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Abstract

A comprehensive understanding of the degree to which genomic variation is maintained by selection vs. drift and gene flow is lacking in
many important species such as Cannabis sativa, one of the oldest known crops to be cultivated by humans worldwide. We generated
whole genome resequencing data across diverse samples of feralized (escaped domesticated lineages) and domesticated lineages of
C. sativa. We performed analyses to examine population structure, and genome-wide scans for Fsr, balancing selection, and positive selec-
tion. Our analyses identified evidence for subpopulation structure and further supported the Asian origin hypothesis of this species. Feral
plants sourced from the United States exhibited broad regions on chromosomes 4 and 10 with high Fst, which may indicate chromosomal
inversions maintained at high frequency in this subpopulation. Both our balancing and positive selection analyses identified loci that may
reflect differential selection for traits favored by natural selection and artificial selection in feral vs. domesticated subpopulations. In the US
feral subpopulation, we found 6 loci related to stress response under balancing selection and 1 gene involved in disease resistance under
positive selection, suggesting local adaptation to new climates and biotic interactions. In the marijuana subpopulation, we identified the
gene SMALLER TRICHOMES WITH VARIABLE BRANCHES 2 to be under positive selection, which suggests artificial selection for increased
tetrahydrocannabinol yield. Overall, the data generated and results obtained from our study help to form a better understanding of the

evolutionary history in C. sativa.
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Introduction

A central goal of evolutionary genetics is to understand the rela-
tive roles of recombination, selection, and drift in maintaining ge-
netic variation in populations (Charlesworth and Charlesworth
2010). Since Charles Darwin first described the process of natural
selection (Darwin and Kebler 1859), identifying the differences of
how evolution proceeds under natural vs. artificial selection (do-
mestication) has long intrigued scientists. Domestication of a
species is associated with a “domestication syndrome” whereby
adaptive genetic variation that enhances survival traits in nature
is often selected against to favor genetics that enhance traits for
human use (Brown 2010; Larson et al. 2014). Resequencing tech-
nology has been invaluable for understanding how the domesti-
cation syndrome affects genomic variation in crops by enabling
scientists to compare entire genomes between domesticated line-
ages and their wild progenitors, which has revealed beneficial
and deleterious mutations (Mace et al. 2013; Qin et al. 2014). Less
understood is how genomic variation is affected when domesti-
cated crop lineages escape farms to become feralized and revert
to evolving under natural selection (Scossa and Fernie 2021).
Species with both domesticated varieties and feralized crop

populations are ideal systems to study these outstanding
questions: which genes underlie adaptation under feralization vs.
domestication and does adaptation under feralization vs. domes-
tication occur through fixation of standing variation or through
new mutations (Scossa and Fernie 2021)?

Cannabis sativa is one of the oldest known crops to be culti-
vated by humans for fiber, grain, and secondary metabolites
such as terpenes and cannabinoids (Laursen 2015). From a scien-
tific standpoint, C. sativa is interesting because it evolved dioecy
and an annual life history from ancestors that were monoecious
and perennial (Kovalchuk et al. 2020). As a result of extensive hu-
man vectoring and hybridization, the evolutionary history of this
species remains convoluted. This domesticated species moved
around with humans for thousands of years but then became
prohibited in much of the world in 1937 due to the Marijuana Tax
Act. Despite its prohibition, in the United States, it is estimated
that 400,000 acres of hemp biomass were produced for textile
and feedstock between 1942 and 1945 (West 1998). This created
the current feralized populations in the United States that have
been evolving under natural selection for decades (West 1998). As
time has progressed, global regulations surrounding the legality
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of C. sativa have increasingly relaxed, which enables use of this
species to better understand the evolutionary genetics of crop
feralization.

Recent progress has been made in understanding the genomic
variation of C. sativa and has identified several areas remain that
require additional investigation (Kovalchuk et al. 2020; Ren et al.
2021). These areas include: (1) characterization of the genomic
variation in broader samples such as those maintained by the
Institute of Plant Genetics (IPK), (2) formal testing of the out of
Asia hypothesis, and (3) comparison of balancing and positive se-
lection patterns between domesticated and feralized subpopula-
tions to better understand the genetics underlying their
domestication/loss of domestication syndrome and local adapta-
tion. Addressing these 3 areas is necessary for a more compre-
hensive characterization of this species’ evolutionary history.

In this study, the genomic variation of ~80 previously unexa-
mined C. sativa accessions, including industrial hemp varieties,
feral populations in the United States, and accessions from the
IPK Gatersleben seed bank, were characterized using WGS.
Several publicly available WGS datasets for additional accessions
data were also incorporated into our analyses for a more compre-
hensive study. Our study identified results consistent with previ-
ous reports while also expanding upon the current knowledge of
C. sativa genomics with new discoveries. Through our analyses,
we identify additional evidence for subpopulation structure, fur-
ther support for the Asian origin of C. sativa, and find evidence for
both balancing and positive selection on loci that potentially re-
flect the domestication/loss of domestication syndrome and local
adaptation of cultivated and feral subpopulations.

