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Abstract: Genomic characterization of Cannabis sativa has accelerated rapidly in the last
decade as sequencing costs have decreased and public and private interest in the species
has increased. Here, we present seven new chromosome-level haplotype-phased genomes
of C. sativa. All of these genotypes were alive at the time of publication, and several have
numerous years of associated phenotype data. We performed a k-mer-based pangenome
analysis to contextualize these assemblies within over 200 existing assemblies. This allowed
us to identify unique haplotypes and genomic diversity among Cannabis sativa genotypes.
We leveraged linkage maps constructed from F, progeny of two of the assembled genotypes
to characterize the recombination rate across the genome showing strong periphery-biased
recombination. Lastly, we re-aligned a bulk segregant analysis dataset for the major-effect
flowering locus Early1 to several of the new assemblies to evaluate the impact of reference
bias on the mapping results and narrow the locus to a smaller region of the chromosome.
These new assemblies, combined with the continued propagation of the genotypes, will
contribute to the growing body of genomic resources for C. sativa to accelerate future
research efforts.
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1. Introduction

Cannabis sativa L. has long been cultivated by humans for its durable fiber, nutritious
seeds, and culturally and medicinally valuable secondary metabolites. Thought to have
originated in Central or East Asia, C. sativa now has a global distribution [1,2]. As the
range of C. sativa expanded, natural and human selection shaped genotypic and phenotypic
differentiation, adapting populations for use in different market classes and local envi-
ronments. Research on C. sativa has been restricted as a result of the plant’s decades-long
classification as a controlled substance but has accelerated in recent years as regulations
have been lifted on the cultivation of hemp and marijuana in many jurisdictions. Among
those areas of research, C. sativa genetics and genomics have rapidly expanded. In the
decade after the first C. sativa genome assembly was published by van Bakel et al. [3], nu-
merous assemblies have been published [4-6]. These resources enabled significant progress
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in various areas of genetic and genomic research, including quantitative trait locus (QTL)
mapping [7-12], genome-wide association studies (GWAS) [13-16], phylogenetics and
population structure [2,17-19], and gene family characterization [20-22]. Two emerging
challenges for the C. sativa research community are to (1) comprehensively capture the
genomic diversity of the species and (2) reconcile and leverage the large amounts of ge-
nomic data to make meaningful contributions to fundamental research and commercial
production systems.

It is well established that genome assemblies of one or a few individuals are insufficient
to capture the genetic diversity of a species [23,24]. There has been a dramatic rise of high-
quality publicly available C. sativa genome assemblies in the past year, from less than 20 to
more than 200, including more than 40 chromosome-level phased diploid assemblies [25,26].
As we move into the era of C. sativa pangenomics, we will be able to simultaneously consider
diverse haplotypes from all of these assemblies when analyzing genetic and genomic data.

As the C. sativa genomics research community works towards a comprehensive
pangenome, sequencing and assembly of Y chromosomes will be essential for accurately
characterizing sex determination systems and exploring their evolutionary dynamics.
Cannabis sativa is predominately dioecious, with a long-established XY sex determination
system, where males are heterogametic [27]. It shares this XY system with its sister taxon,
hop (Humulus spp.), both members of the Cannabaceae [1]. The first assembled C. sativa Y
chromosomes were made publicly available in 2024 [25,26]. Despite this progress, there are
still less than 10 assembled Y chromosome sequences compared to the dozens of assembled
X chromosome sequences.

In addition to sampling sex chromosome diversity, targeted sampling will be nec-
essary to capture the global diversity of C. sativa germplasm. There is evidence of
strong population structure in C. sativa, both associated with geographic origin and post-
harvest market class (Table 1). Over the past decade, studies have broadly differenti-
ated between high-cannabinoid germplasm and European fiber/grain hemp germplasm,
which some taxonomists classify as two subspecies, subsp. indica and subsp. sativa,
respectively [28,29]. The terms “marijuana” or “drug-type” are commonly used to encom-
pass all high-cannabinoid C. sativa, where “hemp” is used to group primarily European
grain and fiber germplasm. In addition to separating these two groups broadly, some stud-
ies resolve additional population structure within them (Table 1). Distinct sub-populations
of Asian hemp germplasm, more closely related to high-cannabinoid germplasm than
European hemp germplasm, as well as United States (U. S.) feral hemp, which is some-
times grouped with European fiber hemp, have been repeatedly identified [18,19]. Sev-
eral studies have proposed additional groups of wild and feral material from Asia, but
this region is severely under-sampled, especially as the presumed center of origin and
domestication [1,2]. Considering this genetic diversity, the majority of the assembled
genome sequences are from a relatively narrow group of high-cannabinoid genotypes,
many of which are breeding lines sampled from the Oregon CBD (OCBD) program [25].
Assemblies of related individuals will be valuable for phasing and tracking the inheritance
of different haplotypes, but additional sampling of diverse germplasm will be necessary to
fully capture the genetic diversity of the species.

One result of capturing diverse haplotypes in high-quality assemblies will be a more ro-
bust analysis of new genetic and genomic data. A common challenge in these analyses is the
significant reference bias that arises when mapping reads to different genome assemblies.
This bias occurs in part because reads derived from reference haplotypes achieve higher
quality mapping than those derived from non-reference haplotypes [32,33]. Strategies to
mitigate this bias include the development of pangenome graphs as references [24,34] and
comparison of alignments using multiple high-quality haploid assemblies as references [35].
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The availability of diverse genome assemblies will also provide resources for the selection
of targets for molecular markers in genome editing.

