the 271 genomes to calculate the drift parameters, we have created
a China map of the major gene-flow paths. Previous studies have suggested that wild Cannabis progenitors may
have originated in Central Asia and/or the Tibetan Plateau [10, 15, 69]. Geographically, JL of Xizang is located
adjacent to South Asia (India), which supports a potential early dispersal route from this region. Our research
results also confirm that the early cannabis in China originated from JL. Subsequently, the JL population further
differentiated into the YD and LZ populations. Then it spread from YD and LZ to Sichuan, Yunnan and Guangxi.
Subsequently, it spread from southwest China to Shaanxi and then expanded to the northwest regions such as
Gansu, Qinghai, and Xinjiang with Shaanxi as the center; at the same time, it spread to Inner Mongolia and Hei-
longjiang in the northern regions and Anhui in the eastern regions. Additionally, our study indicated that the can-
nabis population from Shandong was likely transmitted from HLBR in Inner Mongolia. Xi’an (formerly known
as Chang’an) served as the historical starting point of the Silk Road during the Han and Tang dynasties, and held
a strategic hub position in the history of cultural exchanges between Asia and Europe. The results of this study
confirm that this region also played a crucial node role in the early dissemination network of cannabis germplasm
resources - its geographical location connected the agricultural areas of the Central Plains with the trade routes
in the Western Regions, facilitating the bidirectional exchange and regional circulation of cannabis germplasm.

Selective sweep is a genetic phenomenon driven by natural selection [70]. Selective sweep analysis can reveal
the key driving forces (natural selection vs. artificial selection) of cannabis evolution and provide targets for
resource conservation (such as preserving wild relatives) and breeding (such as targeted improvement) [32]. Our
analysis results of selective sweep indicate that there are selected sites between northern Xinjiang and southern
Xinjiang, Xinjiang and Xizang, and Xizang+ Sichuan+ Yunnan and Inner Mongolia+ Heilongjiang. Moreover,
the intersection genes of the three parts are few, which indicates that there are differences in the selected sites
among the three regions. There is geographical isolation between northern and southern Xinjiang [67]. The popu-
lations in Xinjiang and Xizang have the farthest distance on the evolutionary tree, and perhaps they are respec-
tively the end and the beginning of the spread of cannabis in China. While Xizang+ Sichuan+ Yunnan and Inner
Mongolia+Heilongjiang respectively represent the north-south differentiation regions of cannabis. The above
situations may be the reasons for the selective sweep of cannabis. Similar to the relevant studies conducted on
other species [32, 35], our study detected a large number of genetic footprints through selective-sweep analyses.
These imprints were formed by the combined effect of natural selection and artificial selection. These include
changes in genes involved in hormone synthesis and signaling, as well as stress response pathways, which con-
tribute to the differences observed between northern Xinjiang and southern Xinjiang, Xinjiang and Xizang, and
Xizang+ Sichuan+ Yunnan and Inner Mongolia+ Heilongjiang.

The genetic divergence of cannabinoid chemotypes in Cannabis populations is primarily driven by selec-
tive pressures acting on functional polymorphisms within the THCA synthase (THCAS) and CBDA synthase
(CBDAS) gene clusters [37, 71]. By analyzing the selected sites of high/low THC and high/low CBD strains of
hemp, this study revealed the genetic selection signals that were significantly related to the content of secondary
metabolites. Our research findings indicate that the lengths of the selected differentiation regions for CBD and
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THC are 41,199,176 bp and 40,249,195 bp respectively, corresponding to 1,724 and 1,238 genes respectively.
Among them, six genes are annotated as CBDAS and THCAS. In the samples with differences in CBD content,
strong selection signals were observed in the regions near the CBDAS gene located on chromosomes 1, 2, and
3. CBDAS has high homology with THCAS but catalyzes different products. The differences in allele frequen-
cies of CBDAS (such as frame-shift mutations caused by InDel mutations) may be the key to the phenotypic
differentiation of CBD [60]. Interestingly, this study also found that cytochrome P450 gene clusters (such as the
CYP71 family and CYP73 family) are associated with the regulation of CBD content, suggesting that, in addition
to CBDAS, genes related to oxidative modification may also affect the accumulation of final products through
metabolic pathways in a coordinated manner [72]. In contrast, in high-THC strains, strong selection signals
were observed in the regions near the THCAS gene located on chromosome 2. This is consistent with previous
studies: as a key enzyme in the biosynthesis of THCA, SNPs in the promoter and coding regions of THCAS
have been confirmed to be significantly associated with THC content [71]. Notably, in high-THC strains, there
is a significant selective sweep in the upstream regulatory region of THCAS (such as MYB transcription factor
binding sites), suggesting that artificial selection may enhance THC production by increasing gene expression.
It is worth noting that the selection sites for THC and CBD are spatially separated in the genome, which may
reflect the differentiation in breeding goals: high-THC strains are mostly used for recreational or specific medical
purposes (such as analgesia), while high-CBD strains are more favored in the medicinal market due to their non-
psychoactive properties [73]. This directional pressure of artificial selection may lead to the gradual divergence
of genetic structures in the two types of samples.

