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Abstract

Cannabis sativa L. has a long history of medicinal and industrial use, with female flowers
being the primary source of bioactive compounds such as cannabinoids and terpenoids,
which are synthesized in glandular trichomes. Despite its importance, the genetic
mechanisms governing flower development, sex determination, and the biosynthesis of
these valuable secondary metabolites remain only partially understood. In this study, we
conducted an in-depth transcriptomic and comparative genomic analysis to elucidate the
molecular networks underlying these key traits. By integrating 117 RNA-Seq datasets and
performing phylogenetic analyses across nine distinct C. sativa genomes, we identified 31
orthogroups of MADS-box transcription factors. Expression profiling of these genes revealed
distinct sets of candidates associated with male and female flower identity, consistent with
the established ABCDE model of floral development. Specifically, genes from the APS3,
P1/GLO, and MIKCS clades showed preferential expression in male flowers, while genes from
the AGL6, FLC-like, and Bsister clades were highly expressed in female flowers. Furthermore,
our investigation into genes related to pollen development highlighted the significant role of
sugar metabolism and transport in male fertility. Finally, our analysis of cannabinoid and
terpenoid biosynthetic genes confirmed their pronounced expression in trichomes and
highlighted a key distinction: while the upstream polyketide, MEV, and MEP pathways and the
terpenoid pathway showed conserved expression across chemotypes, the cannabinoid
pathway exhibited chemotype-specific expression profiles. Collectively, our findings provide
a comprehensive molecular framework for understanding floral development and secondary
metabolism in C. sativa, offering valuable targets for future functional studies and advanced
breeding programs aimed at optimizing desirable agronomic and medicinal traits.

Keywords: ABCDE model, Flower development, Cannabinoids, Photoperiod response,
Terpenoids, MADS-Box genes.
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Introduction

The use of Cannabis sativa L. female flowers (FF) dates back over 2,700 years, serving as
medicinal, ritualistic, and recreational purposes across diverse cultures (Ren et al., 2019). In
modern contexts, cannabis is primarily consumed via two methods: combustion (smoking)
and essential oil extraction. FF are the most valuable part of the plant due to their rich
biochemical profile (Pieracci et al., 2021; Ren et al.,, 2019). These flowers are densely
covered in glandular trichomes—microscopic resin-producing structures that synthesize a
wide array of secondary metabolites, including cannabinoids, terpenoids, and flavonoids.
These compounds are responsible for the plant therapeutic, psychoactive, and sensory
properties (EISohly & Slade, 2005; Ren et al., 2019).

The primary metabolites produced in cannabis FF are cannabinoids, hydrocarbons,
sugars, steroids, mono- and sesquiterpenes, flavonoids, amino acids, and nitrogenous
compounds (EISohly & Slade, 2005). Among these, cannabinoids are the most
pharmacologically and commercially valuable, particularly delta-9-tetrahydrocannabinol
(A9-THC) and cannabidiol (CBD), which are associated with both medicinal and adult-use
applications (Gilck & Mgller, 2020; Leinen et al., 2023). Terpenoids also contribute
significantly, especially in the context of adult use, as they shape the aroma and flavor profile
of cannabis products (Hanu$ & Hod, 2020; Rice & Koziel, 2015). Notably, the effects
observed from smoking cannabis or using full-spectrum oils result from the combined
action of multiple metabolites produced in trichomes, a phenomenon known as “entourage
effect” (Ferber et al., 2020).

C. sativa is a dioecious species, producing separate male and female plants.
Although studies have shown that flower sex can be altered by chemical or environmental
cues (Adal et al., 2021), the genetic mechanisms underlying flower development and sex
differentiation remain largely unresolved. In this study, we leveraged a comprehensive
collection of RNA-Seq datasets from the Cannabis Expression Atlas (CannAtlas)
(Barbosa-Xavier et al., 2024) to investigate three key gene groups involved in cannabis flower
biology: (i) MADS-box transcription factors (TFs); (ii) genes potentially associated with
pollen development, and; (iii) genes involved in cannabinoid and terpenoid biosynthetic
pathways. These transcriptomic analyses were complemented by comparative genomics
across multiple Cannabis genomes. Our findings reveal candidate genes associated with
flower morphology and sex determination, as well as key enzymes driving cannabinoid and
terpenoid production in trichomes.

Material and methods

Expression data

Expression data (in transcripts per million, TPM) from 117 RNA-seq samples— comprising
trichomes (n = 59), FF (n = 34), male flowers (MF, n = 18), and induced male flowers (IMF, n =
6)—along with their metadata, were obtained from the CannAtlas (Barbosa-Xavier et al.,
2024).
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MADS-box phylogenetic and orthology analysis

We used the PlantTFDB v5.0 prediction tool (Tian et al., 2020) to identify MADS-box TFs
across nine C. sativa varieties with publicly available genome and protein sequence data
(Table 1). To determine orthologous relationships across these nine C. sativa genomes, we
employed OrthoFinder v3.0.1b1 (Emms & Kelly, 2019). The MADS-box protein sequences
reported by Ristevski (2023) were used as references to identify orthogroups (OGs)
containing MADS-box genes. Only OGs with at least one reference MADS-box protein were
retained for downstream analysis. Protein sequences within each OG were aligned using
MAFFT v7.525 (Katoh & Standley, 2013), and maximum-likelihood phylogenies were
reconstructed using IQ-TREE v2.3.6 (Minh et al, 2020) under default parameters.
Phylogenetic trees were visualized with FigTree v1.4.4 (Rambaut, 2012), and OG alignments
were further inspected using the NCBI Multiple Sequence Alignment Viewer v1.26.0.

Table 1. Cannabis varieties used in MADS-box analysis.

Source
Genome Reference databaseProtein
sequence source
Jamaican Lion mother +Y (K. McKernan et al., 2018, 2020) RefSeq*
Pink Pepper (Ryu et al., 2024) RefSeq
Purple Kush (Bakel et al., 2011; Laverty et al., 2019) CannabisGDB
Finola (Bakel et al., 2011; Laverty et al., 2019) CannabisGDB
CBDrx18 (Cs10) (Grassa et al., 2018, 2021) CannabisGDB
LA Confidential Steep Hill Genetics CannabisGDB
Chemdog91 Courtagen Life Sciences CannabisGDB
Pineapple Banana Bubba Steep Hill Genetics CannabisGDB
Kush
Cannatonic Phylos Bioscience CannabisGDB

*The Y region was manually collected from Jamaican Lion father files and appended to the Jamaican
Lion mother genome (as used in CannAtlas).

Male flower development genes

We conducted BLAST (Altschul et al., 1997) searches against CannAtlas using three
reference gene sets to identify genes potentially related to pollen development and male
function in C. sativa: (i) 62 sugar metabolism-related reference genes from Liu et al. (2021),
(ii) 61 candidate genes associated with masculinization in cannabis proposed by Adal et al.
(2021), and (iii) 185 reference genes implicated in male sterility in Chinese cabbage
(Brassica rapa) (Huang et al. (2020). BLAST searches were performed with the following
parameters: similarity_matrix = BLOSUM®62, e-value < 0.001, qcov_hsp_perc = 80 and,
max_target_seqs = 1.
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Cannabinoid and terpenoid pathway genes

Genes involved in cannabinoid and terpenoid biosynthetic pathways, as reported by
Kovalchuk et al. (2020), were retrieved from Genbank and used to extract expression data
from CannAtlas. All genes were successfully identified in CannAtlas. BLAST searches were
conducted with the following parameters: per_identity = 80, e-value =< 1e-10, and
qgcov_hsp_perc = 90.