Table 1. Summary of several population structure analyses conducted on C. sativa.

sl High-Cannabinoid European Hemp Asian Hemp
Publication N Samples N Groups Group(s) Group(s) Group Other Group(s)
Sawler et al. [17] 124 2 Marijuana Hemp n/a n/a
. . Hemp
Soorni et al. [30] 209 4 Marijuana CGN/IPK n/a Iran
BLDT
Lynch et al. [31] 340 3 NLDT Hemp n/a n/a
Grassa et al. [6] 367 3 Marijuana Hemp n/a Naturalized
T1/R4;
Cherry Grain/Dual .
Carlson et al. [18] 190 7 West Caast Fiber /Feral Chinese n/a
BaOx/Otto II
Drug-type : Basal
Ren et al. [2] 110 4 Drug:type Feral Hemp-type n/a Cannabis
Woods et al. [19] 190 4 Marijuana European Asian U.S. Feral
Drug-type
ERB and EH23b European Hemp . I
Lynch et al. [25] 193 5 Drug-type and Feral Asian Hemp Wild Tibet
HO40 and EH23a

Assemblies that capture diverse haplotypes can also accelerate plant breeding by
positioning beneficial and deleterious haplotypes and providing information about linkage
disequilibrium (LD) among haplotypes. Plant breeders rely on meiotic recombination to
break LD and generate novel haplotypes that can be selected on to develop improved
cultivars [36]. There is growing interest in the potential of modifying the frequency and
location of crossover events to improve selection efficiency [36,37]; however, plant breeders
are largely limited by the existing recombination landscape. Although limited data have
been published investigating variation in recombination rates across the C. sativa genome,
analyses with assemblies of ‘Purple Kush” and ‘FINOLA’ found bias towards the gene-rich,
repeat-poor regions at chromosome ends [4].

The objectives of this study were to: (1) construct high-quality genome assemblies for
seven new Cannabis sativa genotypes, including two XY staminate individuals; (2) analyze
these new genome assemblies in the context of existing assemblies to identify unique
haplotypes; (3) utilize two of these assemblies, representing the parents of a bi-parental
F, mapping population, to characterize the recombination landscape of C. sativa; and
(4) leverage the new genome assemblies to investigate the impact of reference bias on bulk
segregant analysis (BSA) for trait mapping.

2. Results
2.1. Genome Assemblies Are High-Quality and Contiguous

For the seven genotypes sequenced and assembled (Table 2), the average assembly
size was 754 Mb for haplotypes with chromosome X (ChrX) and 782 Mb for haplotypes
with chromosome Y (ChrY) (Supplementary Table S1). The haplotypes with ChrY were
6.02% and 3.93% larger than the haplotypes with ChrX for the GVA-H-21-1003-002 and
GVA-H-22-1061-002 assemblies, respectively. The number of scaffolds not incorporated
into chromosomes ranged from 58 to 469, comprising between 1.40% and 3.55% of the
assemblies (Supplementary Table S1). The number of structural annotations identified by
Helixer [38] ranged from 23,182 to 28,296 with a mean of 24,752 (Supplementary Table S1).
BUSCO scores for raw assembly FASTAs ranged from 96 to 98.5, and for Helixer-predicted
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proteins from 95.7 to 98.1 (Supplementary Table S1). BUSCO scores were consistently lower
for haplotypes with ChrY compared to their counterparts with ChrX. In the GVA-H-22-
1061-002 and GVA-H-21-1003-002 assemblies, 49 BUSCOs were identified in each of the
ChrX-specific regions, but only 5 and 4 were identified in the ChrY sex-determining regions
(SDRs), respectively.

2.2. Phased Chromosome-Level Assemblies Cluster in Agreement with Established
Population Structure

Jaccard clustering based on a PanKmer [39] index of 50 phased chromosome-level
assemblies broadly separated the high-cannabinoid assemblies from the European hemp
assemblies (Figure 1A, Supplementary Figure S1) in accordance with previous population
structure analyses conducted in C. sativa (Table 1). Within the high-cannabinoid group,
the Asian hemp assemblies, “YunMa’ (YMv2a, YMv2b) and GVA-H-22-1061-002, formed a
distinct cluster adjacent to a set of OCBD F; assemblies. Likewise, the U.S. feral assemblies,
Boone County (BCMa, BCMb) and GVA-H-21-1003-002, formed a subgroup within the
European hemp cluster, positioned near the Italian fiber cultivar ‘Carmagnola’. Both
haplotypes of the high-CBD cultivar ‘BoAx’ (BOAXa, BOAXb) loosely clustered with the
European hemp assemblies. Apart from ‘Panakeia v2.0” hap1l and ‘T]’s CBD’ hap 2, most
haplotypes of the new high-cannabinoid assemblies presented in this study clustered near
each other.

Unique k-mer density also varies among chromosomes and assemblies, with greater
densities indicating haplotypes that are unique among the assemblies included in the
PanKmer index. Some assemblies, like GVA-H-19-1067-001 hap2 and ‘Panakeia v2.0" hapl,
contain isolated chromosomal regions with greater densities of unique k-mers (Figure 2).
In contrast, both haplotypes of the GVA-H-22-1061-002 assembly have large numbers of
unique k-mers across the majority of every chromosome (Figure 2). Within both haplotypes
containing ChrY, the pseudoautosomal region (PAR) has a greater density of unique k-mers
than the SDR (Figure 2).