Materials and methods
Sample collection

Seeds representing 20 industrial hemp cultivars were imported to
Colorado for a set of field trials (Campbell et al. 2019). Additional
seeds representing 51 C. sativa accessions stored at the IPK
Gatersleben germplasm bank were imported from Germany to
Colorado. Four seeds from each accession were sown in 3" x 3"
pots in the Colorado State University greenhouse, and leaf sam-
ples were harvested for DNA extraction once the plants were well
into their vegetative stage.

We also collected leaf tissue from feral C. sativa population lo-
cated in Merino and Idalia, Colorado. All leaf tissue was freeze
dried using a lyophilizer (Labconco, Kansas City, MO) prior to
DNA extraction.

Growth conditions and tetrahydrocannabinol
quantity measurements

Four seeds of each accession were planted in 3” x 3” pots in wet
ProMix soil. The pots were kept damp through the germination
window and then plants were watered as needed. General
Hydroponics (FloraGro, FloraMicro, and FloraBloom) fertilizer
was applied 2-3 times in the first 2months of growth to encour-
age vegetative growth. No further fertilizing events occurred.
Flower tissue samples were harvested from 41 IPK accessions
once the plants reached maturity and were oven dried for
2 weeks. No flower tissue samples were harvested from the
20 industrial hemp cultivars.

To assess the quantity of the cannabinoid tetrahydrocannabi-
nol (THC), within harvested flower tissue, each plant’'s dried
flower biomass was weighed out into 1-g aliquots and stored in
separate 50-ml conical centrifuge tubes. These 1-g flower ali-
quots were then delivered to Botanicor Laboratories in Denver,

CO, for standard THC quantity analysis (https://www.botanacor.
com). In short, Botanacor Laboratories assess flower samples for
THC quantity using Agilent HPLC-DAD instruments. We used
previously published data on THC % by mass for 30 accessions
from Campbell et al. (2019) and Vergara et al. (2019). In total, we
used THC % by mass for 71 C. sativa accessions for which we also
had WGS data.

DNA extraction and whole genome shotgun
sequencing

DNA was extracted from plant leaf tissue using the Qiagen DNeasy
Plant Mini Kit (Valencia, CA, USA). Extracted DNA was then quanti-
fied using a Qubit Fluorometer (ThermoFisher Scientific). Leaf tissue
from the 20 European industrial hemp accessions was paired-end
whole genome sequenced (2x 150 base pairs) at the Duke
University Center for Genomic and Computational Biology using an
Nlumina HiSeq 4000. Leaf tissue from the 51 IPK accessions was
paired-end whole genome sequenced (2x 150 base pairs) at the
University of Colorado Anschutz Medical Campus using an
Ilumina NovaSeq. Sequencing efforts aimed for 4x to 7x coverage
of the C. sativa genome.

Genotyping of samples

In addition to our WGS data, 55 publicly available C. sativa WGS
datasets representing marijuana, industrial hemp and feral C.
sativa accessions were obtained from Lynch et al. (2016). Raw se-
quence data were initially parsed with FastQC (Andrews 2010,
version 0.11.8) to assess read quality and adapter contamination.
Trimmomatic (Bolger et al. 2014, version 0.39) was then used with
default parameters to remove low quality reads and any adapter
contamination identified in the FastQC report. The trimmed se-
quence reads were then aligned to version 2 of the CS10 reference
genome (Grassa et al. 2021, GenBank assembly accession ID =
GCF_900626175.2) using BWA-MEM with default settings (Li 2013,
version 0.7.17). Samtools (Li et al. 2009, version 1.9) was then used
to sort sequence alignment files, mark duplicate reads, keep only
properly paired reads, and remove reads with a mapping quality
less than 10. BCFtools (Narasimhan et al. 2016, version 1.9) was
then used with default parameters to identify genetic variants
using both the “mpileup” and “call” functions to produce a single
variant call file (VCF) for all samples. In total, we genotyped 190
samples for our analyses.

VCFtools (Danecek et al. 2011, version 0.1.16) was then used to
filter the VCF to contain bi-allelic single-nucleotide polymor-
phisms (SNPs) that possessed a genotyping rate of >80%, quality
>30, minimum mean read depth >2, and minor allele frequency
of >5%. In addition, to reduce the impact of erroneous heterozy-
gous genotype calls due to the misalignment of paralog and re-
petitive element reads, we used VCFtools to remove loci in the
VCF that had a heterozygous genotype call rate greater than 50%
across the 190 samples. The final VCF contained 8,474,449 SNPs.