Enrichment analysis

Enrichment analyses of Gene Ontology (OG), KEGG pathways, and TF family were performed
using a Fisher's exact test in R, with significance defined by a Benjamini-Hochberg adjusted
p-value < 0.05.

Results and discussion

Identification of MADS-Box orthogroups across cannabis varieties and analysis of
their expression in male and female flowers

The MADS-box TF family plays a central role in the ABCDE genetic model of flower identity,
which governs the specification and differentiation of sepals, petals, stamens, carpels, and
ovules (F. Chen et al.,, 2017). This model describes how the combinatorial expression of
specific MADS-box TFs defines floral organ identity and coordinates flower morphogenesis,
ensuring proper reproductive development (Coen & Meyerowitz, 1991). Using Arabidopsis
thaliana MADS-box TFs as reference, Ristevski (2023) identified 68 cannabis MADS-box TFs
in the C. sativa ‘Cs10’ genome (CBDrx-18), which were distributed across 18 phylogenetic
clades. These include members of both type | (Ma, M3 and My) and type Il (MIKCS, Bsister,
PI/GLO, AP3, AGL12, SVP, AGL15, AGL17, AG, TM3, FLC-like, FLC, AGL6, SQUA, and SEP)
MADS-box genes.

To expand this analysis, we used the PlantTFDB prediction tool to identify MADS-box
TFs across nine C. sativa varieties with publicly available genomes (Table 2). Based on the
total number of predicted TFs per genome, we found that MADS-box genes account for an
average of 4.57% of all cannabis TFs (Table 2). In the CBDrx-18 (Cs10) genome, our
approach identified 76 MADS-box genes, including all the 68 genes reported by Ristevski
(2023). This result supports the accuracy and sensitivity of the strategy used in both studies.
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Table 2. MADS-box TF distribution across nine cannabis varieties.

Variety # Total TFs # MADS TFs % MADS
Jamaican Lion mother +Y 1532 70 457
Pink Pepper 2315 123 5.31
Purple Kush 1816 77 4.24
Finola 1694 77 4.55
CBDrx18 (Cs10) 1399 76 5.43
LA Confidential 1055 43 4.08
Chemdog91 789 35 4.44
Pineapple Banana Bubba Kush 920 36 3.91
Cannatonic 949 44 4.64
Mean 1385.44 64.56 4.57

OrthoFinder grouped 95.5% of the input genes (280,293 out of 293,409 predicted
proteins) into 17,972 0Gs. Among these, 0.5% (1,467 genes) were assigned to 596
variety-specific 0Gs (Table S1), with the majority concentrated in Purple Kush, Jamaican
Lion, and Finola, which together accounted for 420 of the variety-specific OGs (Table S2). To
explore MADS-box orthology across C. sativa varieties, we used OrthoFinder with the 68
MADS-box TFs identified by Ristevski (2023) in the CBDrx-18 (Cs10) genome as reference.
We identified 31 OGs containing at least one MADS-box gene, of which 23 included at least
one of the reference MADS-box TFs (Table S3). Among these, only two OGs grouped genes
from more than one phylogenetic clade: 0G0000096 included representatives of AG, AGLS6,
FLC, and SEP, while 0G0000433 contained genes from the FLC-like and TM3 clades (Table 3
and S3). The remaining reference genes were distributed across distinct OGs as follows:
AP3, AGL17, AGL12, AGL15, SVP, SQUA, Bsister, and PI/GLO, each mapped to separate OGs,
whereas Ma, MB, My and MIKCS reference genes were distributed across 5, 3, 3, and 2 OGs,
respectively (Table 3 and S3).

Some OGs also included genes that were not predicted as MADS-box or as members
of any TF family by the PlantTFDB pipeline (Table 3). To understand why these genes
appeared in MADS-box clades, we examined their Multiple Sequence Alignments (MSA) and
found that, although they showed partial alignment with MADS-box genes, they lost the
conserved N-terminal MADS-box domain (Figure 1 and Figures S1-S17). This domain is
essential for the canonical function of the MADS-box TFs and its absence explains why the
homologs that lost them were not recognized by PlantTFDB. Finally, we used CannAtlas to
assess expression patterns of the identified cannabis MADS-box TFs in male and FF (Figure
2).
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Table 3. Number of MADS-box* and Non-MADS** genes in each reference clade of each OG.

LA

o '\f"A:)Z Ref. CBDRx-18 Cannétonic Chem§0991 Finrola JL_Mother_Y Confidential PineapPIe BBK Purplg Kush | Pink ?epper rotal
ref. clade Non Non Non Non Non Non Non Non Non
MADS MADS|MADS MADS MADS MADS| MADS MADS MADS MADS MADS MADS| MADS MADS| MADS MADS MADS MADS| MADS
0G0000033  AP3 1 1 1 1 1 1 1 1 8
0G0000096 AG 2 3 2 1 1 4 2 2 1 1 1 3 2 1 7 33
0G0000096 AGL6 2 1 1 1 2 1 1 1 1 2 1 14
0G0000096  FLC 1 1 1 1 1 1 1 1 2 10
0G0000096  SEP 9 5 2 5 1 2 7 2 6 1 3 3 3 6 4 19 1 79
0G0000207 AGL17 9 1 4 1 2 2 6 1 5 4 1 2 3 3 1 7 13 4 69
0G0000366 Mg 4 5 5 3 9 3 5 1 2 6 6 49
0G0000433 TM3 3 3 1 1 1 1 1 2 2 1 3 1 1 3 10 34
0G0000433 FLC-like 1 2 1 2 2 1 1 10
0G0000580 Ma 2 2 2 1 2 1 4 2 3 2 2 1 2 2 3 3 5 39
0G0000736 Mb 1 1 1 1 1 1 1 1 8
0G0000955  svpP 4 2 1 1 1 1 3 3 2 3 3 6 30
0G0001105 MIKCS 3 1 1 1 2 1 4 3 1 1 1 1 3 1 24
0G0001107 Mb 2 3 5
0G0001251 SQUA 3 2 1 1 1 4 3 2 3 3 4 27
0G0001495 MIKCS 2 1 1 1 2 2 1 1 8 19
0G0001697 Ma 3 2 2 3 1 1 4 3 19
0G0001926 Mb 3 3 3 1 1 3 2 2 3 21
0G0001966 Mg 1 2 1 1 5 2 1 1 2 16
0G0002119 Ma 2 1 2 2 3 1 1 1 5 18
0G0002194 Bsister 3 1 1 1 2 1 1 1 2 3 16
0G0002853 Ma 2 1 2 1 1 1 1 4 13
0G0003904 Ma 1 1 1 3
0G0005875 PI/GLO 1 1 1 1 1 2 7
0G0006023 AGL12 1 1 1 1 2 1 1 1 1 1 11
0G0007459 AGL15 1 1 1 2 5
0G0008462 Mg 1 1 2
Total 68 44 9 29 11 17 12 59 13 46 14 24 20 27 12 49 17 112 6 589

* MADS-box genes predicted by PlantTFDB. ** Genes belonging to MADS-box orthogroups that have lost the MADS-box domains.
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a) 0G0001926 - Clade Mb

