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Summary

e Sex determination mechanisms in dioecious plants remain poorly understood yet offer an
excellent model system to study genetic changes underlying morphological evolution.

e We investigated the genetic basis of sex determination in Cannabis sativa, combining
quantitative trait locus mapping in a segregating population, comparative transcriptomics
between monoecious and dioecious cultivars, and a genomic analysis of X-Y chromosome
divergence.

¢ Quantitative trait locus mapping identified Monoecy, a locus on the X chromosome puta-
tively controlling the monoecy—dioecy trait. This locus resides in the most ancient and
diverged region of the sex chromosomes and contains three genes within 60,000 bp
(CsREM16, IncREM16 and CsKAN4) with distinct sex-specific and monoecy-specific expres-
sion patterns.

® Monoecy1 harbors genes for male-female as well as monoecious—dioecious sex determina-
tion. We propose that the combinatorial interaction of CSREM16, IncREM16 and CsKAN4
provides a unifying genetic framework for understanding male—female and monoecious—

dioecious sex determination in C. sativa.

Introduction

The evolution of sex chromosomes remains a major evolutionary
puzzle because it involves the emergence of highly differentiated
chromosomes from initially homologous autosomes through
recombination suppression (Ponnikas er al, 2018; Jay
et al., 2024). The current paradigm suggests that lowering plant
sex determination evolved from hermaphroditic ancestors
through sequential mutations causing male and female sterility,
localized on proto-sex chromosomes (Charlesworth, 2013). In
the chromosomal regions harboring the sterility loci, recombina-
tion ceases to avoid producing infertile offspring that would have
both sterility alleles. The nonrecombining region then often
expands over time along the sex chromosomes, generating evolu-
tionary strata of differentiation between sex chromosomes (Ber-
gero & Charlesworth, 2009). Indeed, sequence differences
accumulate between sex chromosomes as a function of time since
recombination suppression. Furthermore, the recombination
suppression leads to less efficient selection, and therefore often
degeneration, including gene losses (Bachtrog, 2013).

The size of nonrecombining regions varies considerably among
species. In asparagus, these regions are relatively small, containing
only a few genes (Harkess ez al., 2017), facilitating the identifica-
tion of candidate sex-determining genes. By contrast, Cannabis
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sativa (hemp) features a vast nonrecombining region spanning
¢. 55 Mb (Lynch ez al, 2025), encompassing the majority of
the sex chromosomes and thousands of genes, complicating the
identification of sex-determining candidates.

Cannabis is a multipurpose crop with applications in the textile
industry due to its fiber production, food industry with hemp
seeds and hemp seed oil, and medicinal compounds present in its
inflorescences, such as Cannabidiol (CBD) (Andre et al., 2016;
Adhikary ez al., 2021; Schilling ez al, 2021). Unlike the vast
majority of flowering plants that have bisexual flowers with male
and female reproductive organs in one flower, Cannabis is mainly
a dioecious crop, with male and female flowers appearing on
separate individuals. However, monoecious hemp cultivars with
male and female flowers on the same individual do exist as well.
The monoecy trait is agriculturally significant, as monoecious
cultivars are preferred for fiber production due to their unifor-
mity because of the absence of male plants that flower and senesce
earlier than female plants in dioecious cultivars (Pancaldi
et al., 2025).

In Cannabis, the sex is primarily determined by sex chromo-
somes: male plants possess heterogametic XY chromosomes,
while female as well as monoecious plants possess homogametic
XX sex chromosomes (Divashuk ez al., 2014; Faux et al., 2014;
Riera-Begue ez al., 2025). However, considerable plasticity exists
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in the system; the genetic sex can be overridden by environmental
cues and hormone treatments, and monoecious plants with an
XY chromosome set have been identified (Lubell & Brand, 2018;
Garcia-de Heer et al, 2024; Timoteo Junior & Oswald, 2024;
Monthony ez al., 2026).

In recent years, several groups have attempted to identify
sex-determination genes in Cannabis. Those endeavors have led
to several candidate genes: Akagi er al (2025) proposed an
ETRI-like ethylene receptor gene (CsETRI), Carey et al. (2025)
proposed a homolog of an aminocyclopropane-1-carboxylate
synthase (CsACS3) involved in ethylene biosynthesis and Shi
et al. (2025) proposed a transcription factor gene belonging to
the reproductive meristem (REM) gene family (CsREM16). All
those sex-determination candidate genes have in common that
they are located on the X chromosome, and an X chromosome—
autosome balance system has been suggested as the predominant
sex-determination system (Akagi er al., 2025; Carey et al., 2025).

Despite the clear agricultural and theoretical interest in under-
standing monoecy in hemp, very little is known about its genetic
basis. Previous studies found quantitative trait loci (QTLs) for
monoecy on unplaced scaffolds (Petit ez al., 2020). A more recent
study suggested CsACS3 as a candidate gene also for monoecy vs
dioecy (Carey et al., 2025).

Moreover, despite our previous transcriptomics analysis identi-
fying candidate genes responsible for male/female sex determina-
tion (Shi er al, 2025), and transcriptomics analysis on
hormone-induced male flower development in female plants
(Adal et al, 2021; Garcia-de Heer ez al., 2025), comprehensive
studies comparing gene expression between female and monoe-
cious hemp cultivars remain scarce. Yet, such studies have been
successfully used in other species to pinpoint genes related to the
monoecy trait (Zhao ez al,, 2025). Additionally, gene mapping
has proven effective in identifying candidate loci related to
monoecy in species, such as spinach and Salix purpurea, which
exhibit both dioecious and monoecious lines (Hyden ez a/., 2023;
Yamano et al., 2024).

Hemp, displaying both monoecy and dioecy, is an ideal candi-
date to identify their genetic basis and could further advance the
more general question of plant sex determination, with
sex-determining genes currently identified only in a handful of
dioecious and monoecious plant species (Marais et al., 2025).
Notably, the Cannabaceae hemp and hop (Humulus lupulus) pos-
sess some of the oldest known pairs of sex chromosomes in flow-
ering plants, evolved before the divergence of the two species ¢
28 million years ago (Prentout et al, 2021). Thus, elucidating
the sex-determination mechanism and the genetic network
underlying monoecy may offer critical insights into the evolution
of plant sex chromosomes.

To pinpoint the genetic basis of sex determination and
monoecy in Cannabis, we employed three complementary meth-
ods: (1) QTL mapping in a segregating population, (2) compara-
tive gene expression analyses between monoecious and dioecious
cultivars (and their F, progeny), and (3) genomic comparison
between the X and Y chromosomes to assess their degree of dif-
ferentiation, the possible presence of evolutionary strata and gene
losses.
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We show here that the X chromosome underpins not only
male—female sex determination but also the monoecy trait. Our
methods consistently converge at the most diverged region of the
X chromosome, containing both male—female sex-determination
candidates and the monoecy locus as central to these processes.

These findings support a model in which a mutated female
(XX) genotype, through disruption of the femaleness-
determining pathway, gained the capacity to produce male flow-
ers in monoecious cultivars. This study thus provides a unifying
genetic framework for understanding the evolution and regula-
tion of sex in Cannabis sativa, with implications for breeding pro-
grams and for understanding how sex-determination pathways
evolve on plant sex chromosomes.