Table 2. Description of sequenced genotypes. Phenotypic sex is classified as either pistillate (P),
staminate (S), or monoecious (Mo). Sex chromosomes are classified as either XX or XY. Chemotype is
classified as CBD-dominant (III) or CBG-dominant (IV) as defined by de Mandolino and Carboni [40].
Entity or institution from which genotype was provided. If available, the National Plant Germplasm
System (NPGS) accession is provided. The amounts of raw sequence data generated by each platform
are provided in gigabases (Gb) and number of reads. References are provided for studies where the
genotypes were used. * paired 2 x 150 bp reads.

c U.S. NPGS PacBio HiFi = & 1i-C® Data
enotype Sex Chemotype Source Accession Data (Gb/Reads *) Refs.
(Gb/Reads)
‘FL 58’ P/XX I Sunrise Genetics G 33236 179/125M 126.8/43.0 M [10,18,41-44]
‘Panakeia v2.0’ P/XX v Bazelet - 16.9/1.09 M 107.8/37.0 M [10]
“TJ’s CBD’ P/XX I Stemfgorlidmgs G 33580 29.5/2.62 M 128.2/43.7 M [10,18,41-48]
Cornell Hemp
GVA-H-19-1067-001 P/XX III Breeding - 19.3/1.18 M 111.8/38.3 M [10,44]
Program
Cornell Hemp
GVA-H-19-1185-059 Mo/XX v Breeding - 33.9/217M 86.2/29.3M [10]
Program
Cornell Hemp Derived from
GVA-H-21-1003-002 S/XY I Breeding G 33199 21.9/2.66 M 92.3/31.6 M [10]
Program
Cornell Hemp Derived from
GVA-H-22-1061-002 S/XY I Breeding 243/1.50 M 81.9/28.0M [10]

Program

G 33545




Int. J. Mol. Sci. 2025, 26, 1165 50f 19

A

W

-
o
o

o
~
[}

DT O WO
L T O

=3
OS5

XX XXX XXX XXX XXX XX XXX XXX P PP
o
N
(S,

0
-

Prop. of genome covered by AROH
o
' @
o

o
o
o
o _+_H_,
-
'

20 40 60
AROH minimum size (Mb)

N
()

A

N
o

A Asian hemp

@ European hemp

@ High—-cannabinoid
|

X

Ba

CFEa

nakeia v2.0 hap1
a

-
(&)

US feral
OCBDF,

-
o

o P Beia 2.0 hap2
1a V2.
HWa P

(&)

kS 85&4&-19-1067-001 hap2
RMa
X S8Ha

HH
@ 8VA§$—19-1067-001 hap1
& FL 58 hap2

FL 58 hap1

H
J" %BD hap1
3via

Total unique k-mers (millions) (%)

o

Q =t .‘_.;.

0.00 0.25 0.50 0.75 1.00
Proportion of genome covered by AROH > 50kb

(D T T O000:
nTRm==

ANLE A AN

o0 B2

Z

mmm= Pan
2.0 === Core

==

-H-19-1185-059 hap1

%]
<§Z
==

<
()
©

/A-H-19-1185-059 hap2

%1%
PN
logey

BB,

1.5 1

S MMS-
Srihs
5225 00
= >
> 00
0 oNo—
N

OXO X HUXXGXX KX PX XXX XXX XX XX XXX
—N = L T1OW: C N—NT>NNT>OO———D0MWNY 1))
SSo S S E SRS B A TS SR O R E B2 DI LLA0L
B e e
= SRR DS P TR oo on =S
o >>
= Ra
E S
N

0880
g<<%

DD0000000000000XX000000XX
S
T33

WHOOOORRARRTOOTNCC I T

Cumulative k-mers (billions) O

O5S
o
o

(@]
=3

SOLIRRD
N

0 50 100 150 200

0. 5 10 Number of genomes
Unique k—-mers (millions)

Figure 1. Seven new C. sativa assemblies in the context of existing genomes (A) Jaccard clustering of
100 haplotypes from 50 chromosome-level phased assemblies based on a 31-mer PanKmer index. An
aligned bar plot shows the number of unique 31-mers identified in each haplotype from a 31-mer
index of 217 C. sativa assemblies. (B) The proportion of each of the 50 chromosome-level phased
C. sativa assemblies covered by aligned runs of homozygosity (AROH) of various sizes derived
from pairwise minimap?2 alignments between haplotypes (C) The number of unique k-mers found in
both haplotypes plotted against the proportion of the genome covered by AROH greater than 50 kb.
(D) PanKmer collector’s curve from the 31-mer index of 217 C. sativa assemblies. Colors in panels
(A—C) indicate assemblies from this paper. Shapes in panels (A,C) indicate the name and group that
each assembly is associated with based on provided metadata per the legend in panel (C).
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Figure 2. Alignment of seven phased chromosome-level genome assemblies of C. sativa. Each se-
quenced genotype is represented by 20 chromosomes phased into two haploid assemblies. Shading
within each rectangle indicates the count of unique 31-mers aligned in 1 Mb bins across each as-
sembled chromosome. Gray polygons with black borders connecting homologous chromosomes
show pairwise alignments greater than 400 kb. For the two XY assemblies, GVA-H-21-1003-002 and
GVA-H-22-1061-002, the Y chromosome is included in haplotype 2.

2.3. Assemblies Vary in Number and Position of Unique k-mers

Unique k-mers were extracted from a PanKmer index of 217 C. sativa assemblies.
The PanKmer collector’s curve (Figure 1D) shows a continued increase in the cumulative
number of k-mers as more assemblies are added to the index. The number of unique
k-mers in each assembly was somewhat associated with the population or diversity group
origin of the assembly. Overall, high-cannabinoid assemblies, particularly the OCBD F;
assemblies, had lower numbers of unique k-mers, most with fewer than 1 million per
haplotype (Figure 1A, Supplementary Table S2). In contrast, the European and U.S. feral
assemblies tended to have a moderate number of unique k-mers, with most between 1.5 and
8 million per haplotype (Figure 1A, Supplementary Table S2). The Asian hemp assemblies
had the greatest counts, with greater than 10 million unique k-mers in each haplotype
(Figure 1A, Supplementary Table S2). The two additional phased contig-level Asian hemp
assemblies, YMMv1 and CNBv1, further illustrate this with particularly large counts of
28.6 million and 43.2 million unique k-mers, respectively (Supplementary Table S2).