Statistical analyses

Population structure, cannabinoid correlations, segregating
sites, and Tajima’s D

A genome-wide principal component analysis (PCA) was conducted
using the R (R Core Team 2019, version 3.6.0) package “SNPRelate”
(Zheng et al. 2012, version 1.18.0). Genetic clustering of samples ob-
served from plotting principal component 1 (PC1) against principal
component 2 (PC2) was used to identify subpopulations for down-
stream analyses. C. sativa samples with known source countries
were assigned population names based on geographic regions that
broadly covered their source and surrounding countries. Thus, we
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designated “European” (European neighborhood countries), “Asian”
(China and North Korea), “US feral” (feral accessions from Colorado,
Kansas, and Nebraska), and “South American” (Argentina) as our
geographic populations. Marijuana samples (as described in Lynch
et al. 2016) were classified as “Marijuana”’ because no distinct
clustering based on geography was observed for these samples.
Since many of the IPK accessions were not labeled with accurate
collection site information, these samples were classified as “IPK
unknown.”

To further examine population structure, we used ADMIXTURE
(Alexander et al. 2009, version 1.3.0) to estimate individual genetic
ancestries. The appropriate number of genetic clusters (K) was de-
termined using the cross-validation option for K values 1 —10. The
K value with the lowest cross-validation error was then used for
subsequent analyses. After identifying the appropriate K, the out-
put “.Q" file from ADMIXTURE was input into the R package
“pophelper” (Francis 2017, version 2.2.9) for the visualization of
individual ancestry.

Genetic divergence between subpopulations was estimated
using VCFtools to calculate the mean Weir and Cockerham fixa-
tion index (Fsr) using both a pairwise and sliding window ap-
proach with 20,000-base pair window sizes (Weir and Cockerham
1984). Sliding window Fst was visualized using the R package
“ggman” (Turner 2018, version 0.1.4).

Means of total potential THC quantities were calculated for
each accession with available data using the R package
“emmeans” (Lenth et al. 2018, version 1.3.5.1). Correlations be-
tween accession mean total potential THC quantity and PC1 were
then tested using the base R function cor.test() to obtain the
Spearman’s rank correlation coefficient (p).

Under the out of Asia hypothesis, we would predict deeper co-
alescence events and thus a greater proportion of segregating
sites in the Asian subpopulation. To test the hypothesis that
Asian accessions represent the ancestral C. sativa population, we
performed an analysis to compare the proportion of segregating
sites across single-copy orthologs (SCOs) between the Asian,
European, US feral, and Marijuana subpopulations. To accom-
plish this, we first identified 7,540 SCOs between Ziziphus jujube
(Huang et al. 2016), Parasponia andersonii (van Velzen et al. 2018),
and C. sativa using OrthoFinder (Emms and Kelly 2019, version
2.2.6) with default parameters. Next, because our Asian popula-
tion contained 8 samples, we randomly selected 8 samples from
the European, US feral, and Marijuana subpopulations to use for
comparative analyses of segregating sites. Using the SCO gene
coordinates contained in the CS10 gff file, we extracted the VCF
loci within the SCO gene intervals for each subpopulation. The R
package “PopGenome” (Pfeifer et al. 2014, version 2.7.5) was then
used to count the number of segregating sites within each SCO
interval per subpopulation. A 1-way ANOVA was then performed
to compare the mean proportion of segregating sites (per 1kb) be-
tween subpopulations. Tukey-adjusted pairwise comparisons
were then used to identify which subpopulations exhibited signif-
icantly different proportions of segregating sites. To estimate
subpopulation demography, Tajima’s D (Tajima 1989) was also
calculated for each SCO interval using the R package
“PopGenome.” A 1-way ANOVA was then performed to compare
the mean Tajima’s D between subpopulations. Tukey-adjusted
pairwise comparisons were then used to identify which subpopu-
lations exhibited significantly different mean Tajima’s D values.

IPK samples without source country information and the 2
South American samples were not included for statistical analy-
ses beyond our PCA, ADMIXTURE, cannabinoid correlations.
Asian samples were not included for statistical analyses beyond

PCA, ADMIXTURE, THC correlation, proportion of segregating
sites, and mean Tajima’s D analyses due to small subpopulation
sample size.

Identification of loci under balancing selection

To identify loci under balancing selection, we first used the R
package “PopGenome” to calculate Tajima’s D for each SCO inter-
val using all samples within the US feral, European, and mari-
juana subpopulations separately. We then extracted the loci
within SCO interval that possessed a Tajima’s D value greater
than or equal to the 99th percentile Tajima’s D of all SCO inter-
vals within each subpopulation. Counts of site heterozygosity per
locus were then calculated and averaged over each SCO interval.
Last, SCO intervals that possessed a mean site heterozygosity
count greater than or equal to the 70th percentile mean heterozy-
gosity count of all SCO intervals included in the analysis were
considered as genes under balancing selection. Genes under bal-
ancing selection were then investigated for their annotation and
subsequent interpretation. In addition, since many genes lacked
detailed annotation, we used the TAIR implementation of basic
local alignment search tool (BLASTP) to identify the best homolog
match in Arabidopsis thaliana.