Materials and Methods

Plant material and growth conditions

The ‘Felina 32 x ‘FINOLA’ mapping population was described
previously (Dowling e# al., 2024). Briefly, an individual of the
dioecious ‘FINOLA’ cultivar was used as pollen donor and the
monoecious ‘Felina 32’ cultivar as pollen acceptor. The F, map-
ping population was generated by crossing a single male F; as a
pollinator with four F; female plants. The F, population was
grown in a glasshouse under natural light conditions in Dublin,
Ireland, from June to September 2020. Plants were phenotyped
once per week during the observation period and analyzed for the
presence of male and female flowers. The individuals with both
male and female flowers were phenotyped as monoecious while
plants with entirely male and female flowers were marked as male
and female, respectively.

Leaf tissue was harvested from the F, population and stored at
—80°C until further processed. The DNA from all F, indivi-
duals, the F; individuals and the parents was extracted using
DNeasy™ Plant Mini Kit (Qiagen GmbH, Hilden, Germany) as
per manufacturer’s instructions. The quality and quantity of
DNA were checked by agarose gel electrophoresis with a Nano-
Drop spectrophotometer (ND-1000). The samples were pre-
pared to a final concentration of > 35 ng pl~' and sent to
BMKGene (Beijing, China) for SLAF-Seq (Specific Locus
Amplified Fragment Sequencing).

The F,4 population was grown under glasshouse conditions from
June to September 2024 in Dublin, Ireland. The floral meristem
and axillary inflorescence meristem were sampled for RNA extrac-
tion. The RNA extraction was carried out using the RNeasy™ Plant
Mini Kit (Qiagen GmbH) as per the manufacturer’s instructions.
The RNA concentration was determined using the Nanodrop spec-
trophotometer (ND-1000), while RNA integrity was determined
using the Bioanalyzer (Agilent, Santa Clara, CA, USA). The sam-
ples with RIN > 5 were further processed for RNA sequencing,
which was carried out by Novogene (Cambridge, UK).

SLAF-seq and quality control
A reduced

specific  locus

representation genome sequencing approach,
amplified fragment sequencing (SLAF-seq;
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Sun er al, 2013), was used to sequence the F, population.
SLAF-seq was carried out by BMKgene. The service provider
(BMKGene) conducted a simulation experiment for selecting the
most appropriate restriction enzymes against the hemp reference
genome assembly (GF_029168945.1_ASM2916894v1) followed
by their testing of selected samples in a pilot experiment. From
the simulation and pilot experiment results, the restriction enzyme
set Rsal and Haelll was selected as the most appropriate set gen-
erating a substantial number of fragments (SLAF-tags) that are
randomly and uniformly distributed across the genome and avoid
repetitive regions. SLAF-tags were ¢. 364—444 bp in size.

On average 12 640 SLAF-tags were produced per sample with
a mean sequencing depth of 20x. Libraries generated from
SLAF-tags after a series of steps were processed on the Illumina
platform and ¢. 51.60-Mb reads were generated. The quality of
SLAF-seq FasTQ files was checked using FASTQC and summarized
using the MULTIQC software (Ewels ez al., 2016).

All reads exceeded quality 20 and consequently no filtering
was applied at this stage. The adapter sequences were trimmed by
the BMKgene sequencing company and consequently no further
trimming was performed.

Mapping and genotyping

After quality control, the paired-end reads from female and
monoecious samples were mapped against the Pink pepper refer-
ence genome (GCF_029168945.1_ASM2916894v1) using
BWA-mem2 (Vasimuddin et 2/, 2019). The reads from male
samples were mapped against the reference genome to which the
nonrecombining region of the Y chromosome from the ‘Kom-
polti’ assembly (Lynch er al, 2025; KOMPb) was appended to
avoid reads from the Y chromosome getting mapped to similar
regions in the X chromosome and falsely genotyping heterozy-
gous single-nucleotide polymorphisms (SNPs) in male X chro-
mosome positions. We then measured for each sample the
proportion of reads mapping to the Y chromosome.

The resulting BAM files were filtered to keep reads of mapping
quality MAPQ > 20. The analysis was then repeated for the reads
that mapped against the chromosome X with the higher thresh-
old filtering MAPQ > 35. Due to SLAF-seq reads being repeti-
tive by design, duplicate reads were not removed. The
genotyping was then done using GATK v.4.6.0 functions Haploty-
peCaller and GenotypeGVCFs (DePristo ez al., 2011).

QTL analysis

The resulting VCF file from GenotypeGVCFs, containing SNPs
from the mapping population, was filtered using VCFrooLs
v.0.1.17 (Danecek et al., 2011) to keep biallelic markers that
were genotyped in at least 80% of the samples, with qualicy > 30
and with depth of at least 10, with the following parameters:
--min-alleles 2 --max-alleles 2 --max-missing 0.8 --minQ 30
--minGQ 30 --minDP 10.

The genotypes from the filtered VCF file were then imported
in R using the package onemap (Margarido ez 4/, 2007), which
also allowed converting the VCF file into a genotype table coded
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by the parental origin: markers from F, samples, which were
homozygous for the ‘FINOLA’ parent were coded as AA, markers
homozygous for the monoecious ‘Felina 32 parent were coded as
BB, and heterozygous markers from both parents were coded as
AB. To this genotype table, the phenotype data were then manu-
ally added, with the plant sex encoded as 1 for female and 0 for
monoecious, in columns as required by R/QTL (Broman
et al., 2003) cross format, and the cross object was imported with
the read.cross() function. For the QTL analysis, female and
monoecious plants were used, as male plants inherit the whole Y
chromosome. Markers from the autosomes, which show signifi-
cantly distorted segregation (P-value < 0.05 after applying a Bon-
ferroni correction for multiple testing) from the expected AA :
AB : BB 1:2:1 ratio were removed. For each chromosome,
markers were reordered based on their recombination frequency
using the R/QTL orderMarkers() function. The genetic map in
centimorgans is then estimated with the est.map() function, with
parameters map.function = ‘kosambi’, error.prob = 0.01, with
average and median chromosomal lengths of 105.5 ¢tM and
97.67 cM, respectively. The average marker spacing across chro-
mosomes was < 1 ¢M. Low recombination fractions for markers
on the same chromosomes, together with high logarithm of the
odds (LOD) scores, were used as indicators to confirm that mar-
kers assigned to the same linkage groups were closely linked, as
expected for markers within the same chromosome, to evaluate
the accuracy of our genetic map and its concordance with the
reference genome.

For each phenotypic trait, the QTL LOD is calculated with
the scanone function and method ‘mr-argmax’, and the 5% sig-
nificance threshold is generated by executing 10 000 permuta-
tions. To refine the significant QTL to a more precise genomic
interval, we additionally applied the composite interval mapping
(CIM) method using the cim() function in the R/QTL package,
using the same genetic map and phenotypic dataframe, improv-
ing resolution by fitting multiple marker covariates outside of the
testing interval to control for genetic background noise, thereby
increasing the power to detect QTL and potentially distinguish
closely linked loci. In our case, we used the default model set-
tings, with the default window of 10 cM, without specifying
additional covariates, relying on the automatic forward selection
procedure from the R/QTL package to select cofactors from the
genome scan. The automatic CIM forward selection procedure
selected three marker covariates for the analysis: X 81454470,
4_42194662 and 1_43452032.