2.4. Pairwise Haplotype Alignment Can Be Used as a Metric for Homozygosity

To investigate the position and coverage of putatively homozygous stretches in phased
chromosome-level assemblies, minimap?2 [49] alignments were filtered to identify aligned
runs of homozygosity (AROH). The assemblies show substantial variation in the proportion
of the genome covered by progressively larger AROH (Figure 1B); some assemblies lack
AROH larger than 20 Mb, while others have up to 50% of their genome covered by AROH
of 30 Mb or larger. Notably, two assemblies, ‘FL 58" and GERv1, exhibit extensive AROH
coverage, suggesting a high level of inbreeding. As visualized in Figure 2, ‘FL 58" shows
nearly complete AROH coverage on Chr02, 03, 04, 07, 08, and X. Similarly, chromosome-
spanning AROH are found in GVA-H-21-1003-002 on Chr06, 07, and 09, as well as GVA-H-
19-1067-001 on Chr07, 09, and X (Figure 2).
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Additional insights into highly heterozygous assemblies emerge when the number
of unique k-mers per assembly is plotted against AROH coverage greater than 50 kb
(Figure 1C). Asian hemp GVA-H-22-1061-002 and “YunMa’ (YMv2a, YMv2b), along with the
Hungarian cultivar ‘Kompolti’ (KOMPa, KOMPDb), have high heterozygosity, as evidenced
by low AROH coverage, and have large numbers of unique k-mers. In contrast, the
OCBD F; assemblies, despite showing similar or greater levels of heterozygosity, contain
dramatically fewer unique k-mers (Figure 1C).

2.5. Chromosomes Show Strong Periphery Bias in Recombination Rate

Marker sequences from the GVA-H-21-1004, GVA-H-21-1005, and combined-family
linkage maps were aligned to assemblies of the parental genotypes ‘FL 58" and “TJ’s
CBD’ [10] to estimate recombination rates across the genome. Analyses with all three
linkage maps showed agreement in estimated recombination rates across the genome
(Figure 3A). Recombination is significantly suppressed in the center of all 10 chromosomes
(Figure 3A), likely due to structural constraints and chromatin compaction, with most
crossovers occurring near telomeres. Most chromosomes have regions 40 Mb or larger with
recombination rates less than 0.5 cM per Mb (Figure 3A). In the GVA-H-21-1004 family,
map recombination appears suppressed across the entire short arm of Chr08 (Figure 3A).
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25
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Position (Mb)

Figure 3. Estimated recombination rate across the 10 chromosomes of C. sativa. (A) Recombination rate
plotted against position. Colors in both panels represent the linkage maps for each of the ‘FL 58’ x “TJ’s
CBD'’ F, families as well as the map from the combined data of both families. (B) Minor allele frequency
(MAF) plotted against position on Chr03, Chr07, and Chr08 for the two F, families.

2.6. Segregation Distortion and Runs of Monomorphic Markers Restrict Linkage Map Coverage

Aligning marker-associated sequences from the ‘FL 58" x “T]’s CBD’ F, linkage maps
to parental genomes provides a detailed view of how well the linkage groups cover the
physical map. Three chromosomes—Chr03, Chr07, and Chr08—have large gaps in coverage
in either the GVA-H-21-1004 or GVA-H-21-1005 F, family maps, as well as the combined
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map using both families (Figure 3A). Plotting the minor allele frequency (MAF) of markers
across these chromosomes highlights two major factors that limited linkage group con-
struction (Figure 3B). Specifically, Chr03 in the GVA-H-21-1004 family and Chr(7 in the
GVA-H-21-1005 family contain long stretches of monomorphic markers, while the majority
of Chr08 in the GVA-H-21-1005 family displays significant segregation distortion.

2.7. Bulk Segregant Analysis Mapping of Earlyl

Alignment of Chr01 from CBDRx v2 (cs10, NCBI GenBank GCA_900626175.2) and
Pink Pepper (ASM2916894v1, NCBI GenBank GCA_029168945.1), the previous and current
NCBI C. sativa reference genomes, respectively, to newly assembled genomes illustrated
multiple assembly errors (Figure 4A). BSA data from Toth et al. [9] were re-analyzed using
both haplotypes of ‘Panakeia v2.0" and GVA-H-19-1185-059. The G-statistic peaks in all four
new assemblies showed strong agreement (Figure 4A), with slight positional variations in
the peak markers among assemblies (Figure 4B). By considering consensus across analyses
with all four assemblies as references, the most significant peak region for Earlyl can be
narrowed to a ~2 Mb syntenic region on Chr01. This is substantially smaller than the
fragmented region observed in CBDRx v2 and Pink Pepper, where numerous small peaks
span over 40 Mb (Figure 4A).

Chr01 position (Mb)
A 0 10 20 30 40 50 60 70 80 90 100

Genome assembly

I:l CBDRx v2
|:| Pink Pepper

Panakeia v2.0 hap1

Panakeia v2.0 hap2
GVA-H-19-1185-059 hap1
GVA-H-19-1185-059 hap2

G-Statistic

238
248
58— ————__=
268

19.19

21.87

G-Statistic

20.09

18.3

21.34
19.39

17.43
Chr01 position (Mb)

Figure 4. Bulk segregant analysis (BSA) mapping of the major-effect flowering locus Early1 using six
different genome assemblies as references for alignment. (A) Moving average of G-statistic, dark blue
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line, in sliding windows every 10 kb plotted against position for Chr01. Dashed red horizontal lines
are the significance threshold. Gray polygons with black borders connecting chromosomes show
pairwise minimap?2 alignments > 250 kb. (B) Syntenic ~3.5 Mb section of Chr01 surrounding the
peak markers when using the ‘Panakeia v2.0" and GVA-19-1185-059 assemblies. Dashed red vertical
lines are the most significant sliding window when using each assembly. Gray polygons with black
borders connecting homologous chromosomes show pairwise minimap2 alignments > 5 kb.