Identification of derived alleles under positive selection
Using the SCOs identified between Z. jujube, P. andersonii, and
C. sativa, we estimated the ancestral and derived allelic states
within the European, US feral, and Marijuana subpopulations us-
ing the methods described in Price et al. (2018). For this analysis, we
filtered our VCF to contain the 40 Marijuana samples, 40 randomly
selected European samples, and all 19 US feral samples. In addi-
tion, only loci with a 100% genotyping rate across samples were
used in our analyses to avoid frequency bias due to missing geno-
type information. For downstream analyses of positive selection,
we focused only on identifying nonsynonymous derived alleles.
Three separate unfolded joint site frequency spectra were plot-
ted to estimate derived allelic variation between US feral, European,
and Marijuana subpopulations. Derived alleles showing evidence
for local positive selection (between groups) were identified based
on those with nonsynonymous detived allele frequencies >70% in 1
group and <30% in the other 2 groups. The Fisher's exact test base
R function was then used to confirm significant allele frequency-
population associations. Genes containing derived alleles under
positive selection were then investigated for their annotation and
subsequent interpretation. We then used the TAIR implementation
of BLASTP to identify the best homolog match in A. thaliana.
Derived alleles showing evidence for species-wide positive se-
lection were identified based on those with nonsynonymous de-
rived allele frequencies greater than 70% across all 3 groups. To
broadly describe the function of all genes under species-wide pos-
itive selection, we performed a GO analysis for biological pro-
cesses, molecular function, and cellular component using the
locus names for the top A. thaliana homolog matches from BLAST
in conjunction with the GO Term Enrichment analysis tool imple-
mented in TAIR using the Fisher’'s exact test method with a FDR
P-value cutoff of 0.05.

Results

Population structure, correlations, segregating
sites, and mean Tajima’s D

Our genome-wide PCA of the ~8.5 million SNPs identified evi-
dence for subpopulation structure across the 190 samples. PC1
with PC2 explained 7.82% and 4.20% of the genetic variance,
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respectively (Fig. 1a). Marijuana samples largely formed a single
cluster while C. sativa from Europe, Asia, and the United States
generally clustered based on geography (Fig. 1a). Two WGS sam-
ples sourced from South America representing 1 accession (IPK
CAN 51) clustered with European samples while 3 WGS samples
representing 2 accessions sourced from Europe (IPK CAN 37 and
IPK CAN 58) clustered near Asian C. sativa. IPK accessions with
unknown source country information mostly clustered with
European and Asian samples except for IPK CAN 36, which clus-
tered near the Marijuana group.

ADMIXTURE tests of cross-validation error for K values 1-10
indicated K=6 as the best choice of cluster value (Supplementary
Fig. 1). Genetic distinctions between samples that broadly resem-
bled their clustering patterns in the PCA were observed
(Supplementary Fig. 2). Marijuana samples largely made-up ge-
netic cluster 4. European C. sativa were mostly split between ge-
netic clusters 2 and 6. Genetic cluster 5 mostly consisted of US
feral plants. All 6 genetic clusters were represented within Asian
C. sativa with the most predominant being 3 and 4. Most IPK sam-
ples of unknown origin and the 2 samples from South America
showed evidence for belonging to one of the 2 clusters associated
with European accessions.

Our ANOVA comparing the mean proportion of segregating
sites across SCOs identified a significant difference (P < 0.05) be-
tween subpopulations. Post hoc pairwise comparison tests found
that each subpopulation included in the analysis significantly
differed (P <0.05) in their proportion of segregating sites. The US
feral subpopulation exhibited the lowest proportion of segregat-
ing sites while the Asian subpopulation exhibited the highest pro-
portion of segregating sites (Fig. 1c), consistent with a deeper
coalescent time for ancestral subpopulations.

Our ANOVA comparing the mean Tajima’s D across SCOs
identified a significant difference (P <0.05) between subpopula-
tions as well. The mean Tajima’s D value for all subpopulations
were positive. Post hoc pairwise comparison tests found that the
US feral and marijuana subpopulations did not significantly dif-
fer (P >0.05) from each other and possessed the greatest mean
Tajima’s D values (Supplementary Fig. 3). The US feral and mari-
juana subpopulations did however significantly differ (P <0.05)
from the European and Asian subpopulations. The Asian subpop-
ulation possessed the lowest mean Tajima’s D value and signifi-
cantly differed (P < 0.05) from the European subpopulation.

A significant positive correlation (P < 2.2e—16, p=0.80) was ob-
served between % total potential THC (mg/g) and PC1 (Fig. 1b).
Samples exhibiting more positive PC1 eigenvalues (i.e., more
closely related to Marijuana samples) tended to produce more
THC compared to samples with more negative eigenvalues.