NCBI Multiple Sequence Alignment Viewer, Version 1.26.0

Sequence ID Start Alignms-nt End Identity Coverage | Mismaiches
10 ] 30 « i 80 B w ¥ 100 1o 120 [ o 1% 160 m ]
Ristevski_cs10_MADS_REF_XP_0305089932  (+) | MI1.PLKLI PNEKARRVTFSKRKSSLI KKAYELSTLCDVKVCLI | KDSTNGPSNNPI ATUPKDPHKVRSLI NDYKI AKTTQKPSSKSLQNLTOF LKERI NKVNKET EKLCCSCEKSKG! WGNGSMOEKL NGUOL CKF ASEL DNKMKGLNLRRHL| SSHNFKL QILLQOHOM SSSSKAP 254 10000 100.00 0
CBDRx-18_pep CsCBD_07G0010520 (+) 1 MILPLKLI PNEKARRVTFSKRKSSLI KKAYELSTLCDVKVCLI | KDSTNCPSNNPI ATVPKDPHKVRSLI NDYKI AKTTQKPSSKSLONLTDF LKERI NKVNKEI EKLCCSQEKSKG VWGNGSNQE KL NGNQUCKF ASEL DNKMKGUNLRVRHL I SSHNF KL QMLLQOHQM SSSSKAP 264 100.00 100.00 0
PurpleKush_pep_CsPK_00G0056380 (+) 1 MILPLKLI PNEKARRVTFSKRKSSLI KKAYELSTLCDVKVCLI | KDSTNCPSNNPI ATVPKDPHKVRSLI NDYKI AKTTQKPSSKSLONLTDF LKERI NKVNKEI EKLCQSCEKSKG VVGNGSNQE KL NGNQLCKF ASELDNKMKGLNLRVRHLI SSHNF KL QMLLQOHQIM SSSSKAP 254 100.00 100.00 0
PBBKush_pep_CsPBB_00G0147010 (+) 1 MLPLKLI PNEKARRVTFSKRKSSLI KKAYELSTLCDVKVCLI | KDSTNCPSNNPI ATVIPKDPHKVRSLI NDYKI AKTTOKPSSKSLONLTDF LKERI NKVRNKEI EKLCOBQEKSKG VVGNGSNQE KL NGNQLCKF ASELDNKMKGLNLRVRHLI SSHNFKLQMLLQOHQIM SSSSKAP 254 100.00 100.00 0
LACenfidential_pep_CsLAC_00G0132440 (+) 1 MTLPLKLI PNEKARRVTFSKRKSSLI KKAYELSTLCDVKVCLI | KDSTNCPSNNPI ATVIPKDPHKVRSLI NDYKI AKTTOKPSSKSLONLTDF LKERI NKVRNKEI EKLCQBQEKSKG VVGNGSNQE KL NGNQLCKF ASELDNKMKGLNLRMVRHLI SSHNFKLQMLLQOHQIM SSSSKAP 254 100.00 100.00 0
Cannatonic_pep_CsCAN_00G0212220 (+) 1 MTLPLKLI PNEKARRVTFSKRKSSLI KKAYELSTLCOVKVCLI | KDSTNCPSNNPI ATVIPKDPHKVRSLI NDYKI AKTTOKPSSKSLONLTDF LKERI NKVNKEI EKLCOBQEKSKG VVGNGSNQE KL NGNQLCKF ASELDNKMKGLNLRMVRHLI SSHNFKLQMLLQOHQIM SSSSKAP 254 100.00 100.00 0
Cannatonic_pep_CsCAN_00G0136700 (+) 1 MTLPLKLI PNEKARRVTFSKRKSSLI KKAYELSTLCOVKVCLI | KDSTNCPSNNPI ATVPKDPHKVRSLI NDYKI AKTTOKPSSKSLONLTDF LKERI NKVNKEI EKLCOSQEKSKG VVGNGSNQE KL NGNQLCKF ASELDNKMKGLNLRMRHLI SSHNFKLQMLLQOHQM SSSSKAP 254 100.00 100.00 0
pink_pepper_XP_030508993.2 (+) 1 MILPLKLI PNEKARRVTFSKRKSSLI KKAYELSTLCDVKVCLI | KDSTNGPSNNPI ATVPKDPHKVRSLI NDYK] AKTTQKPSSKSLONLTDF LKERI NKVNKE EKLCQSQEKSKG VVGNGSNQEKL NGNQLCKF ASELDMKMKGLNLRNRHLI SSHNFKLQMLLQOHOM SSSSKAP 254 10000 100.00 0
Finola_pep_CsFN_08G0033290 (+/ 1  MILPLKLI PNEKARRVTFSKRKSSLI KKAYELSTLCDVKVCLI | KDSTNGPSNNPI ATVPKDPHKVRSLI NDYRI AKTTQKPSSKSLONLTDF LKERI NKVNKEI EKLCQSQEKSKG! VWGNGSNQEKL NGNGLCKF ASELDMKMKGLNLRNRHLI SSHNFKLQMLLQOHOM SSSSKAP 254 9961 100.00 1
pink_pepper_XP_030508977.2 (+} 1 MILPLKLI PNEKARRVTFSKRKSSLI KKAYELSTLCDVKVCLI | KDSTNGPSNNPI ATVPKDPHKVRSLI NDYK] AKTTQKPSSKSLONLTDF LKERI NKVNKE] EKLCQSQEKSKGI VWGNGSNQEKL NGNOLCKF ASEL DMEMKGLNLRNRHLI SSHNFKL QM LQOHOM SSSSKAP 254 9961 100.00 1
Ristevski_cs10_MADS_REF_XP_030508977.2  (s) 1  MTLPLKLI PNEKARRVTFSKRKSSLI KKAYELSTLCDVKVCLI | KDSTNGPSNNPI ATVIPKDPHKVRSLI NDYKI AKTTQKPSSKSLOMLTDFLKERI NKVNKEI EKLCQSGEKSKGE vvmmem.mwuemqmunmu SSHNVFKLQMLLQOHQM SSSSKAP 254 9961 100.00 1
Gannatonic_pep_GsCAN_00G0022530 (4 1 HI I KKAYELSTLCDVKVCLI | KDSTNGPSNNPI ATVIPKDPHKVRSLI NDYK] AKTTQKPSSKRLONLTDF LKERI NKVNKEI EKLCGS) EKLNGBQLCEFASEL DNKNKQUNLRMRHLESSHIIKL QYL LQQHOMISSSSKAP 262 9122 100.00 15
GBDRx-18_pep_CsCBD_08G0027290 w1 I KKAYELSTLCDVKVCLI | KDSTNGPSNNPI ATVPKDPHKVRSLI NDYK] AKTTQKPSSKRLONLTDF LKERI NKVNKEI EKLCGSH SNGSKQEKL NGO CBFASEL DNKNKQUNLRMRHLESSHIIKL QVLLQQHOMISSSSKAP 262 9122 100.00 15
PBBKush_pep_OsPBB_00G0077860 w1 1 KIAYELSTLCDVKVCLI | KDSTNGPSNINPI ATVPKDPHKVRSLI NDYK] AKTTQKPSSKRLQNLTDF LKERI NKVNKE] EKLCC SNGSEOEKL NGBQL CBF ASEL DNKMKGLNLRMRHLIESSHIIKL QML 262 9122 100.00 15
pink_pepper_XP_030478466.1 W1 | KIKAYELSTLCDVKVCLI | KDSTNGPSNINPI ATVPKDPHKVRSLI NDYK] AKTTQKPSSKRLQNLTDF L KERI NKVNKE] EKLCC NGSBQEKL NGBQLCHF ASEL DNKNMKGUNLRMRHLESSHIIKL QML 262 9122 100.00 15
PurpleKush_pep_CsPK_02G00D1640 w1 I KIKAYELSTLCDVKVCLI | KDSTNGPSNINPI ATVPKDPHKVRSLI NDYK] AKTTC Q KLCC SNGSROEKL NGBQL CBF ASEL DNKMKGLNLRMRHLIESSHIIKL QML 262 9122 100.00 15
Ristevski_ce10_MADS_REF_XP_030478466.1 (1) 1 I KKAYELSTLCDVKVCLI | KDSTNGPSNNPI ATVPKDPHKVRSLI NDYK] AKTTQ Q KLCC SNGSROEKL NGBQL CBFASEL DNKMKGLNLRMRHLIESSHIIKL QML 262 9122 100.00 15
JL_Mother_Y_protein_KAF4371236.1 (+) 1 LI KKAYELSTLCDVKVCLI | KDSTNGPSNNPI ATVPKDPHKVRSLI NDYKI AKTTQ KLCC GNGSEQE KL NGBQL CBF ASEL DNKMKCGLNLRMRHLIESSHYIKL QMLLQQHOMIBSSSKAP 263 90.87 100.00 15
LAConfidential_pep_CsLAC_00G0196640 (+) 1 | KKAYELSTLCDVKVCLI | KDSTNGPSNNPI ATVWPKDPHKVRSLI NDYKI AKTTQ KLCC SNGSEQE KL NGBQL CBF ASEL DNKMKCLNLRMRHLIESSHIBIKL CM_LQOHOMISSSSKAP 263 90.87 100.00 15
CBDRx-18_pep_CsCBD_07G0010900 b1 FSKRKSSLI KKAYEL STLCOVKVCLI | KDSTNGPSNNPI ATWPKDPHKVRSLI NDYKI AKTTQKPSSKSL QN TDF LKERI NKVNKEI EKLCCSQEKSKG VVGNGSNGEKL NGNQLCKF ASEL DNKMCGUNLRMRHL | SSHNFKLQUVLLQQHQM SSSSKAP 226 90.79 88.98 9
LAConfidential_pep_CsLAC_00G0207910 (+1 1 MILPLKLI PNERARRVTFSKRKSSLI KKAYBLSTLCDVKVCLI | KDSTNCPSNNPI ATVPKDPHKVRSLI NDYKI AKTTQKPSSKRLONLIOF LKERI NKVNKEI EKLCOICBKSKG VBIGNGSNQE KL NGBOL CBF ASELDNKMKCLINLRMRHLESSHIIKL QMLL QOHC 233 80.15 89.58 15
CBDRx-18_pep_CsCBD_08G0027280 (+1 1 MILPLKLI PNERARRVTFSKRKSSLI KKAYRLSTLCDVKVCLI | KDSTNGPSNNPI ATVPKDPHKVRSLI NDYKI AKTTQKPSSKBLONLIOF LKERI NKVNKEI EKLCORCBKSKG VEIGNGSNQE KL NGBOL CBF ASELDNKMKCLINLRMRHLESSHIIKL QMLL QOHC 233 80.15 89.58 15
PurpleKush_pep_CsPK_02GO0001630 (+1 1 MILPLKLI PNERARRVTFSKRKSSLI KKAYBLSTLCDVKVCLI | KDSTNCPSNNPI ATVPKDPHKVRSLI NDYKI AKTTQKPSSKBLONLIOF LKERI NKVNKEI EKLCORCBKSKG VEGNGSNQE KL NGBIOL CBF ASEL DNKMKGLNLRMRHLESSHIIKL QMLLQQHC 233 79.77 89.58 16
b) 0G0000096 - Clade AGL6
NCBI Multiple Sequence Alignment Viewer, Version 1.26.0
Sequence ID Start Ahgnmem End  |Identity |Coverage |Mismaiches|
i« El % a0 s 60 0 [ 20 100 110 120 120 140 150 160 70 180