Using the data from the BSA, SNPs associated with Earlyl were identified in ‘Panakeia
v2.0" hap1 as well as 22 other C. sativa assemblies (Supplementary Table S3). The ‘Panakeia v2.0’
hap1 assembly also has a large ~20 Mb inversion on the same arm of Chr01, which is found
in 21 other C. sativa assemblies (Supplementary Table S3). The only assembly with both the
inversion and the Earlyl-associated SNPs is ‘Panakeia v2.0" hapl (Supplementary Table S3).

3. Discussion

This study provides new insights into the architecture and composition of the
Cannabis sativa genome through the analysis of seven high-quality, haplotype-phased as-
semblies representing individuals with diverse cannabinoid profiles, market classes, and
sex chromosomes. These assemblies capture previously uncharacterized diversity, pro-
viding a unique opportunity to explore C. sativa genomic variation. By presenting these
assemblies into the context of other C. sativa assemblies, we were able to characterize
uniqueness both within diploid individuals, comparing AROH, and among assemblies, us-
ing unique k-mers. Leveraging genotypes previously used to develop bi-parental mapping
populations allowed us to integrate existing linkage map data, enabling detailed estimation
of recombination landscapes across the genome. Additionally, we were able to narrow the
position of the Earlyl locus by re-analyzing publicly available BSA data with improved
assemblies and considering the impact of reference bias. These assemblies will not only
contribute to a more comprehensive C. sativa pangenome but, through maintaining the
associated living individuals and their progeny, will provide essential resources to support
future research in C. sativa physiology, biochemistry, horticulture, breeding, and many
other disciplines.

3.1. Priorities for Future C. sativa Genome Sequencing

Despite the recent surge in C. sativa genome assemblies, the PanKmer collector’s curve
(Figure 1D) and unique k-mer analysis (Figure 1A, Supplementary Table S2) suggest that
substantial portions of C. sativa germplasm remain under-sampled or unsampled entirely.
The unique k-mer metric is an effective indicator of the extent to which germplasm has been
adequately sampled. As sampling increases, haplotypes and their associated k-mers are
repeatedly captured, resulting in fewer unique k-mers in the index. Consequently, when
germplasm is well-sampled, there will be fewer unique k-mers in any given haplotype.

According to this metric, one could argue that the only well-sampled germplasm is the
OCBD breeding program. This makes sense considering the large number of high-quality
assemblies derived from this high-cannabinoid breeding program, many of which are
closely related [25]. Additionally, the French hemp cultivar ‘Santhica” appears relatively
well-sampled, with numerous assemblies from related individuals or derivatives, including
FCS1b, GVA-H-19-1185-059, H3S1b, H3S7b, SAN2, SGVA, and SN1v3, all showing rela-
tively low counts of unique k-mers. This cultivar and its derivatives have been a focus of
sequencing efforts due to its uncommon CBG-dominant cannabinoid profile (also known
as chemotype IV) [50].

Given the vast genetic diversity yet to be sampled, future sequencing efforts should
prioritize unsampled populations, particularly those originating from Central, South, and
Southeast Asia, the Middle East, and Africa. These regions, especially around hypothesized
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centers of domestication, are likely to harbor extensive genetic diversity. Additional sam-
pling of East Asian hemp should also be prioritized, as the large numbers of unique k-mers
from relatively few individuals suggests this germplasm is under-sampled (Figure 1A).

Historical admixture resulting from intentional breeding and movement of C. sativa
by humans will also contribute to haplotype diversity as more genomes are assembled.
Crosses between Asian and European hemp populations are reported to have resulted
in cultivars including ‘Carmagnola’, ‘Kompolti’ (KOMPa, KOMPb), and many of their
derivatives [51-55]. Genomic studies have also suggested that certain U.S. feral hemp
populations are closely related to Italian fiber cultivars like ‘Carmagnola’ [18], while others
may share ancestry with East Asian populations [2]. Early 20th-century breeding programs,
such as those led by Lyster Dewey, likely contributed to this complex population structure
through the development of germplasm pools like ‘Kentucky hemp’ resulting from crosses
among Asian, European, and U.S. feral hemp populations [56]. Future sequencing of
feral populations may be able to resolve admixed haplotypes that have been maintained
over decades of natural selection. Admixture is also evident in the recent development of
high-cannabidiol (CBD) germplasm resulting from the introgression of cannabidiolic acid
synthase (CBDAS) from European hemp into marijuana germplasm [6]. For example, the
high-CBD cultivar ‘BoAx’ (BOAXa, BOAXD) clusters loosely with European hemp in the
cladogram (Figure 1A), while also showing similarity to high-cannabinoid genotypes in
the heatmap (Supplementary Figure S1), indicative of admixed haplotypes.

3.2. Characterizing Homozygosity

Understanding the close relationship between inbreeding and heterosis is fundamental
to developing inbred-hybrid breeding systems that dominate many cropping systems [57].
Dioecious species like C. sativa, which are typically obligate outcrossers, maintain high
levels of heterozygosity and genetic load, resulting in inbreeding depression when plants
are self-pollinated, complicating the development of inbred lines [58]. Generating genome
assemblies and sequencing diversity panels will help to describe the architecture of genetic
load in C. sativa while also identifying haplotypes that can be homozygous without delete-
rious effects. By using alignment-based metrics, like AROH, we can leverage additional
information, like structural variants from genome assemblies and long-read sequence data,
to more precisely quantify heterozygosity and inform inbreeding strategies. The coverage
of AROH in the ‘FL 58’ and GERv1 assemblies suggests that large portions of the genome
can be homozygous while maintaining viability.

In this study, the length, coverage, and positions of AROH provide insights into the
breeding histories of several lines. For instance, ‘FL 58’ from Sunrise Genetics, an inbred line
produced through multiple generations of self-pollination, is expected to have extensive
homozygous regions (C. ]. Schwartz, personal communication). This is consistent with the
large regions of AROH. Similarly, GVA-H-21-1003-002, derived from a small isolated feral
population in New York and subjected to further artificial selection and inbreeding, also
exhibits long AROH.