Fsr

Our pairwise Fsr analysis (Supplementary Table 1) indicated that
overall, all the C. sativa subpopulations are closely related with the
most divergent subpopulations being the US feral and Marijuana
samples (Fsr = 0.116). Sliding window Fsr analyses (Fig. 2a) revealed
broad genomic regions on chromosomes 4 and 10 that exhibited nu-
merous high Fsr windows. Plotting a locally weighted scatterplot
smoothing (LOWESS) of Tajima’s D values along chromosome posi-
tion for chromosomes 4 and 10 revealed that in these high Fsr
regions, the US feral subpopulation exhibited positive values while
the European and Marijuana subpopulations exhibited negative val-
ues (Fig. 2b). Independent PCA analysis of chromosomes 4 and 10
identified distant clustering of US feral samples from all other sub-
population’s samples (Fig. 2, c and d).

Loci under balancing selection

Of the 75 SCOs possessing mean Tajima’s D values greater than
or equal to the top 1% in each subpopulation, 23 of these SCOs
per subpopulation possessed a mean site heterozygosity greater
than or equal to the top 30% of each subpopulation’s respective
mean site heterozygosity values (Supplementary Table 2). Thus,
these 23 genes per subpopulation were considered to be under
balancing selection.

In the US feral subpopulation, the annotation of 6 genes
(GenBank peptide accessions: XP_030484994.1, XP_030484921.1,
XP_030504444.1, XP_030511229.1, XP_030509614.1, and XP_0304
86224.1) under balancing selection indicated their involvement in
response to numerous biotic and abiotic stresses such as wound-
ing, pathogen, oxidative, salt, and osmotic stress. In the
European subpopulation, 4 genes (XP_030510979.1, XP_030482
503.1, XP_030478550.1, and XP_030499670.1) under balancing se-
lection were related by their role in maintaining essential chloro-
plast processes such as: chloroplast gene expression, chloroplast
movement in response to light, protein transport into the chloro-
plast, and thylakoid architecture. The marijuana subpopulation
also possessed 4 genes (XP_030510979.1, XP_030480662.1,
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XP_030493766.1, and XP_030480127.1) under balancing selection
that were related by their roles in maintaining essential chloro-
plast function such as chloroplast gene expression, iron transport
into the chloroplast, and chloroplast development during the em-
bryonic stage. Across all these subpopulations 1 gene,
XP_030510979.1, was constitutively under balancing selection.
This gene’s annotation is transcription termination factor MTERF9
(MTERF9), a chloroplast transcription termination factor that has
also shown evidence for being involved in plant response to abi-
otic stress in A. thaliana (Robles et al. 2015).

Derived alleles under positive selection

Our analysis of the nonsynonymous derived allele frequency
spectrum identified 5,143 derived alleles distributed across 2,205
SCOs (Supplementary Table 3). The plotted joint frequency

spectra revealed patterns of rare and common derived alleles
across the US feral, European, and Marijuana subpopulations
while also showing derived alleles at high frequency in 1 group
and low frequency in another group (Fig. 3a). Between the 3 C. sat-
iva groups, we identified 43, 19, and 7 derived alleles in the US fe-
ral, Marijuana, and European samples, respectively, that fit our
criteria for subpopulation positive selection (Supplementary
Table 4). Fisher’s exact test at each of these loci confirmed signifi-
cant (P < 0.05) allele frequency to subpopulation associations.

Of the genes containing derived alleles showing evidence for
subpopulation positive selection, we identified 1 gene potentially
contributing to local adaptation in the US feral group whose gene
annotation was suppressor of RPS4-RLD 1 (SRFR1, CS_10 gene ID =
XP_030499563.1), a gene that has been shown to be involved in
defense response to pathogens in A. thaliana (Kim et al. 2009). We
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Fig. 3. Positive selection in C. sativa. a) Derived joint site frequency spectrums showing the derived nonsynonymous allelic diversity between US feral,
European, and Marijuana subpopulations. X and Y axes indicate the frequency of alleles within each bin (squares). The number of derived alleles with
each frequency bin is color coded according to the logarithmic scale. The bolded black squares indicate derived alleles at >70% frequency. b) SRFR1
gene model showing the 3 letter codes for the most frequent amino acid substitution within each subpopulation. c) SVB2 gene model showing the 3
letter codes for the most frequent amino acid substitution within each subpopulation. d) Gene model for MEV kinase showing the 3 letter codes for the

most frequent amino acid substitution under species-wide positive selection.

identified interesting genes potentially contributing to local adap-
tation in the European and Marijuana subpopulations based on
their best A. thaliana homolog match. In the European subpopula-
tion, the best A. thaliana homolog match for one of these genes
was AT1G18740/BYPASSI-LIKE (annotated as XP_030493166.1 in
CS_10), a gene which has been shown to be involved in freezing
tolerance (Chen et al. 2019). In the Marijuana subpopulation, the
best A. thaliana homolog match for 1 gene was AT1G09310/
SMALLER TRICHOMES WITH VARIABLE BRANCHES 2 (SVB2, anno-
tated as XP_030506485.1 in CS_10), a gene that has been shown to
regulate trichome formation (Hussain et al. 2021).