The same QTL analysis with equal parameters was then
repeated after remapping the reads against both haplotypes
SAN2a and SAN2b of the phased ‘Santhica’ assembly (Lynch
et al., 2025).

Gene loss ratio estimate

The degree of degeneration of different segments of the Y chro-
mosome was estimated using the gene loss ratio as a proxy for
divergence with the X chromosome. The X chromosome was
divided into 10 bins of maximum 10 million nucleotides. From
each bin, all the proteins encoded by genes in that chromosomal
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section were BLASTed against the genomic sequences of the Y
chromosome assemblies of three different cultivars (Lynch
et al., 2025): Kompolti (KOMPa), BooneCounty (BCMa), and a
landrace cultivar from Germany (GRMa), using the tblastn algo-
rithm. If no match with e-value < 0.05 was found in any of the
assemblies, a gene was considered to have been lost on the Y chro-
mosome. The percentage of X-chromosomal genes with no coun-
terpart on the Y chromosome was calculated for each bin and
plotted.

We consider this approach a conservative estimate of gene loss
due to the fact that a gene present on the X chromosome belong-
ing to a gene family can have a match on the Y chromosome if a
close member of this family is encoded on the Y chromosome;
hence, the ‘true’ gene loss ratio segment is likely to be higher than
the numbers estimated using this approach.

For each X chromosome section bin, additionally, the percen-
tage of female-biased genes was calculated based on previously
published transcriptomics analyses (Shi ez @/, 2025). Genes that
were overexpressed in females at either the vegetative or flowering
stage were counted as female-biased.

Differentiation between sex chromosomes: synonymous
divergence (ds) and evolutionary strata

From the available phased Kompolti assembly (KOMPa and
KOMPb; Lynch ez al, 2025), the haplotypes containing X and Y
chromosomes were selected and synonymous divergence (ds)
values for single-copy orthologs calculated and the detection of
evolutionary strata conducted through the EASYstrata pipeline
(Rougemont ez al, 2025). The pipeline identifies single-copy
orthologs between X and Y chromosomes using ORTHOFINDER
(Emms & Kelly, 2019). Then, it aligns coding sequences for each
orthologous pair accounting for frameshifts and stop codons. In
the next step, per-gene synonymous divergence (ds) and nonsy-
nonymous divergence (dy) are calculated using the codeml pro-
gram implemented in PAML (Yang, 2007). The resulting s
values are plotted along the X chromosome gene order to visua-
lize patterns of divergence along an ancestral-like gene order.
Evolutionary strata are then inferred using Bayesian changepoint
analysis implemented in the mcp R package (Lindelov, 2020),
which detects discontinuous changes in mean ds values along the
chromosome, for different changepoint values.

We then aimed to identify the evolutionary strata older than
the Cannabis—Humulus speciation. When recombination sup-
pression precedes speciation, substitutions remain associated with
the same sex chromosome through speciation. Therefore, genes
in those strata would be predicted to contain trans-specific poly-
morphisms; that is, in a phylogenetic tree, X-chromosomal genes
from Cannabis sativa L. would be more closely related to X-
chromosomal genes from Humulus lupulus L. than to Y chromo-
somal genes from Cannabis. We identified a subset of 313 genes
that were single-copy orthologs between X and Y chromosomes
in both Cannabis and Humulus. We then constructed single-gene
genealogies to identify those with transspecific polymorphisms
based on the tree topology.
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Transcriptomics analysis

RNA-seq reads were generated previously
et al., 2024) from leaves samples from monoecious ‘Felina 32’
and dioecious ‘FINOLA’ females. They were now mapped
against the transcriptome of the reference genome ‘Pink pepper’

(Dowling

using Salmon, gene expression was quantified and a comparative
analysis of differential gene expression was performed using the
R DEsEQ2 package (Love er al, 2014). The same comparison
was performed between three F, female and three F, monoe-
cious individuals with leaf samples that were obtained from the
mapping population. An F3 and F4 population was generated
from the F, population by random intercrossing. From the Fy4
population, eight monoecious and eight female dioecious sam-
ples from floral meristem and axillary inflorescence meristem
were taken and analyzed with the same aforementioned pipe-
line. In DESeq2, adjusted P-values (P,4) are set to NA for
genes with extremely low expression, zero variance across sam-
ples, or in cases where the statistical model fails to converge,
often due to a small sample size causing high dispersion. Our
F, transcriptome dataset, comprising three biological replicates
per group, may contribute to increased variability and disper-
sion, leading to a substantial number of genes with NA P4,
including some with extremely low unadjusted P-values. To
identify genes consistently downregulated in monoecious plants
across generations, we applied a filtering threshold of P < 0.05
and [log, fold change| > 1, to retain differentially expressed
genes (DEGS) regardless of P,g; availability.

We analyzed the expression of three candidate sex-
determination genes (CsKAN4, CsREM16 and [ncREM16) in the
64 male, female and monoecious samples from the cultivars
‘Felina 32" and ‘FINOLA’ as part of the previously published
experiment mentioned above (Dowling ez al., 2024) and publicly
available under BioProject PRJNA956491.

Expression of homologs of candidate sex-determining genes
CsKAN4 and CsREM16 was evaluated in Humulus using pub-
lished RNA-seq data from five male and five female hop plants
available under BioProject PRJNA694508. Homologs were iden-
tified through a BLAST search, the gene expression was quanti-
fied through Salmon and the statistical significance evaluated
through the R DESEQ2 package.

To compare expression patterns of our candidate sex-
determining genes with previously proposed candidates, we used
RNA-Seq data from our earlier experiment (Shi ez al., 2025; Bio-
Project accession PRJNA1126191). Briefly, directional RNA-Seq
(PE150; Novogene, Cambridge, UK) was performed on 20 sam-
ples comprising four biological replicates each of two-leaf stage
male (L2M) and female (L2F), four-leaf stage male (L4M) and
female (L4F), and nine-leaf stage female (L9F) plants. Moreover,
to investigate whether the expression of candidate sex-
determining genes is affected by phytohormones treatment, we
analyzed published RNA-seq data from Cannabis sativa male
(XY), female (XX) and silver thiosulfate-induced male (XX) flow-
ers (Adal er al, 2021; BioProject PRJNA669389). Expression
was quantified using Salmon, and differential expression analysis
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was performed using DESeq2, with sex (male, female and silver-
induced male) as the experimental factor. Pairwise contrasts
between all three groups were computed and P-values were
adjusted using the Benjamini-Hochberg method.

CsKAN4 expression analysis

‘FINOLA'’ and ‘Felina 32’ seeds were sown on a mixture of com-
post, John Innes no2, vermiculite and perlite (2 : 1:1: 1).
After 2 days of incubation in darkness to promote germination,
lights (red and blue LEDs) were turned on with 18 : 6, light :
dark photoperiod during 2 wk for vegetative growth, and then
changed to 14 : 10 light : dark photoperiod to induce flowering.

To study the expression of CsKAN4 in ‘FINOLA’ and
Felina32, apical meristem samples were taken at first leaf, second
leaf and fourth leaf stage. In the case of the ‘FINOLA’, from a
part of the sample, DNA was isolated and genotyping was per-
formed using the CsPDS5-CAPS protocol described in Riera-
Begue ez al. (2025) to determine whether the plants were male or
female.