3.3. Recombination Rates

Recombination rates play a crucial role in plant breeding, particularly in the intro-
gression of desired alleles. In regions with low recombination rates, linkage drag is sub-
stantial, requiring multiple generations to break the LD between beneficial and deleteri-
ous alleles. Conversely, deleterious alleles in regions of higher recombination are more
easily purged [59]. We detected a periphery-biased recombination pattern in C. sativa,
consistent with the analysis by Laverty et al. [4], and common in organisms with long
chromosomes [60,61]. This bias will have substantial implications for breeders accessing
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beneficial alleles found in the centers of chromosomes while also mitigating linkage drag.
In addition to applied plant breeding, variation in recombination rate directly impacts
linkage mapping resolution. Much larger population sizes will be necessary to narrow QTL
in regions with low recombination rates.

An interesting case of repressed recombination is the short arm of Chr08. As Chr08 is
subtelocentric, one hypothesis is that the proximity to the centromere represses recombi-
nation on the short arm. However, crossover inhibition explicitly due to the centromere
typically extends only a few Mb, as is the case in rice [62], which would not be expected
to cover the entire 8-10 Mb of the short arm [60]. Another hypothesis is that structural
variants between haplotypes in an F; could locally reduce recombination rates. Interest-
ingly, both ‘FL 58" and ‘TJ’s CBD’ have large structural variants in that region (Figure 2,
Supplementary Figure S2), which likely contribute to the locally repressed recombination.
In other populations without structural variants, we would expect greater recombination
rates on the short arm of Chr08.

3.4. Marker Segregation Impacts Linkage Map Construction

Linkage map construction relies on the predictable segregation patterns expected in
structured populations to build genetic maps. Due to this assumption, distorted markers
deviating from expected segregation ratios are often purged during map construction, which
can leave gaps in genetic maps. This is the case for Chr08 in the linkage maps constructed
from the GVA-H-21-1005 family and the combined families (Figure 3). The expected 1:2:1
segregation across Chr08 in the GVA-H-21-1004 map and the large AROH on Chr08 in ‘FL
58’ suggest that the segregation distortion is associated with inheriting one of the haplotypes
from “TJ’s CBD'. Several factors, including transmission ratio distortion, a recessive lethal
locus, or a seed dormancy locus, could result in observed segregation distortion, but more
studies will be necessary to identify the specific factor in the parental genome.

Regions lacking segregating markers can also result in gaps during linkage map
construction, as we observed on Chr03 and 07 (Figure 3). In F, populations, this could be a
result of long stretches of homozygosity in the F; that was self-pollinated. It is possible,
for example, that shared haplotypes exist in ‘FL 58" and “T]’s CBD’ that would always
produce monomorphic markers as the regions are truly homozygous in F; progeny. It
is also possible that regions may be heterozygous but only have monomorphic markers
due to ascertainment bias in the design of marker panels. In the case of the array used
to genotype the ‘FL 58" x “T]’s CBD’ F; populations, which was designed by a company
primarily working with high-tetrahydrocannabinol (THC) germplasm, markers that more
commonly segregate in high-CBD germplasm and not high-THC germplasm may have
been excluded.

3.5. Reference Bias Impacts Trait Mapping Using BSA

Using high-quality genome assemblies for alignment is critical for high-resolution trait
mapping, as assembly errors introduce significant noise that complicates analyses. When
re-analyzing BSA data for the Early1 flowering locus using several assemblies as references,
assembly errors—particularly in CBDRx v2 and Pink Pepper—exemplify extreme cases of
reference-specific results. By using higher-quality assemblies and integrating data across
multiple references, a consensus was reached that substantially narrows the Early1 locus.
This consensus approach not only enhances the precision of trait mapping but also mitigates
alignment biases and errors inherent in single-reference analyses. Such multi-reference
analyses, while more complex, provide a more robust foundation for identifying candidate
genes associated with important traits in C. sativa.
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Even in well assembled genomes, structural variants can introduce variation that
influences alignment results. This is evident on Chr(1 of ‘Panakeia v2.0" hap1 as the large
~20 Mb inversion shifts part of the region above the BSA significance threshold to the
end of the chromosome (Figure 4A). This pattern suggests that, despite ‘Panakeia v2.0’
hap1 having the SNPs associated with Early1, the ‘Umpqua’ population sequenced by Toth
et al. [9] did not have the inversion linked to Earlyl. Interestingly, ‘Panakeia v2.0” hapl1 is
the only haplotype from a phased chromosome-level assembly that has both the Early1
associated SNPs and the ~20 Mb inversion (Supplementary Table S3). This could be a result
of a recombination event between the locus and the inversion, or potentially an error in
phasing some of the assemblies. In either case, specific consideration for structural variants,
which could be causative or linked to causative loci, is critical when selecting assemblies
for alignment.

3.6. Associated Phenotypes and Loci of Interest

Genome assemblies in isolation are valuable, but they are significantly more valu-
able when they are associated with meaningful phenotypic data and exponentially more
valuable when the sequenced individual is alive and available for other researchers to
study. All seven genotypes sequenced in this manuscript are being maintained through
cutting propagation, and several have been contributed to the U.S. NPGS hemp collection.
Additionally, there are numerous publications associated with genotypes (Table 2).

Several loci with alleles known to impact disease resistance, flowering time, and
secondary metabolism are present in this set of genomes. ‘FL 58" is homozygous for a
mutation in CsMLO1, a powdery mildew susceptibility gene on Chr01, and several other
loci that contribute to powdery mildew resistance [10]. GVA-H-21-1003-002 is homozygous
for the flowering time locus Autoflower2 [12]. Finally, GVA-H-19-1067-001 has a consistently
high proportion of CBC(A) in its cannabinoid profile [44] and has a sequence matching the
“expressed” cannabichromenic acid synthase (CBCAS) described in the patent application
from Canopy Growth Corporation [63].