At the species-wide level, we identified 439 derived alleles dis-
tributed across 349 genes that fit our criteria for species-wide
positive selection (Supplementary Table 4). These 439 derived
alleles were evenly distributed throughout the C. sativa genome
(Supplementary Fig. 4). Using the GO Term Enrichment tool
implemented in TAIR, we identified 25, 14, and 4 GO terms for bi-
ological processes, cellular component, and molecular function,
respectively, that were significantly enriched (FDR P <0.05,
Supplementary Tables 5-7). The GO terms with the greatest fold
change for biological processes, cellular component, and

molecular function were chloroplast RNA processing, Golgi cis-
terna, and zinc ion binding, respectively. Of the genes containing
derived alleles showing evidence for species-wide positive selec-
tion, one was particularly interesting. This gene was annotated
as mevalonate kinase (MEV kinase), which functions to phosphory-
late mevalonate into mevalonate-5-phosphate; a key step in ses-
quiterpene biosynthesis via the mevalonic acid pathway
(Bergman et al. 2019).

Discussion

Whether or not the out of Asia hypothesis for C. sativa’s origin is
supported remains a central question when studying the evolu-
tion of this species. Recently, Ren et al. (2021) found evidence sup-
porting the long-held hypothesis that Asian accessions represent
the ancestral population of C. sativa. Interestingly, the central
PCA clustering of the Asian subpopulation we find suggests that
this subpopulation shares about equal allelic variation with all
other subpopulations (Fig. 1a). If the Asian subpopulation is an-
cestral, we would predict deeper coalescent events and thus a
greater proportion of segregating sites in the Asian
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subpopulation. After comparing the proportion of segregating
sites at SCOs between subpopulations, our results further sup-
port an out of Asia origin of C. sativa by showing that the Asian
subpopulation exhibits a significantly greater (P <0.05) propor-
tion than all other subpopulations (Fig. 1c). In addition, the signif-
icantly greater proportion of segregating sites present in the
Asian subpopulation suggests a greater effective population size.
A greater Asian effective population size was supported by our
comparisons of mean Tajima’s D, which suggested that all other
subpopulations have undergone a recent contraction without
time for expansion hence their more positive mean Tajima’s D
(Supplementary Fig. 3). Thus, we predict deeper coalescent
events in the Asian subpopulation, which is supported by their
greater proportion of segregating sites across 7,540 SCOs.

Population structure

In contrast to Marijuana, the European, and Asian subpopula-
tions generally exhibited comparatively greater genomic varia-
tion (Fig. 1, a and c). The broad PCA clustering and 2 dominant
ancestry likelihoods (2 and 6) of European accessions may reflect
subtle genetic changes that occurred within this subpopulation
through selective breeding of traits desired for domestication.
Interestingly, the population structure of the US feral samples
suggests that while this subpopulation likely shares a recent
common ancestor with European hemp varieties, it has since un-
dergone significant genomic change, which we hypothesize
reflects natural selection against the domestication traits artifi-
cially selected for in their ancestors. Overall, IPK accessions with
known source country information clustered with other samples
from similar regions such as Europe and Asia (Fig. 1a). Except for
the IPK accession CAN 36, IPK accessions without known source
country information also clustered with samples sourced from
Europe and Asia (Fig. 1a). Future studies should make efforts to
collect and sequence additional georeferenced accessions across
Asia and Africa.

Recent studies have made use of next-generation sequencing
methods to describe the population structure of C. sativa (Sawler
et al. 2015; Lynch et al. 2016; Soorni et al. 2017; Ren et al. 2021). A
common finding of these prior studies is a clear genetic distinc-
tion between Marijuana and non-Marijuana type accessions. In
addition, Busta et al. (2022) recently analyzed the population
structure of feral Nebraskan C. sativa and found that they were
more closely related to hemp type cultivars than marijuana type
cultivars. While we did find evidence to support these prior find-
ing (Fig. 1, a and b), our study also made large-scale efforts to
generate new WGS data of feral accessions in the United States
(Colorado), European industrial hemp varieties, and accessions
from the IPK seed bank. By including new WGS data of these pre-
viously unexamined accessions, in addition to publicly available
data, our analyses provide results that expand the current
knowledge of C. sativa population genomics.

Subpopulation divergence

Consistent with our pairwise Fsr results, numerous studies have
previously documented relatively low population divergence be-
tween C. sativa subpopulations (Sawler et al. 2015; Lynch et al.
2016; Ren et al. 2021). The higher pairwise Fsr scores of the feral
US vs. the European and Marijuana subpopulation we found
(Supplementary Table 1), however, is potentially a result from
the broad high Fsr genomic regions on chromosomes 4 and 10
(Fig. 2a). In addition, in contrast to the European and marijuana
subpopulations, the US feral subpopulation exhibited compara-
tively greater genetic variation in these regions as well based on

our Tajima’s D analyses (Fig. 2b). Due to their substantial size, we
hypothesize that these broad high Fsr regions may be the result
of chromosomal inversions maintained at high frequency in the
feral US subpopulation. Chromosomal inversions have been
previously associated with broad high Fsr regions in other plant
species such as sunflower (Todesco et al. 2020). Future studies
should make efforts to assemble a chromosome scale reference
genome representative of these US feral accessions to validate
any potential inversions in this subpopulation.