From the remaining sample, RNA isolation was carried out
using the RNeasy® Plant Mini Kit (Qiagen) according to the
manufacturer’s instructions.

For qPCR, 200 ng of the isolated RNA was used to synthesize
cDNA following the SuperScript™ IV Reverse Transcriptase
(Invitrogen™) protocol as per supplier’s instructions.

The primer sequences used for the qPCR are the following:
23_KAN4_fwd: 5’ TGAGC ATGAG CATGT AGATG GA-3';
23_KAN4_rv: 5'-TGGGA CGAGT ACTTA CATGG G-3".

gPCRs were conducted in a final volume of 10 pl with: 5 pl
Fast SYBR™ Green Master Mix (Thermo Fisher Scientific, Wal-
tham, MA, USA), 0.2 pl of 23_KAN4_fwd (10 pM), 0.2 pl of
23_KAN4_rv (10 uM), 0.6 pl DEPC water and 4 pl of the
cDNA template (2 ng ulh.

The QuantStudio™ 5 Real-Time PCR System (Thermo Fisher
Scientific) was used for the reverse transcription quantitative poly-
merase chain reaction (RT-qPCR). After an initial hold stage at
95°C for 20 s, 40 cycles at 95°C for 10 s, at 58°C annealing tem-
perature for 30 s were performed before a melt curve stage which
consisted in 95°C for 15 s, 60°C for 80 s and 95°C for 15 s.

Expression levels were normalized to CsPP2A and CsUBQ as
housekeeping genes (Guo ez al., 2018).

Results

Investigation of evolutionary strata and shared
recombination suppression between Cannabis and
Humulus

To identify the region of the sex chromosomes likely to harbor
the sex-determining genes, we searched for the oldest area of
recombination suppression between the X and Y chromosomes,
as this region would have been the first to cease recombining and
would therefore show the highest sequence divergence. To search
for evolutionary strata, we plotted synonymous divergence (d)
for single-copy X-Y orthologs in the Cannabis cultvar
© 2026 The Author(s).
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‘Kompolti’ (Fig. 1a,b; Supporting Information Table S1) and in
Humulus along the X chromosome (Fig. lc,d), as ds increases
with time since recombination suppression. For both species, the
changepoint analysis inferred a single evolutionary stratum for
the most supported model (Fig. S1). A less supported model with
two changepoints inferred a small younger evolutionary stratum
expanding the nonrecombining region toward the pseudo-
autosomal region (PAR).

By anchoring the gene order to the same Cannabis physical
map, we found that the evolutionary strata inferred in the two
species seemed concordant, suggesting that recombination cessa-
tion occurred before the speciation event separating Cannabis
from Humulus. This was subsequently confirmed through single
tree phylogenies identifying genes with #rans-specific polymorph-
isms between Cannabis and Humulus sex chromosomes (high-
lighted in red in Fig. 1). The genes with rrans-specific
polymorphisms were contained in an area spanning from 36 Mb
toward the end of the chromosome X, again pointing to the old-
est region of recombination suppression being in this area
(Dataset S1).

We further identified specific genes exhibiting saturation of
synonymous sites (ds > 1), indicating multiple synonymous
mutations per site on average. The genes displaying the highest
divergence, LOC115700360 and LOC115699965, were located
at 81.2 Mb and 82.3 Mb on the Cannabis X chromosome,

respectively.

Inheritance of monoecy reveals likely X-linked control
system

Monoecious and dioecious hemp cultivars are interfertile, which
offers the opportunity to analyze the monoecy—dioecy sex-
determination system genetically using QTL analyses. To eluci-
date the genetic basis of monoecy, we analyzed segregation pat-
terns across three generations of a previously described cross
between the monoecious cultivar ‘Felina 32’ acting as pollen
receiver and the dioecious ‘FINOLA’ cultivar acting as pollen
donor (Dowling er al., 2024). The F; generation consisted exclu-
sively of dioecious plants (49% male, 44.9% female, with the
remaining 6.1% not flowering) with no monoecious individuals
among the phenotyped plants (Fig. 2a; Table S2), demonstrating
complete dominance of dioecy.

In the F, generation, monoecy reappeared with complex segre-
gation patterns. Among the flowering individuals, we observed
43% females, 29% monoecious, and only 20.1% males, signifi-
cantly deviating from the expected 50% male percentage
(X2 = 18.3, P < 0.001; Fig. 2a). To produce the F, population,
several F; female individuals were pollinated using the same F,
male plant. Sex frequencies in the F, progeny varied significantly
depending on the identity of the F; mother plant. Despite using
the same F; male pollinator, male offspring frequency ranged
from 6.8% to 35.9% across different F; mothers ()(‘2 = 23.65,
df = 6, P =0.0006; Fig. 2b), indicating maternal influence on
sex inheritance.

Two hundred and fifty-two F, individuals were sequenced
using SLAF-seq (to be described later), and F; plants used for
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crossing were subjected to whole genome sequencing (Dowling
et al., 2024). The correlation between the F; and F, plant sex
phenotype and genotype was confirmed by measuring the percen-
tage of sequencing reads mapping to the Y chromosome for each
plant, considered here a proxy for the presence of the Y chromo-
some. The percentage of reads mapped against the Y chromo-
some was > 6% in every male sample and < 3% in female and
monoccious plants (Table S3), indicating a strong correlation
between genetic and phenotypic sex.

Moreover, the sex genotype was confirmed by a previously
described PCR assay (Riera-Begue ez al, 2025) for 137 of
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always based on the position of

Humulus X Cannabis Y
—E —|: orthologs on the YMv2a assembly chrX

Humulus Y (Lynch et al., 2025), which serves here

as the reference to maintain a

No single-copy ortholog between Cannabis and Humulus X and Y consistent and comparable ordering

across the two species.

the F, plants, confirming a 100% agreement between the
phenotyped and genotyped sex of the tested plants. In parti-
cular, phenotyped females and monoecious plants were always
genotyped as having XX chromosomes (Riera-Begue ez al,
2025).

The F; generation, produced from the F, via random inter-
crossing, consisted overall of 26% female, 20% monoecious,
31% male individuals and 22% of plants which did not flower in
the observation period. It confirmed a recessive inheritance type
of the monoecy trait: monoecious F, mothers produced 34%
monoecious offspring vs only 15.1% monoecious offspring from

© 2026 The Author(s).
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(dioecious) x ‘Felina 32" (monoecious) cross. (b) Sex distribution of F, plants grouped by F1 mother plant. (c) Sex distribution of F5 plants grouped by F,

maternal parent sex phenotype. (d) Genetic map constructed from 1400 speci
10 chromosomes. (e) Physical map showing marker distribution along chromo

female F, mothers, a 2.3-fold difference (x> = 11.783, df = 2,
P = 0.0028; Figs 2c, S2).

A high-resolution genetic map identifies the Monoecy1
locus on the X chromosome

We constructed a high-density genetic map using SLAF-seq ana-
lysis of 252 F, individuals. After filtering for quality and segrega-
tion distortion, we retained 1400 markers spanning 1055
centiMorgans across all chromosomes, with an average spacing of
<1 ¢M. The physical map covered c. 86 Mb of the X chromo-
some, providing sufficient resolution for QTL mapping (Figs 2d,
e, $3, S4).