3.7. Future Directions

This study provides substantial data toward the development of comprehensive
pangenomic resources that capture the complete genetic diversity of C. sativa and mitigate
reference bias. These efforts will deepen our understanding of sex chromosomes, structural
variation, homozygosity, and population structure that will provide insight into local
adaptation and phenotypic diversity. Future studies should also explore recombination rate
variation among diverse populations, as well as artificial manipulation of recombination
rates, which could accelerate breeding by reducing linkage drag associated with trait
introgression and recurrent selection. As high-throughput phenotyping technologies
evolve, integrating genome assemblies with associated phenotypic data from living and
publicly available germplasm will support foundational and applied research on one of
humanity’s oldest sources of food, fiber, and medicine.

4. Materials and Methods
4.1. Plant Materials, DNA Isolation, and Sample Sequencing

Seven cutting-propagated hemp genotypes from various market classes and diversity
groups were selected from the Cornell University hemp research group’s collection to
generate high-quality genome assemblies (Table 2). Individual plants representing each
of these genotypes that had been previously maintained in a greenhouse under >16 h of
light were moved into complete darkness for five days. Several grams of etiolated shoot
tips were collected from each genotype, flash-frozen, and stored at —80 °C High-molecular-
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weight DNA was isolated from shoot tips using the protocol described by Schalamun
and Schwessinger [64]. The material for GVA-H-19-1185-059 was sequenced at Oregon
CBD (Independence, OR, USA), and the remainder of the samples were sequenced at the
University of Wisconsin-Madison Biotechnology Center. PacBio HiFi data were generated
for all genotypes using a PacBio Sequel II. Frozen tissues of all seven genotypes were sent to
the HudsonAlpha Institute for Biotechnology (Huntsville, AL, USA) to generate Dovetail®
Omni-C® libraries. Libraries were constructed using standard protocols (Dovetail Omni-
C Kit Catalog #21005, Cantata Bio, Scotts Valley, CA, USA). One gram of flash-frozen
leaf tissue was ground, and after nuclei isolation, the pellet was resuspended in 1X PBS,
aliquoted into 3 tubes, and centrifuged at 6000 rpm for 5 min. The supernatant was
then discarded, and the nuclei pellets were flash-frozen for storage at —80 degrees. One
aliquoted nuclei pellet was then processed using the Dovetail® Omni-C® protocol V2.
Libraries were run on an Illumina NovaSeq 6000 PE150.

4.2. Genome Assembly and Annotation

For each genotype, HiFi and Omni-C® sequence data were used to generate contig-
level assemblies. First, Omni-C® data were trimmed and filtered using fastp [65], and then
both the HiFi and Omni-C® data were used as inputs for hifiasm [66]. To identify and
phase the sex chromosomes in the two XY assemblies, we employed the method described
by Carey et al. [26]. Briefly, male-specific k-mers (Y-mers) were mapped to the contig-level
assemblies, and a combined assembly using contigs from both haplotypes was constructed
to verify that Y- and X-tigs were appropriately phased into separate haplotypes. For the
five XX assemblies, we did not perform additional manual phasing prior to scaffolding.
Contig-level assemblies were screened for contaminants using FCS-GX [67]. To scaffold
the contig-level assemblies, the Omni-C® reads were aligned to their respective contigs for
each of the 14 haplotypes using the Dovetail® Omni-C® pipeline [68]. These alignments
and the contig-level assemblies were used as inputs for YaHS [69] to generate scaffolded
assemblies. Finally, scaffolded assemblies were manually curated based on contact maps
generated and visualized using Juicer and Juicebox [70] to generate chromosome-level
assemblies. Chromosomes were ordered and oriented, adhering to the CBDRx v2 genome
assembly conventions [6], based on alignment to the ‘Carmagnola’ assembly [26] using
D-GENIES [71] implementing minimap?2 [49].

Structural gene annotations were predicted ab initio using Helixer v0.3.3 [38]. Protein
sequences were extracted using GffRead [72] and used to generate functional gene annota-
tions with eggNOG-mapper v2.1.12 [73]. To assess assembly quality, BUSCO v5.7.1 [74]
using the embryophyta_odb10 database was run on the final manually curated assemblies
as well as the predicted proteins from Helixer.

PAR-SDR boundaries for the two-phased XY assemblies were identified by mapping
Y-mers from Carey et al. [26] to both X/Y haplotypes, then analyzing gene trees of syntenic
orthologs conserved in all eight available ChrY assemblies for those spanning the putative
PAR-SDR boundary (i.e., the ChrY region with decreased Y-mer density). Y-mers were
mapped to all four X/Y haplotypes using BWA mem v.0.7.17, requiring perfect alignments
and multimapping up to 10 times. Orthologs were identified using OrthoFinder v2.5.4 with
the multiple sequence alignment option. Blastn (BLAST+ v.2.14.1) and bedtools (v.2.31.0)
getfasta were used to identify and extract nucleotide sequences from each X/Y assembly
for 10 conserved orthologs spanning the putative PAR-SDR boundary. Each gene tree
was estimated based on a MAFFT v.7.505-generated multiple sequence alignment, using
the options --localpair and --maxiterate 1000, and maximum likelihood tree inference with
IQ-TREE v.1.6.12 with the options -MFP and —bb 1000. The SDR starting position on the
Y was defined 10 bp upstream of the first putatively SDR-linked gene model.
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4.3. Generation of a PanKmer Index and Identification of Unique k-mers

PanKmer [39] was used to generate a k-mer-based pangenomic index for all of the
assemblies available from NCBI, Lynch et al. [25], Carey et al. [26], and those presented in
this study. Subsequently, custom bash and python scripts were used to identify unique
k-mers from the index. For the assemblies presented in this study, unique k-mers were
aligned back to the chromosome-level assemblies using BWA-MEM [75] to identify regions
with greater densities of unique k-mers suggesting unique haplotypes that are not present
in other assemblies included in the index.