GWAS have become an indispensable tool in modern genetics, particularly when it comes to understand-
ing complex traits in crops [36, 74]. Our study identified multiple genetic loci significantly associated with the
content of THC and CBD in the cannabis population through GWAS. Among them, our GWAS identified 1,176
significant SNP signals (-log;, P>7) associated with 294 genes that are strongly linked with CBD. Among these
genes, CBDAS, corresponding to a distinct peak at the end of the right arm of chromosome 1, are the most cru-
cial adaptive genes, whose functions are related to CBD synthesis [37, 75]. Additionally, our GWAS identified
323 suggestive SNP signals (-logl0 P>7) associated with 82 genes that are strongly linked with THC, which
highlights the intricate genetic architecture underlying individual differences in THC sensitivity. Furthermore,
the distribution of significant results across the genome, with a notable concentration on chromosome 2, sug-
gests that multiple genetic loci may contribute to variations in response to THC. This underscores the polygenic
nature of THC-related traits and emphasizes the need for comprehensive genomic analyses to unravel its genetic
underpinnings. Despite these advancements, challenges persist in pinpointing specific candidate genes for THC
based on functional annotations. The multifaceted interactions between genes and environmental factors further
complicate efforts to elucidate the molecular mechanisms driving individual responses to THC [75, 76].

The genetic polymorphisms of THCAS and CBDAS genes, which serve as key enzymes regulating the biosyn-
thesis of THC and CBD, provide molecular basis for chemotype classification within Cannabis species [77, 78].
de Meijer et al. (2003) conducted selfing experiments using homozygous medicinal cannabis strains and observed
a 3:1 Mendelian ratio of THC/CBD content in F; hybrids. This fundamental discovery established the codomi-
nant allelic hypothesis (BT/BD) at the B locus, where drug-type (BT/BT), fiber-type (BD/BD), and medicinal-
type (BT/BD) chemotypes correspond to specific genotypic combinations [79]. Kojoma et al. (2006) further
identified 62 SNP variations within THCAS across 13 cultivars, establishing a chemotype classification model
subsequently validated by physicochemical analyses [80]. Subsequent studies have progressively expanded this
field: Genome-wide analysis of 124 accessions by Sawler et al. (2015) revealed 14,031 population-differentiated
SNPs, demonstrating the polygenic basis of chemotypic differentiation [81]. Notably, Abdelaziz et al. (2016)
identified 47 intra-specific SNPs in Moroccan germplasm, with stable sequence variations at THCAS locus rein-
forcing its critical role in chemotype discrimination [82]. Our study successfully identified SNP polymorphic
markers significantly associated with THCAS and CBDAS genes, which provides a high-resolution molecular
detection system for achieving DNA genotyping identification within Cannabis species in China. Furthermore,
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it establishes precise technical discrimination criteria for tracing illicit cannabis cultivation in drug law enforce-
ment and supervising the regulated cultivation of industrial hemp.

Conclusion

In conclusion, this study presents a comprehensive analysis of genetic polymorphism in C. sativa, utilizing rese-
quencing data from a diverse collection of 271 germplasm accessions sourced from around China. By examining
this extensive dataset, the research reveals the China pattern of genetic variation within C. sativa, offering valu-
able insights into the genomic changes that have occurred during both natural and artificial selection processes.
This study provides the largest genetic resource from China for identifying molecular markers linked to key
agronomic traits in C. sativa. These markers are essential for accelerating genetic improvement and developing
varieties with higher yield, better quality, and stronger resilience. The detailed genetic variation map serves as a
foundation for future research on the genetic basis of important traits in C. sativa.
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