Balancing selection

Our Tajima’s D and mean heterozygosity analyses together iden-
tified numerous genes under balancing selection within the US
feral, European, and marijuana subpopulations. While collec-
tively all the genes we identified under balancing selection
spanned a diversity of functions, subsets of genes within each
subpopulation were broadly related by their similar annotation.
In the US feral subpopulation, 6 genes involved in plant response
to various biotic and abiotic stresses were identified to be under
balancing selection. This is interesting because a consequence of
domestication is the loss of adaptive genetic variation for survival
in nature to favor fitness for human purpose (Brown 2010). The
US feral subpopulations have been evolving under natural selec-
tion, which has likely favored survival traits that were selected
against in their domesticated ancestors. Thus, we hypothesize
that the maintenance of genetic variation at these stress re-
sponse loci in the US feral subpopulation reflects selective pres-
sure from a loss of domestication syndrome that selects for
traits, which allow for adaptation to novel perturbations in this
subpopulation’s wild landscape via heterozygote advantage.

In both the European and marijuana subpopulations, 4 genes
broadly involved in the maintenance of essential chloroplast
functions were identified to be under balancing selection. It is in-
teresting that these 2 subpopulations, which contain many do-
mesticated genotypes, both exhibit evidence for balancing
selection at functionally related (yet distinct) loci despite being
domesticated for different traits. While it remains unclear as to
why, we hypothesize that, in contrast to the US feral subpopula-
tion, the maintenance of genetic variation at genes broadly re-
lated to chloroplast function in both the European and marijuana
subpopulations reflects selection for traits favored by domestica-
tion that exhibit a heterozygote advantage.

Interestingly, the gene MTERF9 met our criteria for balancing
selection across all 3 subpopulations. In A. thaliana, mutagenesis
of MTERF9 has been shown to cause altered chloroplast gene ex-
pression, defective chloroplast development, and altered plant
response to abiotic stresses (Robles et al. 2015). Our finding that
genetic variation is maintained at MTERF9 across divergent sub-
populations of C. sativa is intriguing and suggests a species-wide
heterozygous advantage at this gene. Similar findings of genomic
regions with species-wide maintenance of heterozygosity have
been observed in other domesticated plant species such as maize
where it is hypothesized that a homozygous state of these loci
produces a deleterious phenotype via inbreeding depression
(Brandenburg et al. 2017; Liu et al. 2018). The maintenance of ge-
netic variation at MTERF9 across C. sativa we find may indicate a
similar phenomenon as predicted in maize where a homozygous
state of this gene results in a species-wide cost to fitness given its
broadly important role in chloroplast gene expression, develop-
ment, and plant response to abiotic stress. Thus, we hypothesize
that the genetic variation maintained at MTERF9 in C. sativa
reflects species-wide balancing selection for heterozygote
advantage.
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Positive selection

Broadly, our analysis of the derived nonsynonymous allele fre-
quency spectra identified results consistent with population ge-
netics theory wherein we observed both rare and fixed alleles in
each subpopulation (Nielsen 2005). Furthermore, the results
obtained from the joint derived allele frequency spectra suggest
that while overall most high-frequency-derived alleles are com-
mon to the US feral, European, and Marijuana subpopulations,
there are some highly diverged loci across the genome, which
serve as the basis of higher within-group similarity (Fig. 3a).

Interestingly, the US feral C. sativa contained the greatest pro-
portion of high-frequency-derived alleles among the 3 subpopu-
lations. This finding, in conjunction with the results from our
other analyses, suggests that the feral US subpopulation has un-
dergone significant genetic change which we hypothesize indi-
cates local adaptation to new climates, biotic interactions, and
relaxed selection on traits favored by domestication. Indeed, 1
gene containing a high-frequency-derived allele in the US feral
group, which may contribute to local adaptation to novel patho-
gens was SRFR1 (Fig. 3b), a gene for which numerous studies have
documented its role in defense against pathogenic bacteria in A.
thaliana (Kim et al. 2009, 2010; Li et al. 2010). Positive selection on
SRFR1 is also interesting because it suggests that in addition to
maintenance of genetic variation at loci associated with stress re-
sponse, adaptation to natural environments during feralization
occurs through fixation of newly emerged mutations.