! n n H h n + i H h H 1
Risteuski cs10. MADS REF XP 0305009652 (x)| ! MERGCVVLER! ENKI NRQVSF SKRRNGLLKKAYEL HVLCDAEVGL | FSSRGKL YEF GSSDUNTI VERYRGSTYALCNNNVEGEEPGNL LEI PKLKAKYESL(RTEN—HEN.EEL&RELQLEKRLWLSQW}WLLWLEE\ RONDHSLRETNEQLKSKLEEGRNKGRSN 244 10000 100.00 []
CBDRx-18_pep_CsCBD_05G007 4 1 MGRGOWLER! ENKI NRQVSFSKRRNGLLKKAYELHVLCDAEVGLI | FSSRGKLYEFGSSDLNTI VERYRQSTYALQNNNVEGEEPQNLI LEI PKLKAKYESLQRTERHFHGENL EELGLKELQNLEKRL DRTL SQARGHKWEM L DRLEE| RQNDHSLRETNEQUKSKLEEGRNKGRS. 225 93.78 90.98 11
Cannatonic_pep_CSCAN_( nueumsgsa — ) 1 MLMEE\ RONDHSLRETNEQLKSKL EEGRNKGRSR. 82 82.93 32.38 11
Chemdogd1_pep CsCDS1_00G0023500 M () 1 M_LDRLEE| RQNDHSLRETNEQLKSKLEEGRNKGRSR 74 89.19 29.10 5
Finola_pep_CsFN_01G0014010 (+) 1 MERGKVVLERI ENKI NRQVSFSKRRNGLLKKAYEL HVLCDAEVGLI | FSSRGKLYEF GSSDLNTI VERYRGSTYALQNNNVEGEEPGNL| L EI PKLKAKYESLORTERHFHGENL EELGLKELQNLEKRL DRTLSQARQHKVOM_LDRL EE| RONDHSLRETNEQL KSKLEEGRIREEE 194 91.28 79.51 16
Finola_pep_CsFN_01G0037530 (+) 1 MERGKVVLERI ENKI NRQVSFSKRRNGLLKKAYEL HVLCDAEVGLI | FSSRGKLYEF GSSDLNTI VERYRQSTYALQNNNVEGEEPONL| L EI PKLKAKYESLORTERHFHGENL EELGLKEL QNLEKRL DRTLSQARQHKVOM.LDRL EE| RONDHSLRETNEQLKSKLEEGRNKGRSN 244 9959 100.00 1
JL Mother Y_protein_KAF4371272.1 (+) 1 MERGKVVLERI ENKI NRQVSFSKRRNGLLKKAY EL HEESRSNERVE LNTI VERYRGSTYALGNNNVEGEEPGNL| LEI PKLKAKYESLORTERHFHGENL EEL GLKEL QNLEKRL DRTL SQARQHKEMIER ENROTERERERY 155 62.30 63.52 36
LAConfidential_pep_CsLAC_00G0104400 (#) 1 MERGKVVLERI ENKI NRQVSF SKRRNGLLKKAY EL HVLCDAEVGL | FSSRGKLYEFGSSDLNTI VERYRQSTYALONNNVEGEEPQNLI LEI PKLKAKYESLORTERHFHGENL EELGLKELONLEKRL DRTL SQARCHKEIIER VVBQTEDPCERY 15 75.94 67.21 22
LAConfidential_pep_ CSLAC D0GO115310 mummmm(,) 1 M_LDRLEE| RONCHSLRETNEQLKSKLEEGRNKGRSR, 82 82.93 32.38 11
PBBKush_pep_CsPBB_00G0192720 (+) 1 MERGKVWLERI ENKI NRQVSFSKRRNGLLKKAYELHVLCDAEVGL] | FSSRGKLYEF GSSDLNTI VERYRQSTYALQNNNVEGEEPQNLI LEI PKLKAKYESLORTERHFHGEML EELGLKEL QNLEKRL DRTL SQARQHKWOM.LDRLEE| RONDHSLRETNEQLKSKLEEGRNKGRSN 225 93.78 90.98 1
PurpleKush_pep_CsPK_00G0099050 (+) 1 MERGKWLERI ENKI NRQVSF SKRRNGLLKKAY EL HVLCDAEVGL | FSSRGKLYEF GSSDLNTI VERYRQSTYALONNNVEGEEPQNLI LEI PKLKAKYESLORTERHFHGENL EELCGLKELONLEKRL DRTLSQARCHKECE 144 98.61 59.02 2
PurpleKush_pep_CsPK_01G0013180 (#) 1 MERGKWLERI ENKI NRQVSF SKRRNGLLKKAYELHVLCDAEVGLI | FSSRGKLYEF GSSDLNTI VERYRQSTYALQNNNVEGEEPONLI LEI PKLKAKYESLORTERHFHGEML EELGLKELQNLEKRL DRTL SQARQHKWOM.LDRLEE| RONDHSLRETNEQLKSKLEEGRNKGRSN 225 93.78 90.98 "
pink_pepper_XP_030500965.2 (+) 1 MERGKVVLERI ENKI NRQVSFSKRRNGLLKKAYEL HVLCDAEVGLI | FSSRGKLYEF GSSDLNTI VERYRGSTYALOQNNNVEGEEPGNL| L EI PKLKAKYESLORTERHFHGENL EEL GLKEL QNLEKRL DRTL SOARQHKWOM_LDRL EEI RONDHSLRETNEQLKSKLEEGRNKGRSN 244 100.00  100.00 [
c) 0G0000433 - Clade TM3
NGBI Multiple Sequence Alignment Viewer, Version 1.26.0
Sequence ID Start | Alignment End Identity | Goverage | Mismatches,