© 2026 The Author(s).
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fic locus amplified fragment (SLAF)-seq markers spanning 1055 cM across
somes in megabases (Mb).

QTL analysis using 189 female and monoecious F, plants
revealed no significant associations between the monoecy trait
and any autosome. However, almost the entire X chromosome
showed a strong signal with a peak LOD score of 6.97 at marker
X_80375543 (80.38 Mb), exceeding the genome-wide signifi-
cance threshold of 3.4 (10 000 permutations; Fig. 3a; Table $4).

As QTL mapping showed a broad peak covering almost the
entire X chromosome (Fig. 3a,c), we used CIM to further refine
the signal. This resulted in the identification of a 2-Mb region
(80-82 Mb) on the X chromosome (Fig. 3b,d; Table S5)
strongly associated with monoecy and also peaking at marker
X_80375543. This locus, which we designate Monoecyl, explains
15% of phenotypic variance for the monoecy/dioecy trait.
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Fig. 3 Quantitative trait locus (QTL) mapping and sex chromosome evolution in Cannabis sativa. (a) Genome-wide QTL scan for the monoecy trait. The
red line indicates the 5% significance threshold (10 000 permutations). (b) Composite interval mapping (CIM) confirming the X chromosome QTL.

(c) Detailed X chromosome QTL analysis showing peak logarithm of the odds (LOD) score at marker X_80375543. (d) CIM refinement of Monoecy1 locus
to 80-82-Mb interval. (e) Percentage of X-chromosomal genes lacking Y chromosome homologs in 10-Mb bins. The dashed line indicates the pseudo-
autosomal region (PAR) boundary; yellow highlights Monoecy1. (f) Distribution of female-biased genes along the X chromosome. Yellow highlights
Monoecy1. Female-biased genes are defined as those exhibiting significantly higher expression in females compared with males (adjusted P-value < 0.05,
log, fold change > 1) in at least one of two developmental stage comparisons (vegetative or flowering), as identified in Shi et al. (2025).

Notably, Monoecyl was located within the area on the X chromo-
some where the genes displaying the highest s divergence are
contained (Fig. 1a).

Further genotype—phenotype association analysis (Fig. S5),
comparing the genotype at the identified marker X_80375543
(Xgo3 hereafter) with the monoecy/dioecy phenotype of the F,
plants, provided support for the Monoecyl locus (Table S6). Indi-
viduals homozygous for allele Xgo3 p (which is the parental dioe-
cious ‘FINOLA’ genotype) exhibited an almost exclusively
dioecious female phenotype (88%, although the Xgo3 pXso3 D
genotype was unexpected in F, plants, see Notes S1, Figs S6, S7).

New Phytologist (2026) 251: 505-522
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By contrast, genotype Xgos w1, the parental monoecious ‘Felina
32’ genotype, was predominantly associated with monoecy (68%
homozygous F, plants being monoecious). Individuals heterozy-
gous for the parental genotypes (Xg03 pXso3_m) showed an inter-
mediate distribution (62% female, 38% monoecious). An
analysis of recombination breakpoints confirmed the quantitative
nature of Monoecyl but did not allow narrowing down the QTL
further (Fig. S8). Repeating the QTL analysis on chromosome X
after filtering the reads with a stricter mapping quality threshold
of MAPQ > 35 resulted in fewer markers retained but the peak
marker remained the same (Fig. S9).

© 2026 The Author(s).
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To avoid the possibility that a genomic region only present on
monoecious cultivars was being missed when using the reference
‘Pink Pepper’ genome (Ryu ez al, 2024; which is based on a
female plant of a dioecious cultivar), we repeated the QTL analy-
sis after mapping the SLAF-seq reads and genotyping against
both haplotypes of the monoecious ‘Santhica’ cultivar genome
(Lynch ez al., 2025). The same pattern was obtained (Fig. S10),
with most of the nonrecombining region being associated with
the monoecy trait, and the markers with peak LOD significance
being X_3257050 and X_3100042, respectively, for the SANa
and the SAN2b. By BLASTing the surrounding genomic region,
both markers were found to be placed in a region situated in the
reference ‘Pink Pepper’ X chromosome at 82.79 Mb.

Genomic comparisons point to the end of the X
chromosome as the most divergent section

To investigate the degeneration of the Y chromosome, as
expected following recombination suppression, we estimated the
proportion of protein-coding genes that were present on the X
chromosome but absent on the Y chromosome. Overall, 418
out of 3446 (12.1%) of protein-coding genes on chromosome
X did not have a counterpart on chromosome Y. The positions
of those hemizygous genes were not evenly distributed along the
chromosome. The terminal region spanning from 80 Mb to the
end of the X chromosome displayed the highest proportion of
hemizygous genes, with a conservative estimate of 40% of X-
encoded proteins lacking a Y counterpart (Fig. 3e; Table S7).
This result is seen in the reference genome but was also con-
firmed for the alternative ‘Kompolt’
(Fig. S11).

Furthermore, there is a clear pattern of the gene loss ratio

cultivar  genome

increasing from one end of the X chromosome to the opposite
end, being near zero in the section from 0 to 30 Mbp. This is in
agreement with the position of the previously described PAR
(Prentout er al., 2021) which is still actively recombining between
X and Y chromosomes.

An inverse analysis was also performed measuring the genes on
the Y chromosome that are not present on the X chromosome.
This showed a much lower ratio of Y-exclusive genes (Fig. S12),
with only ¢ 6% of proteins from the Y-exclusive region not
found on the X, consistent with the general observation that X
chromosomes are typically not actively degenerating like Y chro-
mosomes (Charlesworth, 2013).

Together, our observations may be taken as indication that
the sex chromosome evolution in C. sativa was initiated in a
region toward the end of the X chromosome. This conclusion
is further supported by previous synonymous substitution rate
that
between the X and Y chromosomes first ceased toward the end

and phylogenetic analyses indicating recombination
of the sex chromosomes (Prentout et al, 2021). Interestingly,
Monoecyl, that is the locus controlling monoecy vs dioecy, is
located in the same terminal section of the X chromosome. We
therefore next analyzed data from our previous transcriptomics
experiments (Shi et @/, 2025), in which we compared male

with female apical meristem samples at different developmental

© 2026 The Author(s).
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stages to identify genes with sex-biased expression. When ana-
lyzing the percentage of X-chromosomal genes that showed a
female—male-biased expression we detected a pattern similar to
the gene loss analysis: the greatest percentage of female-biased
genes was found at the end of the X chromosome, in the region
where Monoecyl is located (Fig. 3f), with as much as 8% of the
genes in this region being overexpressed in females as compared
to males.

A KANADI transcription factor gene is located in
Monoecy1 and differentially expressed between
monoecious and female dioecious plants

We next reasoned that candidate genes controlling monoecy
might be differentially expressed between monoecious and dioe-
cious cultivars. Initial comparisons between dioecious female
‘FINOLA’ and monoecious ‘Felina 32’ plants revealed 3420
DEGs (Fig. 4a; Tables S8, S9). The large number of DEGs in
the parental generation comprises both sex-related genes and
cultivar-specific differences. Genetic recombination in the F,
population randomized cultivar-specific traits unrelated to sex
expression, allowing us to identify genes more directly associated
with the monoecy trait.