By identifying the best homolog matches in A. thaliana for
unannotated genes with high-frequency-derived alleles, we were
also able to discover candidate genes that potentially underlie lo-
cal adaptation in the European and Marijuana subpopulations. In
the European subpopulation, the gene annotated as
XP_030493166.1 was found to be under positive selection. The
best homolog match for this gene was AT1G18740/BYPASS1-LIKE,
a gene that has been shown to confer freezing tolerance in
A. thaliana via the C—repeat binding factor pathway (Chen et al.
2019). We hypothesize that the positive selection on the derived
allele in XP_030493166.1 reflects selection in domesticated hemp
cultivars for increased fitness in lower temperatures experienced
across European climates.

In the Marijuana subpopulation, our finding that AT1G09310/
SVB2 was the best homolog match for an unannotated gene
(XP_030506485.1) containing a derived allele under positive selec-
tion was particularly interesting. Variation in SVB2 has been
shown to regulate trichome number in A. thaliana (Hussain et al.
2021). Positive selection on this gene in Marijuana is interesting
because the primary sought after product from cultivation of
marijuana is THC—a psychoactive cannabinoid that is largely
produced in the glandular trichomes of female flowers via the
polyketide pathway (Kovalchuk et al. 2020). In addition, it has
been shown in C. sativa that yield of cannabinoids is positively
correlated with the number of capitate glandular trichomes pre-
sent on bracts (Turner et al. 1981). The association between the
functionality of SVB2 and the primary cultivation of marijuana
for THC suggests that the positive selection we observe on the de-
rived allele in SVB2 is driven by humans to develop domesticated
cultivars with a greater number of glandular trichomes that sub-
sequently produce greater quantities of THC. Future studies will
need to utilize functional genetics to identify potential pheno-
types associated with the derived alleles we identified in SRFR1,
BYPASS1-LIKE, and SVB2.

Our efforts to identify positively selected derived alleles at the
species-wide level yielded genes that spanned a diversity of

significantly enriched ontologies (Supplementary Tables 5-7).
Interestingly, 1 gene with a derived allele positively selected at the
species-wide level was MEV kinase, which functions to phosphory-
late mevalonate into mevalonate-5-phosphate (Bergman et al.
2019); a key step in sesquiterpene biosynthesis via the mevalonic
acid pathway (Kovalchuk et al. 2020). While sesquiterpenes, such as
beta caryophyllene, are known for their natural role in plant de-
fense response (Rasmann et al. 2005), they are also of great interest
to the C. sativa science community because of their use as food
additives and potential for use in human medicine (Nuutinen 2018).
The broad application of sesquiterpenes in both nature and
humans suggests 2 possible hypotheses for why the derived allele
in MEV kinase has been positively selected at the species-wide level
in C. sativa. First, we hypothesize that the derived allele was posi-
tively selected in the ancestral subpopulation for enhanced resis-
tance to novel pathogens. Alternatively, we hypothesize that the
derived allele was indirectly selected for during the early domestica-
tion of C. sativa in Asia to produce cultivars with sesquiterpene pro-
duction more well suited for food or medicinal applications (Li
1973). Future studies will need to utilize functional genetics to iden-
tify a phenotype associated with the derived allele we found in MEV
kinase to validate our hypotheses.

Conclusion

In conclusion, as regulations around the world regarding C. sati-
va’s legality have increasingly relaxed, the volume of genomics
studies on this species has steadily grown. This is exciting be-
cause it has enabled researchers to use whole genome methods
for investigating fundamental population genetic questions
about this multifaceted crop’s evolutionary history. While prog-
ress has been made in understanding this species’ evolution, sev-
eral areas require additional attention such as describing the
genetic variation present within the multitude of diverse unchar-
acterized accessions, formal testing of hypotheses regarding this
species’ origin, and identification of the loci under selection that
genetically distinguish domesticated from feral subpopulations.
Our study addresses each of these areas by (1) large-scale WGS of
previously unexamined accessions, (2) further supporting the
Asian origin of C. sativa, and (3) identifying loci under balancing
and positive selection that potentially serve as the basis for local
adaptation at both the subpopulation and species-wide levels.
While further steps remain necessary to: (1) sequence additional
accessions, (2) assemble a genome representative of feral US
plants, and (3) functionally validate the derived alleles under pos-
itive selection identified here, we believe overall that the data
generated, and results obtained from our study help to form a
better understanding of the evolutionary history in C. sativa.

Data availability

All raw paired-end fastq files produced from our WGS efforts have
been deposited to NCBI's short read archive under BioProject
Accession number: PRINA866500. Additional data generated in this
study are available in Supplementary File 1. Supplementary Fig. 5
shows the individual-derived allele frequency spectrums for the US
feral, European, and Marijuana subpopulations. Supplementary
Tables 8-11 describe the sliding window Fsr scores, PCA values,
means of total potential THC for IPK accessions, and Tajima’s D
and segregating sites of the SCO intervals, respectively. The final fil-
tered VCF has been deposited to Dryad and given the DOI link:
https://doi.org/10.5061/dryad.rv15dv49q.
Supplemental material is available at G3 online.
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