! 10 20 0 " ® [ » o w 100 0 120 I o » 60 o 180
Ristovski cs10 MADS REF XP 0305017712 () 1  MWRGKTCMKRI ENAASRQUTF SKRRNGLLKKAFELSVLCDAEVAL| | FSPRGCLYEF ASSRCFSI NKCTI ERYTCRRTKDGGSCLTSNKTI SEDDHHDLORAVSKEDSF SMA DHLEVSKNKLLGDGLESCSF GELHQI ENGLERSLAKI RARKNOLYREQ! EKLKQEEKSLLEHMAKL 207 100.00 10000 0
JL_Mother ¥_protein_KAF4369529.1 ) 1 M/RGKTQVKRI ENAASRQUTF SKRRNGLLKKAFELSVLCDAEVAL | FSPRGCLYEF ASSREINESE I6Y ] 78 56.68 30.80 10
Chemdag91_pep_CsCDI1_00G0144550 +) 1 MVRGKTQMKRI ENAASRQVTFSKRRNGLLKKAFELSVLCDAEVALI | FSPRGKLYEFASSR  NNETI BSH 82 48.18 32.49 1
GBDRx-18_pep_CsCBD_05G0020730 (+) 1 M/RGKTQUKRI ENAASRQUTF SKRRNGLLKKAFELSVLCDAEVAL | | FSPRGKLYEFASSR T ESH 87 47.10 34.60 17
Cannatonic_pep_CsCAN_00G0222140 () 1 M/RGKTQVKRI ENAASRQUTFSKRRNGLLKKAFELSVLCDAEVAL | | FSPRGKLYEFASSR  METLESE 87 47.10 34.60 17
Chemdag91_pep CsCD91_00G0142430 N () 1 SLESI RARKEQUEREC! EKLKENEREL | RENERL 120 46.51 50.21 59
PBBKush pep CsPBB 00G0248850 W () 1 )SLRS! RARKEQUEREC! EKLKEREREL LBENERL 120 4651 50.21 59
LAConfidential_pep_CsLAC_00GO0B8990 M (.) 1 SLES| RARKEQUEREC! EKLKERERELLBENEEL 120 46.51 50.21 59
LAConfidential_pep_CsLAC_00G0160730 M (+) 1 ERSHK! RARKNCHERIPC! ENLKEREKBLESENARL 131 46.04 50.63 56
Cannatonic_pep_CsCAN_00G0134890 NN (.) 1 NN ERY [HRERK _-‘- SLES| RARKEQUEREC! EKLKEEEREL L BENSRL 156 39.08 65.40 87
pink_pepper_XP_080871452.1 )1 WRGGWKN ENMSMSMLWLMC_I | FSERGALYEF SR -I ERY K B )SLES| RARKEQUEREQ! EKL KRNI 160 52.91 67.51 69
CEDRx-18 _pep CsCBD_05G0020720 () 1 S| NKTI ERYTERTKUIECLTSMG\ 'SEDDHHDL QAAVSKEDSF SMAKKI DHLEVSKVKLLGDGLESCSFQELHQI ENQLERSLAKI RARKNQLYREQ! EKLKQEEKELLEHNAKL 181 72.57 76.37 9
LAConfidential_pep_CSLAC_00GOODS960 M (,) 1 M I BICES! NKTI ERYTCRRTKDGGSCLTSNKT] SROCHHOLQAAVSKEDSF SMAKK] DHLEVSKMKLLGOG ESCSF QEL MO ENOLERSLAK] RARKNOLYREQI EKLKQEEKSLLEHNAKL 182 74.26 76.79 [
JL_Mother_Y_protein_KAFA369530.1  EEEE(,) 1 M TS KEER WRNIL| ¥F OO -CFS\ NKTI ERYTQRRTKDGGSCLTSNKTI SECOHHDLQAAYSKEDSF SMAKKI DHLEVSKMKLLGDGLESCSF QEL HOl ENLERSLAKI RARKNOLYREQ! EKLKQEEKILLEHMAKL 193 73.36 81.43 25
JL_Mother Y_protein_KAF4386797.1 = 1 MR ENAISRQVTF SKRRNGLLKKAFELSVLE IO NSRS A <K<) EBL NS (GEGLESCSBEELRONERQL ERSHKI RARKNCHERBC! ENLKEREKBLESENARL 205 43.98 81.86 88
GBDRx-18_pep_GsCBD_02G0035400 = 1 VBRI EMlsmrrFsmnammFEL VLCDAEVALI | FSPRG(LEFASSI GEG_BSCSBEE BONEROL ERSHK| RARKNCHEREC! EllL KEREKBLESENARL 221 52.28 88.61 84
PurpleKush_pep_CsPK_01G0012660 {+) 1 MVRGKEIOMVKRI ENABISROVTF SKRREGL L | CONBINGEL | | FSEEGAL YEF SIHID L IS SCSHEE LN EBRLERSURS| RARKEQUEREQ) EXLKBREREL L BENEEL 217 47.48 91.14 103
Ristevski_cs10_MADS_REF_XP_030502139.1  {4) 1 M/RGKEQVKR| ENAISROVTF SKRREGLL LGNS SCSHEE L EFRLERSUES| RARKEQUEREQ) EXLKBREREL L BENEEL 217 47.48 91.14 108
CBDRx-18_pep_CsCBD_05G0018450 {+) 1 M/RGKIIGMKRI ENAISROVTF SKRREGLL | L L GRS SCSHEE L I EBBL ERSLES| RARKEQUREREG! EKLKEEEREL L BENEEL 217 47.48 91.14 103
pink_pepper_XP_030502139.1 {+) 1 MVRGKIIOMKRI ENATISROVTF SKRREGL L | L L GRS SCSHEE L M ERBL ERSLES| RARKEQUREREC! EKLKEEEREL L BENSEL 217 47.48 91.14 103
Finola_pap_CsFN_01G0021630 {+) 1 MVRGKIIOMVKRI ENATISROVTF SKRREGL L | L L GRS SCSREE L BN ERRL EBSLES| RARKEQUEIE QI EKL KISKERI L L IE! 217 47.48 91.14 103
pink_pepper_XP_060970412.1 {+) 1 MVRGKTOMER! ENATISRQVTF SKRRNGLLKKAFELSVLCDAEVAL | | FSPRGKLBEFASSE CSHEEL Hl KI ENLKEREKBLESENARL 228 53.63 91.56 84
pink_pepper_XP_060970409.1 +) 1 M/RGKTQMER! ENAISRQUTF SKRRNGLLKKAFELSVL CDAEVAL| | FSPRGKLBEF ASSE e CSBEE L RONES ENLKEREKALISENARL 228 53.63 91.56 84
PBBKush_pep_CsPBB_00G0137210 ) 1 M/RGKTQMER! ENAISRQVTF SKRRNGLLKKAFELSVLCDAEVAL| | FSPRGKLBEFASSE e CSBEEL RONERQ ERSHKI RARKNCUEEDG ENLKEREKELISENARL 228 53.63 91.56 84
pink_pepper_XP_030430581.1 () 1 M/RGKTQUERI ENATISRQUTF SKRRNGLLKIAFELSVLCDAEVAL | | FSPRGKLBEFASSE d CSBEEL ROFROL FRSHIK! RARKNCHERDC! EllL KEREKELTSENABL 228 53.63 9156 84
pink_pepper_XP_030430578.1 (+) 1 MVRGKTQVERI ENABISRQUTF SKRRNGL L KKAFELSVLCDAEVAL| | FSPRGCLEEFASSE d CSMEELDAVERQL ERSHIK RARKNCHERBC ENLKEREKALISENARL 228 5363 91.56 84
Ristevski_cs10_MADS_REF_XP_030490578.1 (+) 1 MVRGKTQMERI ENAISRQUTF SKRRNGL L KKAFELSVLCDAEVAL| | FSPRGKLEBEFASSE d CSMEELDANERQL ERSHIK) RARKNCHERIBC! ENLKEREKELISENARL 228 5363 91.56 84
PurpleKush_pep_CsPK_06G0011800 (+) 1 MVRGKTQMERI ENAISRQUTF SKRRNGL L KKAFELSVLCDAEVAL| | FSPRGKLEBEFASSE d CSIEELRAVERQLE] ENLKEREKALISENARL 229 53.63 91.98 85
pink_pepper_XP_060371617.1 1 wmm\ ENAASRQUTF SKRRNGLL KKAFELSVLCDAEVAL | FSPRGKLYEFASS 51 NKTI ERYTQRRTKDGGSCLTSNKTI SEDDHHDLQAAVSKEDSF SMAKK] DHLEVSKMKLLGDGLESCSF QELHQ ENQLERSLAKI RARKNOLYREQ! EKLKQEEKSLLEHNAKL 232 97.89 7.89 0
Finola_pep CsFN_01G0019150 1 KRRMGLL KIAF ELSVLCDAEVAL | FSPRGCLYEFASSRCFS| NKTI ERYTQRRTKDGGS CL TSNKTI SECDHHDLQAAVSKEDSF SMAKKI DHLEVSKMKLLGDGLESCSFQELHQ ENQLERSLAKI RARKNOLYREQ! EKLKQEEKELLEHNAKL 234 89.87 98.73 21
pink_pepper_XP_060871616.1 1 wmlcrowm ENAASRQUTF SKRRNGLLKIAFELSVLCDAEVAL | FSPRGKLYEFASS 51 NKTI ERYTQRRTKDGGS CLTSNKT] SECDHHDLQAVSKEDSF SMAKKI DHLEVSKMKLLGDGLESCSFQELHQ ENQLERSLAKI RARKNOLYREQ! EKLKQEEKSLLEHNAKL 234 98.73 98.73 0
pink_pepper_XP_060871615.1 () 1 M/RGKTQUKRI ENAASRQUTFSKRRMGLLKIAFELSVLCDAEVALI | FSPRGKLYEFASSRCFS| NKTI ERYTQRRTKDGESCLTSNKTI SEDDHHDLQAAVSKEDSF SMAKKI DHLEVSKMKLLGDGLESCSFQELHQ ENQLERSLAKI RARKNOLYREQH EKLKQEEKSLLEHNAKL 235 99.16 99.16 0
pink_pepper XP_030501771.2 () 1 M/RGKTQUKRI ENAASRQUTFSKRRNGLLKKAFELSVLCDAEVALI | FSPRGKLYEFASSRCFS| NKTI ERYTQRRTKDGGS CL TSNKTI SEDDHHDLQAAVSKEDSF SMAKK] DHLEVSKMKLLGDGLESCSF QELHO ENQLERSLAKI RARKNOLYREQH EKLKQEEKSLLEHNAKL 237 10000 100.00 0
PurpleKush_pep_CsPK_00G0045060 () 1 M/RGKTQMKRI ENAASRQVTF SKRRNGLLKKAFELSVLCDAEVALI | FSPRGKLYEFASSRCFS| NKTI ERYTQRRTKDGGS CLTSNKTI SBODHHDLQAAVSKEDSF SMAKKI DHLEVSKMKLLGDGLESCSF QELHQ! ENOLERSLAKI RARKNOLYREQ!H EKLKQEEKSLLEHNAKL 237 99.58  100.00 1