To generate the hierarchical clustering tree, a second index was generated with only
the phased assemblies. The index was initially constructed using sequences from all
chromosomes of both chromosome-level and contig-level assemblies, but this resulted in
clustering of haplotypes with Y chromosomes (Supplementary Figure S3). To avoid bias in
clustering due to the sex chromosomes, the index was reconstructed using only autosomal
sequence data for the 100 haplotypes from the 50 phased chromosome-level assemblies.
To reduce memory and run time, an incomplete Q30 index was generated. The PanKmer
adj-matrix and tree functions were then used to generate a hierarchical clustering and
heatmap of genomes using Jaccard similarity scores.

4.4. Pairwise Alignment of Haplotypes

To visualize syntenic regions of homologous chromosomes, pairwise alignment of
the two haplotypes for each of the diploid phased chromosome-level assemblies (n = 50)
was performed using D-GENIES [71] implementing minimap?2 [49]. The resulting PAF files
were processed with a custom R [76] script to merge artificial breaks in alignments that
were frequently introduced when aligned regions exceeded 10 Mb. A primary pairwise
alignment between haplotypes was classified as an aligned run of homozygosity (AROH)
when it was greater than 50 kb in length and had an estimated per-base sequence divergence
of less than 0.01.

4.5. Recombination Frequency Estimation

An improved set of linkage maps was constructed from the ‘FL 58" x “T]’s CBD’
bi-parental F, mapping population data [10], and genetic map positions were used to
estimate recombination frequency across the genome. The R packages ASMap v1.0-8 [77]
and qtl v1.70 [78] were used to construct the linkage maps. Biallelic F, marker data
from the Illumina array were coded such that allele A was contributed by ‘FL 58" and
allele B was contributed by “T]’s CBD’. A total of three linkage maps were constructed:
one for each F, population, GVA-H-21-1004 and GVA-H-21-1005, and one using marker
data of both populations combined. Markers that had significant segregation distortion
(threshold = 1 x 1075 for GVA-H-21-1004; 1 x 10~ for GVA-H-21-1005; 1 x 10~ for
both populations), had a significant proportion of missing data (threshold > 0.35), and
were in complete linkage disequilibrium with other markers were removed using the
pullCross function. The mstmap function was used for genetic distance calculation, marker
ordering, and linkage group clustering, specifying the following p-value thresholds:
1x107%, 1 x 107%, and 1 x 1078 for GVA-H-21-1004, GVA-H-21-1005, and both popula-
tions, respectively. Small linkage groups that did not represent an entire chromosome were
merged with linkage groups whose markers had low estimated pairwise recombination
and high LOD linkage. The calculation of double crossovers per marker was determined
by the profileMark function. Through an iterative process, markers in the GVA-H-21-1004
and GVA-H-21-1005 populations that exceeded two double crossovers were removed,
while markers with no more than one double crossover were dropped for the linkage
map using the data of both populations. Linkage groups with less than or equal to 21,
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20, and 10 markers were discarded in the maps of GVA-H-21-1004, GVA-H-21-1005, and
both populations combined, respectively. Final linkage groups were assigned chromosome
numbering and orientation using the flip.order function based on marker positions on the
‘FL 58" hap1 assembly. Individual markers that excessively deviated from their expected
physical location given their genetic location were dropped.

To estimate recombination rates, array probe sequences for markers in any of the three
linkage maps were aligned to the ‘FL 58" hap2 assembly using blastn [79]. Alignment
of genetic and physical maps was visualized by plotting the coordinates of the markers
in the genetic map against their positions in the physical map. Three regions that were
duplicated and inverted on Chr03, 06, and 09 were manually removed from the GVA-H-
21-1005 genetic map. LOESS models were fit for each chromosome using a span of 0.25,
and the absolute value of the numerical derivative between successive fitted values was
calculated to estimate the recombination rate at each marker position. MAF was calculated
at the family level for all markers that were included in any of the three linkage maps.

4.6. Earlyl BSA Aligning to Various Genome Assemblies

The Earlyl BSA data from Toth et al. [9] (NCBI BioProject PRINA856865) were down-
loaded and filtered with fastp [65] using default settings. Then, NVIDIA Clara ParaBricks
v4.3.1-1 fq2bam, a GPU-accelerated wrapper of BWA-MEM [75], was used to assign read
groups, reference index, and align the reads to each of the six reference assemblies: CBDRx
v2, Pink Pepper, both haplotypes of ‘Panakeia v2.0’, and both haplotypes of GVA-H-19-
1185-059. Following alignment, Clara Parabricks haplotypecaller was used to call variants
and generate GVCF files for each read group. GVCF files were combined, and variants
were jointly called using CombineGVCFs and GenotypeGVCFs from GATK [80]. The
VCF file was filtered to a minimum depth of 10 reads and converted to table format us-
ing VCFtools [81]. The table was converted to a CSV, and PyBSASeq [82] using default
parameters for a backcross population was used to conduct the BSA.

The output files from PyBSASeq were used to identify a consensus peak interval
spanning ~2 Mb on Chr01. To identify molecular markers associated with the presence of
Early1, 20 SNP sites were identified across the peak interval. SNPs were identified based on
concurrence with expected allele frequencies and sufficient read depth. SNPs and flanking
sequences were aligned to 105 chromosome-level assemblies using Persephone® [83].
Comparing the calls for the 20 SNPs, we narrowed the list to five SNPs that produced
consistent calls among all genomes and are likely linked to the causative variant for Earlyl.
These five SNPs were used to identify whether or not each of the 100 phased chromosome-
level assemblies is likely to have Earlyl.

All figures were generated in R [76] using base functionality or ggplot2 [84].
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