Consequently, to refine our transcriptomics analysis, we com-
pared gene expression profiles between monoecious and dioe-
cious female F, plants, which reduced the number of DEGs to
90 (Fig. 4b; Tables S8, S9).

However, none of these 90 genes were located within the
Monoecyl QTL when applying the standard adjusted P-value fil-
ter (Pogj < 0.05) from DESeq2. This discrepancy likely reflects
the limited sample size in our F, transcriptomic analysis (z = 3
per group), which resulted in high dispersion estimates and con-
sequently many genes with NA adjusted P-values in DESeq2,
despite some having extremely low unadjusted P-values.

To identify candidate genes within Monoecy! that might con-
tribute to the monoecy trait, we employed a complementary
approach: we examined genes that were both (1) significantly dif-
ferentially expressed between the parental cultivars ‘FINOLA’
and ‘Felina 32’ (P,4; < 0.05, [log,FC| > 1), and (2) showed con-
sistent differential expression in the F, generation using instead a
P-value threshold (P < 0.01, |logo,FC| > 1). This intersection
identified LOC115699949 as the only gene within Monoecyl
meeting both criteria. LOC115699949 bears homologies to the
Arabidopsis  thaliana transcription factor gene KANADI4
(KAN4/ ATS; 1zhaki & Bowman, 2007; Gomez et al., 2016) and
was therefore termed CsKAN4 (Fig. S13). CsKAN4 is expressed
more highly in female ‘FINOLA ’than in monoecious ‘Felina 32’
plants, and also more highly in female F, than in monoecious F,
plants (Fig. 3d). In the ds analysis, CsKAN4 was found to be pre-
sent exclusively on the X chromosome with no corresponding
homolog found on the Y chromosome.

We also extended our transcriptomic analysis to the F4 monoe-
cious and dioecious samples of our mapping population, gener-
ated though random intercrossing of the F, and F3 generation.
Here, only nine genes were differendally expressed between
monoecious and female dioecious plants (Fig. 4c; Tables S8, S9).
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the data.

We further identified nine genes consistently downregulated
across all generations of our mapping population in monoecious
vs female dioecious plants when filtering for P < 0.05 and |
log,FC| > 1 (Table S10), one of them being likely involved in
the gibberellic acid (GA) pathway: LOCI115706670 (encoding a
putative gibberellin 2-beta-dioxygenase 1), located on Chromo-
some 1 (Fig. 4d). This enzyme is presumably involved in GA cat-
abolism, suggesting that its reduced expression in monoecious
plants may contribute to higher GA catabolism and consequently

New Phytologist (2026) 251: 505-522
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more elevated GA levels compared with dioecious females, thus
promoting male flower development.

We did not detect differential expression of CsKAN4 in the F4
generation (Fig. 4¢), but F4 samples were isolated from flowering
tissue whereas F, and parental samples were from leaf tissue. To
obtain a more detailed view of CsKAN4, we performed qPCR on
apical meristem samples from monoecious and dioecious indivi-
duals at different vegetative stages and young flowering stages,
using the CsPP2A housekeeping gene to normalize expression.

© 2026 The Author(s).
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This analysis confirmed significant downregulation of CsKAN4
in monoecious ‘Felina 32’ plants compared with dioecious female
‘FINOLA’ plants (Figs 4f, S14), supporting the hypothesis that
reduced CsKAN4 expression is a molecular signature of the
monoecious phenotype. Notably, CsKAN4 differential expression
was restricted to preflowering stages, consistent with the absence
of differential expression observed in RNA-seq data from the
inflorescences and flowers in Fj4 plants. Furthermore, CsKAN4
expression did not differ significantly between male and female
flowers of monoecious ‘Felina 32’ plants (Figs 4f, S14).

Monoecy1 contains putative male vs female
sex-determination genes

Strikingly, a detailed analysis of the CsKAN4 gene locus revealed
that it is just 60 000 bp away from the ortholog of the Arabidop-
sis gene AT4G33280, CsREM16. In Arabidopsis, some genes of
the REM family are implicated in reproductive development
(Mantegazza et al., 2014). For Cannabis, we previously reported
that CsREM 16 was strongly upregulated in females as compared
to males and proposed that it constitutes a molecular switch
between male and female plant development (Shi ez al, 2025).
Like CsKAN4, CsREMI16 was found to have no corresponding Y
chromosome counterpart.

We next analyzed the region containing CsREMI6 and
CsKAN4 in more detail. Between CsREM16 and CsKAN4, only
two other genes are located, a putative long noncoding
(Inc) RNA (LOC133032448) and a putative pseudogene
(LOC115699946; Fig. 5a). Sequence analysis further revealed
that the IncRNA contains a region of ¢.300 nt with high similar-
ity to GsREM16 (Fig. S15; Dataset S2; Notes S2). This might
indicate a possible regulatory function and we therefore termed
LOC133032448 [ncREM]I6.

To establish further evidence of the sex-related expression pat-
tern of the genes in Monoecyl, we integrated 64 RNA-seq samples
from previous experiments, encompassing monoecious and dioe-
cious samples from different developmental stages and growth
conditions from the ‘FINOLA’ and ‘Felina 32’ cultivars (Dowl-
ing et al., 2024; Shi et al., 2025; Fig. S16a; Table S11). This con-
firmed the dioecious-biased expression of CsKAN4, the high
expression of CsREMI6 in female and monoecious individuals,
and showed that /zcREM16 is largely silenced in monoecious and
female dioecious individuals and, remarkably, despite being
located on the nonrecombining region of the X chromosome,
IncREM16 is expressed in male samples (Fig. S16a; Table S11).
Notably, LOC115699965, which is among the genes with the
highest ds values and is homologous to the Arabidopsis pollen-
function gene /INGUBANG (Ju et al., 2016), is situated c. only
150-kb downstream of our primary sex-determination candidate
CsREM 16 (Shi et al., 2025) and 90-kb downstream of CsKAN4,
further supporting the ancient origin of this locus. Furthermore,
genome sequencing data from the monoecious ‘Felina 32’ culti-
var revealed an insertion containing a transposable element
domain ¢. 8000-bp upstream the start of the transcription site of

CsKAN4, absent in the dioecious ‘FINOLA’ cultivar (Fig. S17;
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Dataset S3) as a possible disruptor of its expression in the monoe-
cious cultivar.

The candidate sex-determining genes are conserved
between Cannabis and Humulus

Given that Cannabis and Humulus species separated after the evo-
lution of their shared XY sex chromosomes and sex-determination
system in their ancestor (Prentout er al, 2021), we investigated
whether the candidate sex-determining genes identified in Canna-
bis are conserved in hop (Humulus lupulus). Analysis of the hop X
chromosome revealed that both A/REM16 (LOC133803719) and
HIKAN4 (LOC133804030) are located in the terminal section of
the nonrecombining region (189.9-190 Mb), maintaining their
close proximity as observed in Cannabis (Fig. 5b). Protein
sequence comparison showed high conservation, with H/IREM16
sharing 83.3% amino acid identity with CsREM 16, while HIKAN4
displayed a lower 59.3% protein level identity with CsKAN4
(Fig. S18). The full /ncREMIG6 transcript was not identified in
hop. Expression analysis using published RNA-seq data from five
male and five female hop plants demonstrated that H/REMI16
exhibits the same female-biased expression pattern observed in
hemp, with significanty higher (P < 0.05) expression in females.
Similar to CsKAN4, HIKAN4 showed a similar expression level
(P> 0.05) in females compared with males (Fig. S16b). In con-
trast to Cannabis, monoecy is uncommon in hops (Hau-
nold, 1991), and thus, a female vs monoecious HIKAN4

expression comparison is not included here.