Figure 1. Multiple sequence alignment showing examples of a) a clade composed entirely of genes classified as MADS-box, and two clades containing b)
three non-MADS genes and c) eight non-MADS genes. Non-MADS genes are marked with blue rectangles.
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a) Cannabis ABCDE model scheme and expression of ABCDE MADS-Box genes
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Figure 2. Expression profiles of representative MADS-box genes by clade. Heatmap shows normalized
expression for representative genes from each orthology-defined clade. The "Class" column refers to
the ABCDE model of floral organ identity, as represented at the central scheme. The “Stage” column
indicates the developmental stage for each sample, as reported in the SRA metadata. The central
scheme depicts the ABCDE model; colors map classes to organs. Model adapted from (Y.-T. Chen et
al., 2019); flower drawings adapted from Releaf (2023), Schilling et al. (2021) and Yadav et al. (2023).
lllustration: Rosana Gobbi Vettorazzi.

We identified 60 MADS-box TFs in CannAtlas, representing all clades described by
Ristevski (2023), except for AGL15 (Figure 2). Genes from the AGL6, FLC-like, and Bsister
clades, as well as SEP genes F8388_024356 and F8388_024359, and the AG gene
F8388_012399, showed high expression in FF (Figure 2). In contrast, all genes from the AP3,
PI/GLO, SVP, and MIKCS clades, along with the SEP gene F8388_001210, are predominantly
expressed in MF (Figure 2). The remaining AG and SEP genes, as well as representatives
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from other MADS-box clades, exhibit relatively balanced expression between MF and FF
(Figure 2).

According to the ABCDE model of floral organ identity (F. Chen et al., 2017; Dreni &

Kater, 2014; H. Liu et al., 2021), the major classes of MADS-box genes are defined as follows:
e Class A: SQUAMOSA (SQUA) / APETALAT1 (AP1);

Class B: APETALA3 (AP3) and PISTILLATA (PI/GLO);

Class C: AGAMOUS (AG);

Class D: SHATTERPROOF (SHP) and SEEDSTICK (STK), (from AG subfamily);
e Class E: SEPALLATA (SEP).

In addition to these core classes, other MADS-box genes such as AGL6, FLC, FLC-like,
AGL17, TM3, SVP, MIKCS, AGL12, Bsister, and AGL15 are also implicated in flowering
processes (H. Liu et al., 2021; Ristevski, 2023; Shah et al., 2022).

The ABCDE model suggests that the male reproductive organ—the stamen (anther
and filament)—is specified by the combined action of class B, C, and E genes (Figure 2)
(Gioppato & Dornelas, 2019). Based on the expression patterns observed here (Figure 2), we
propose that the class B genes AP3 (F8388_009292) and PI/GLO (F8388_025449), the class
C/D AG (F8388_017817), and class E SEP (F8388_001210) are strong candidates for
regulators of MF identity in C. sativa. Additionally, the MIKCS genes—particularly
F8388_020127—also show higher expression in MF, suggesting a possible role in MF
development (Figure 2). Although MIKCS genes have been previously linked to pollen
development (Gramzow & Theissen, 2010), their roles in broader aspects of floral
morphogenesis remain poorly understood.

MADS-box genes from classes C, D, E, and Bsister are known to be involved in the
development of female reproductive organs such as the ovary, style, and stigma (Figure 2)
(de Folter et al., 2006; Gioppato & Dornelas, 2019). Our data support that the C/D gene AG
(F8388_012399), the E genes SEP (F8388_024356 and F8388_024359), and Bsister genes
(F8388_023247 and F8388_026723) are likely regulators of FF identity in cannabis (Figure
2). In addition, AGL6 (F8388_023432) and FLC-like (F8388_007608 and F8388_014614)
genes also exhibit higher expression in FF, further suggesting their involvement in FF
development (Figure 2).

Although experimental validation is required to confirm the functional roles of these
candidate genes, our integrative analysis using publicly available transcriptomic data
provides a valuable foundation for prioritizing MADS-box TFs involved in sex-specific floral
development in C. sativa.

Identification and expression patterns of candidate genes involved in pollen
development

To investigate genes beyond the canonical MADS-box regulators involved in MF
development in C. sativa, we conducted BLAST searches against CannAtlas using three
reference gene sets. First, from the 62 sugar metabolism-related genes reported in maize by
Liu et al. (2021), we identified 35 homologs in CannAtlas, of which 10 displayed preferential
expression in both genetic MF and IMF (Figure 3, Table S4). Second, among the 61 candidate
genes proposed by Adal et al. (2021) as associated with masculinization in cannabis, 37
homologs were detected in CannAtlas, with 13 showing preferential expression in MF and
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IMF (Figure 3, Table S4). Third, from the 185 reference genes implicated in male sterility in
Chinese cabbage by Huang et al. (2020), we identified 42 homologs in CannAtlas, of which
23 exhibited preferential expression in MF and IMF (Figure 3, Table S4).

Huang et al. (2020) grouped their gene set into four functional categories: pollen
development and tube growth, pollen wall development, phytohormone regulation, and TFs.
Similarly, Adal et al. (2021) classified their candidates by specific functions in flower
development. Building on these frameworks, we assigned the 43 CannAtlas genes identified
in our analysis to 11 functional categories (FC) related to flower and pollen development
(Figure 3, Table S5).

Expression of pollen development genes
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Figure 3. Expression patterns of genes associated with pollen development, classified into functional
categories (FCs). “Stage” refers to the developmental stage of the samples, as reported in the SRA
database.

Notably, nearly all genes under “pollen development and pollen tube growth”, together
with approximately half of those in “pollen wall development”, exhibit high expression in MF
samples collected after 12 hours of light induction—coinciding with the onset of floral
development. A similar expression pattern was also observed in MF samples from two feral
varieties (SAMN20863695 and SAMN20863694). In contrast, 22 genes across multiple
categories show comparable expression levels in both MF and IMF, with most showing little
to no expression in MF samples collected before the 12-hour light induction mark (i.e., at the
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axillary shoot apical meristem stage). This expression pattern suggests the existence of a
light-triggered developmental switch that initiates a coordinated gene expression program
essential for MF development, including genes involved in pollen formation.

Among the 22 genes expressed similarly in MF and IMF were four MADS-box TFs.
Two of these—F8388_001210 (class E, SEP) and F8388_025449 (class B, PI/GLO)—are
canonical ABCDE model genes that govern floral organ identity and are essential for stamen
specification. The other two—F8388_006754 and F8388_016871—are non-ABCDE MADS-box
genes. F8388_006754 has been associated with gynoecium development, while
F8388_016871 has been implicated in floral transition and regulation of flowering time
(Table S5). Interestingly, although F8388_006754 is typically linked to female organ
formation, its expression in MF suggests it may play a repressive role in this context. A
similar mechanism has been described in Silene latifolia, where Hardenack et al. (1994) and
Bacovsky et al. (2022) showed that altered expression of MADS-box genes, including class B
genes PISTILATA and APETALAS3, correlates with repression of gynoecium development in
MF. Likewise, Di Stilio et al. (2005) proposed that in dioecious species, sex determination
may involve modulation of floral homeotic gene activity, particularly through the
downregulation of female organ identity programs during male flower development. Taken
together, these findings support the hypothesis that F8388_006754 contributes to repressing
gynoecium formation in male C. sativa flowers, thereby facilitating proper stamen
development.

Among the 10 sugar-related genes identified, eight displayed similar expression
levels in both MF and IMF, suggesting a conserved role in pollen development across genetic
and chemically induced contexts. Three of these genes encode sugar transporters: a
bidirectional member of the SWEET family (F8388_007553), a sucrose/H* symporter
(F8388_000867), and a UDP-galactose/UDP-glucose transporter (F8388_001017). These
transporters likely help sustain the high energy demands for pollen development and pollen
tube elongation. In Arabidopsis, disruption of sucrose transport impairs pollen germination
and shortens pollen tubes, underscoring the critical role of sugar supply in reproductive
success (De Angeli, 2022; Reinders, 2016). In addition, two genes associated with sugar
metabolism regulation—a putative L-ascorbate oxidase (F8388_003525) and a MYB TF
(F8388_008455)—may contribute to modulating redox balance and secondary metabolism
during pollen development, processes that influence osmotic regulation and energy
availability, both essential for pollen tube growth (Li et al., 2020). We also identified two
hexosyltransferases (F8388_000843 and F8388_008868) and a 1,3-B-glucan synthase
(F8388_017560) involved in sugar biosynthesis. Hexosyltransferases catalyze the transfer of
hexoses to elongating polysaccharide chains, contributing to the formation of cell wall
components such as hemicelluloses and pectins (Li et al., 2020). Meanwhile, 1,3-B-glucan
synthases drive callose production, a structural component of the pollen wall that reinforces
integrity during maturation (Nishikawa et al, 2005). Collectively, these genes likely
coordinate dynamic remodeling of the pollen cell wall through the regulated synthesis and
deposition of carbohydrate polymers, ensuring structural stability and functionality in both
MF and IMF.