Evaluation of alternative sex-determination candidates

Given recent proposals of ethylene signaling components as sex
determinants in Cannabis and Humulus (Akagi et al., 2025;
Carey et al., 2025), we evaluated the expression patterns of the
two key proposed sex-determination candidates: the ethylene bio-
synthesis gene Cannabis sativa I1-aminocyclopropane-1-carboxylic
acid synthase 3 (GACS3, LOC115696400; Carey et al., 2025)
and the putative ethylene receptor gene Cannabis sativa Ethylene
Recepror 1 (GETRI, LOC115702329; Akagi et al., 2025). Both
genes reside within the terminal nonrecombining region of the X
chromosome, positioning them as plausible sex-determination
factors according to our model. Both are, however, not in the
Monoecyl QTL, although CiACS3 is located very close to the
QTL, at 79.96 Mb, while the QTL is positioned from 80.8 Mb
to 82.1 Mb.

To enable direct comparison of gene expression dynamics, we
examined our three primary candidates (CsREM16, CsKAN4 and
IncREM16) across the same developmental stages and tissues as
the ethylene pathway genes (CsACS3 and CsETRI). In vegetative
apical meristem samples as well as in flowers, CsREM16 showed
consistent female-biased expression (Fig. 6a). /ncREMI16 dis-
played the opposite pattern, with male-specific expression in
vegetative and flowering samples (Fig. 6b). CsKAN4 showed
similar expression in both sexes during vegetative and flowering
stages with no significant male—female difference, consistent with
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its proposed role in the monoecy/dioecy distinction rather than
male/female determination (Fig. 6¢).

Analysis of CsACS3 expression across our dataset revealed tis-
sue and developmental specificity. The gene shows no or very low
expression at the vegetative stage and in flowering males, but
expression is detectable in late-stage vegetative female and flower-
ing female samples, albeit at low levels (transcripts per million
(TPM) ¢ 1 to 4; Fig. 6d). CsACS3 has also been proposed as a
candidate gene for controlling monoecy vs dioecy, with two
indels in exon 4 being associated with monoecy (Carey
et al., 2025). Sequence analysis of the CsACS3 locus revealed no
polymorphisms between the monoecious ‘Felina 32’ and

New Phytologist (2026) 251: 505522
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dioecious ‘FINOLA’ plants used to generate our mapping popu-
lation across the entire protein-coding regions (Fig. S19).

The proposed sex-determining ethylene receptor gene CsETRI
displayed a different expression dynamic. Unlike the tissue- and
sex-specific CsACS3, CsETRI maintained similar expression
across all developmental stages and sex phenotypes examined
(Figs 6e, S16), with mean TPM values ranging from 18 to 27.

Similarly, comparison between dioecious female and male
‘FINOLA’ and monoecious ‘Felina 32’ across a variety of tissues
and sampling conditions revealed no significant expression differ-
ences for either CsACS3 or CsETRI (adjusted P-value > 0.05;
Fig. S16¢,d).
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Benjamini-Hochberg adjusted P-values. Groups sharing the same letter are not significantly different (adjusted P < 0.05). Orange: female; blue: male.
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flower development. XY males express IncREM16 and CsKAN4 but CSREM16 is silenced (potentially by IncREM16), leading to male flower development. XX
monoecious plants express CSREM16 but not IncREM16 and CsKAN4, enabling development of both male and female flowers on the same individual.

We next reasoned that a master switch for sex determination
would be expected not to change in expression even if the pheno-
typic sex is altered by phytohormone/hormone inhibitor applica-
tion. To further analyze this we leveraged a transcriptomic data
set by (Adal ez al., 2021) that provides expression data from rela-
tively mature male (from XY plants) and female (XX plants)
flowers but also male flowers that were induced by silver thiosul-
fate on female plants (i.e. male flowers on XX plants). Expression
of CGsREM16, CsACS3 and IncREM16 is associated with the geno-
typic sets in those datasets (Fig. S20), that is CsREMI6 and
CsACS3 are expressed in female (XX) and induced male (XX)
flowers at higher levels than in male (XY) flowers (for CsETRI
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the pattern was similar though not statistically significant, poten-
tially due to high dispersion). For /mcREMIG6, expression in
induced male flowers (XX) remains zero, similar to female flowers
(XX), whereas some expression is detected in male flowers (XY).
CsKAN4 showed low expression in all three groups, indicating
again low expression in the late flowering stage (Fig. S20).

Discussion

Taken together, our data indicate that the terminal region of the
Cannabis X chromosome contains the Monoecyl QTL which
contributes to the development of monoecious vs dioecious
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individuals. Monoecyl contains three genes in the space of just
60 000 bp, the combinatorial expression of which predicts the
sex of Cannabis plants: in monoecious individuals CsREMI6 is
expressed, in female individuals CsREMI6 and CsKAN4 are
expressed, and in male individuals /ncREM16 and CsKAN4 are
expressed (Fig. 6f).

We propose that CsREM16, CsKAN4 and [ncREM16 consti-
tute molecular determinants of both monoecy/dioecy and male/
female sex expression in Cannabis. CSREM16 and CsKAN4 are
transcription factors belonging to the B3 and GARP family,
respectively, and homologs of those proteins in Arabidopsis have
been demonstrated to be involved in reproductive development
(Mantegazza et al., 2014; Safi et al, 2017). Previous studies
have indicated that sex determination in Cannabis is under X
chromosome gene dosage control (Akagi er al., 2025), which is
consistent with the X-chromosomal location and male or
female-biased expression of the genes identified here. CsREMI16
and /ncREMI6 are not affected in their expression by the
masculinizing chemical silver thiosulfate, consistent with the
idea that they are very high in the hierarchy of the sex-
determination cascade, possibly upstream of the phytohormone
pathway. Furthermore, these genes controlling sex determina-
tion may be located in a potentially older region of suppressed
recombination, with a higher percentage of gene loss and parti-
cularly high X-Y divergence. This would support the canonical
model for the evolution of plant sex chromosomes (Charles-
worth, 2013), as also found recently in Silene latifolia (Moraga
et al., 2025).

Although the exact molecular mechanisms of how the three
genes control sex determination remain elusive, it is interesting
to note that kan4 mutants in Arabidopsis show an increased
expression of GA biosynthesis genes and an increased level of
GA (Gomez er al, 2016). Likewise, our transcriptomic data
indicate that in monoecious individuals a gene encoding a puta-
tive gibberellin 2-beta-dioxygenase 1 (GA20x1) is downregulated
in conjunction with CsKAN4. GA20x1 enzymes are involved in
GA catabolism. Intriguingly, exogenous GA applications induce
the formation of male flowers on female plants in Cannabis
(Ram & Jaiswal, 1972) and a gene involved in the GA pathway
has previously been implicated in sex determination in Cannabis
(Petit et al, 2020). A reduction in CsKAN4 expression in
monoecious plants may thus lead to an increase in GA, which
in turn may foster the development of male flowers. We
detected differential CsKAN4 expression mainly in vegetative
tissue, including leaves. Long distance transport of GA has been
demonstrated in other plants (Eriksson ez al, 2006; Regnault
et al., 2015, 2016). It thus appears conceivable that transcrip-
tional changes in CsKAN4 in vegetative organs can exert effects
on floral development.

The molecular role of CsREMI6 in sex determination is more
difficult to pinpoint, but our data indicate that its expression is
strongly associated with XX as opposed to XY individuals across
different developmental stages and cultivars (Fig. 4b; Shi
et al., 2025). In Glycine max the REM16 ortholog GmREM1I6 is
involved in controlling flowering time (Singh, 2025; Wang
et al., 2025). In Arabidopsis, some REM mutants display strong
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female gametophytic defects (Matias-Hernandez ez al, 20105
Mendes et al., 2016; Caselli ez al., 2019). Furthermore, recent
data from Arabidopsis indicate that REM transcription factors
recruit RNA polymerase IV to activate expression of small inter-
fering RNAs that in turn initiate DNA methylation of specific
loci (Wu ez al., 2025; Xu ez al., 2025). Taken together, this may
suggest that CsREM16 has been co-opted to control sex determi-
nation of the sporophyte via changing the DNA methylation
landscape.

In contrast to other plant sex-determination genes, which are
predominantly expressed in reproductive tissues (Leite Mon-
talvao ez al., 2021; Masuda & Akagi, 2023; Charlesworth & Har-
kess, 2024; Marais et al, 2025), CsREMI6 is expressed in all
analyzed female tissues. This is arguably unusual for a plant sex-
determination gene but a similar system exists, for example, in
Drosophila, where every somatic cell in females expresses the sex-
determination gene SEX LETHAL, which is not expressed in
males (Salz & Erickson, 2010). In Drosophila, sex is specified in a
cell autonomous manner, and it will be fascinating to see whether
a similar concept may apply to Cannabis.

Interestingly, H/REM 16, the ortholog of CsREM16 in Humu-
lus (hops), is also located on the X chromosome and upregulated
in female vs male individuals. Humulus is the closest extant rela-
tive of Cannabis and also dioecious, and the sex chromosomes in
the two genera originated before the separation of the lineages
leading to hop and Cannabis (Prentout er al., 2021). It is thus
conceivable that the two genera share a similar sex-determination
system and that H/REM16 and CsREMI6 are key regulators of
female identity in both species. The conservation of gene loca-
tion, sequence, and expression patterns between Cannabis and
Humulus provides evidence that this sex-determining system pre-
dates their divergence, supporting the ancient origin of these sex
chromosomes and the fundamental role of these genes in Canna-
baceae sex determination.

Interestingly, in Cannabis, we detected with /mcREMI6 a Inc
RNA with an expression pattern opposite to that of CsREMI6
and with sequence similarities to CsREM16. We consider it plau-
sible that there is a regulatory relationship between the two genes,
in which one may repress the other, or they repress each other in
a feedback loop.

We were not able to detect the Inc RNA /ncREMI16 in hop,
which may be taken as indication that the details of the sex-
determination system in hop and Cannabis diverged over time.
Similar observations have been made in poplar, where two closely
related species share the same gene regulatory circuits governing
sex determination but the molecular details of gene regulation
differ Mdller ez al., 2020).

Quo vadis, sex determination?

A number of different (not necessarily mutually exclusive) models
have been proposed recently on how sex expression and sex deter-
mination in the Cannabaceae is controlled (Akagi ez al., 2025;
Carey et al., 2025; Shi ez al., 2025; Monthony ez al., 2026). Each
of them makes testable predictions about the role of different X
and Y chromosomal genes.
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Two of the proposed sex-determination genes are involved in
ethylene biosynthesis or perception: CsETRI and CsACS3 (Akagi
et al., 2025; Carey et al., 2025). While ethylene clearly plays an
important role in Cannabis sex expression, with male plants pro-
ducing female flowers after ethephon treatment and female plants
producing male flowers after silver nitrate (an ethylene inhibitor)
treatment (Ram & Jaiswal, 1972; Mohan Ram & Sett, 1982;
Monthony et al., 2026), it is noteworthy that ethylene seems to
change the sex expression of the flowers but not the overall differ-
ence in architecture of male vs female plants (Shi ez al, 2024;
Garcia-de Heer er al, 2025; Monthony ez al., 2026). Further-
more, whereas CsACS3 is upregulated in female plants starting at
the four-leaf pair stage, broad transcriptomic differences between
male and female plants are already detected earlier, with tens of
genes overexpressed in females, and hundreds overexpressed in
males already at the 2-leaf pair stage (Shi ez al, 2025). CsETRI
did show differential expression between male and female plants
only in mature flowers at relatively late developmental stages, but
not earlier during development (Figs 6, $20). Taken together, we
hypothesize that Cs£E7RI and CsACS3 might well be involved in
controlling sex expression and determining male vs female floral
identity. However, they may not be the master switches control-
ling sex determination. The phenotypic difference between male
and female Cannabis plants extends beyond floral morphology,
and we predict sex-determination genes like the putative candi-
date CsREM16 act upstream of CsETRI and CsACS3. Functional
analyses will likely be required to elucidate the regulatory rela-
tionships between those genes and to understand whether they
act independently from each other or in one regulatory cascade.

A polymorphism, specifically deletions in the fourth exon of
CGsACS3, was also proposed as a candidate for the distinction
between monoecy and dioecy. However, the amino acid sequence
of CsACS3 in the monoecious ‘Felina 32’ and dioecious ‘FINOLA’
plants used in our mapping population is identical, indicating that,
although CsACS3 might be involved in sex determination or sex
expression, an amino acid sequence polymorphism in this gene
may not be the sole causal mutation for the monoecy/dioecy trait
in ‘FINOLA’ vs ‘Felina 32’. More broadly, the discrepancies
between our and previous findings (Carey ez al, 2025) may reflect
distinct genetic origins of monoecy across cultivars.

Moreover, the incomplete penetrance observed in our segregation
analysis supports a polygenic model of monoecy/dioecy sex determi-
nation. Monoecyl explains ¢. 15% of phenotypic variance for mono-
ecy/dioecy, suggesting additional genetic factors influence sex
expression. These may include multiple loci selected through breed-
ing, environmental interactions and epigenetic regulation. There is a
high degree of phenotypic variation in sex expression even within
individual monoecious cultivars (Faux et al, 2014; Trubanova
et al., 2025), supporting the notion that monoecy is under intricate
genetic and environmental control. Further exploration of the link
between GA homeostasis and sex expression may shed additional
light on this complex phenotype and its genetic control.

In conclusion, all of the sex-determination candidates dis-
cussed here (CsREMI16, IncREMI16, CsKAN4, CsACS3 and
CsETRI) may therefore be involved in controlling sex expression
and sex determination to some extent. It will be fascinating to see

© 2026 The Author(s).
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how future experiments shape our understanding of sex determi-
nation in Cannabis and beyond.
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