Several genes related to pollen wall development also showed comparable
expression levels in both MF and IMF, supporting a shared molecular program for pollen wall
formation across both flower types. These include a cytochrome P450 (F8388_003855), a
NAD-dependent epimerase/dehydratase  (F8388_007835), a chalcone synthase
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(F8388_011806), a beta-galactosidase (F8388_024335), a GH10 domain-containing protein
(F8388_006994), and a pectinesterase (F8388_018165). These enzymes act in the
biosynthesis and remodeling of the structurally complex pollen wall layers. Cytochrome
P450 enzymes contribute to anther cuticle development and sporopollenin biosynthesis,
both essential for the outer exine layer (Ma et al., 2022; Yang et al., 2014). NAD-dependent
epimerases/dehydratases facilitate sugar residue modification for polysaccharide
biosynthesis (Usadel et al., 2004). Chalcone synthase catalyzes the first committed step in
flavonoid biosynthesis, critical for pollen viability and wall integrity (Buer et al., 2010).
Beta-galactosidases participate in cell wall remodeling by cleaving galactose-containing
polysaccharides, enabling proper wall expansion and maturation (Ban et al, 2020).
Pectinesterases modulate pectin methylesterification, thereby adjusting wall porosity,
rigidity, and elasticity (Cankar et al., 2014). The GH10-domain protein is likely involved in
hemicellulose remodeling, though its role in pollen development remains to be clarified.
Additionally, some genes appear to contribute to both pollen development and pollen tube
growth, such as a short-chain dehydrogenase/reductase (SDR, F8388_026529) and the
previously mentioned MYB TF (F8388_008455), highlight the coordinated regulation of wall
biosynthesis and signaling pathways required for male gametophyte function.

Upstream cannabinoid and terpenoid pathway genes show parallel expression in
hemp and marijuana

The FF of C. sativa have historically been the most utilized part of the plant due to their
psychotropic and medicinal properties. In plant physiology, secondary metabolite production
is commonly associated with defense responses against biotic and abiotic stresses. In
cannabis, this defensive role is largely mediated by glandular trichomes—specialized
epidermal structures on FF that synthesize and store a wide array of secondary metabolites,
including cannabinoids and terpenoids.

To gain deeper insight into the functional roles of trichome-specific genes identified
in CannAtlas (Barbosa-Xavier et al., 2024), we performed enrichment analyses for Gene
Ontology (GO), metabolic pathway (KEGG), and TF families. The enriched GO and KEGG
terms strongly point to the biosynthesis, modification, and storage of secondary metabolites
(Figure 4).

Among the enriched GO terms (Figure 4a), S-adenosylmethionine-dependent
methyltransferase activity and methylation are particularly relevant, reflecting the role of
methylation in enhancing the bioactivity, chemical stability, and defense potential of
secondary metabolites such as cannabinoids and terpenoids (C. Zhang et al., 2021).
Additional enrichment in ion binding, heme binding, and monooxygenase activity (Figure 4a)
highlights the contribution of cytochrome P450 enzymes, which participate in the structural
diversification of secondary metabolites and modulate their chemical properties (Layer et al.,
2010). The enrichment of oxidoreductase activity (Figure 4a) underscores the oxidative
processes necessary for synthesizing bioactive compounds. Terpene synthase activity
(Figure 4a) was also significantly enriched, consistent with the role of volatile terpenes in
repelling herbivores and inhibiting microbial pathogens (MacWilliams et al., 2023). GO terms
related to the diterpenoid biosynthesis and lipid metabolism (Figure 4a) support the
production of cannabinoids and their fatty acid precursors.
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KEGG enrichment analysis (Figure 4b) corroborated these patterns. Enrichment of
unsaturated fatty acid biosynthesis and fatty acid metabolism point to the generation of
precursors for signaling molecules like jasmonic acid, a key hormone in plant defense (Luo
et al., 2019; Marks et al.,, 2009). The enrichment of sesquiterpenoid and triterpenoid
biosynthesis highlights the trichome role in producing antimicrobial and insect-repellent
compounds, while the broad enrichment of secondary metabolite biosynthesis emphasizes
the specialized metabolic capacity of trichomes.

TF enrichment (Figure 4c) revealed the SRS (SHI-related sequence) family as
significantly overrepresented. This TF family regulates both trichome development and
secondary metabolism (J. Zhang et al., 2020), suggesting that SRS TFs coordinate structural
and chemical components of the cannabis defense system.Taken together, these results
highlight cannabis glandular trichomes as hubs of defensive metabolism, integrating gene
regulation, specialized metabolite biosynthesis, and adaptive responses to environmental
challenges.

(a) Top 10 trichome enriched GO terms
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Figure 4. Functional enrichment of trichome-specific genes. (a) Gene ontology (GO) terms, (b) KEGG
metabolic pathways and (c) transcription factor (TF) families.

Cannabinoids and terpenes are the most extensively investigated compounds in C.
sativa for their medicinal or recreational importance. A detailed understanding of their
metabolic pathways is essential for strategies aimed at manipulating metabolite content in
cannabis plants. To identify key genes involved in these pathways, we performed BLAST
searches in CannAtlas using proteins previously characterized in cannabinoid and terpenoid
biosynthesis (Kovalchuk et al., 2020), including those from upstream pathways such as
polyketide, methylerythritol (MEP), and mevalonate (MEV) (Kovalchuk et al., 2020). This
search identified 42 genes (Table S6). Given that these secondary metabolites are
synthesized and stored in glandular trichomes of FF, we assessed their expression in flower
and trichome samples (Figure 5).

The polyketide pathway, which produces olivetolic acid, involves three core enzymes:
Acyl-Activating Enzymes (AAEs), Olivetol Synthase (OLS), and Olivetolic Acid Cyclase (OAC),
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with OLS and OAC being directly implicated in cannabinoid biosynthesis (Thomas et al.,
2020). We identified 13 polyketide-related genes (Table S6), including six AAEs classified as
“expressed-in-all” and two as “mixed” in CannAtlas. Two OLS genes (F8388_010207,
F8388_010208) and two OAC genes (F8388_012844, F8388_012845) showed
trichome-specific expression, while another OLS gene (F8388_010206) was enriched in
trichomes and IMF (Table S7). Of the eight MEP pathway genes identified (Table S6), four
were expressed in all samples, two showed trichome-specific expression—including HDS
(F8388_013291) and HDR (F8388_013980)—and one was leaf-specific (Table S7). All six
MEV pathway genes were classified as “expressed-in-all”. Notably, isopentenyl-diphosphate
delta-isomerase (IDI), which interconverts the MEP- and MEV-derived IPP and DMAPP to
form the isoprenoid backbone (Krause et al., 2023), was represented by two genes, one of
which (F8388_016754) was trichome-specific. Together, these results indicate that genes
from the polyketide and MEP pathways are preferentially expressed in trichomes.
Importantly, no consistent expression differences were observed between hemp and
marijuana varieties, nor between MF and FF, suggesting conservation of upstream
cannabinoid biosynthetic pathways across chemotypes and sexual morphs.

We identified five genes directly involved in the cannabinoid biosynthetic pathway:
three prenyltransferases (F8388_001433, F8388_008405, and F8388_013365), one
Cannabidiolic Acid Synthase (CBDAS, F8388_004088), and one Tetrahydrocannabinolic Acid
Synthase (THCAS, F8388_024901) (Table S6). Of these, THCAS and the prenyltransferase
F8388_001433 were trichome-specific; CBDAS is group-enriched in FF and stems; the
prenyltransferase F8388_008405 is mixed; and F8388_013365 is expressed-in-all tissues
(Table S7). The classification of CBDAS as group-enriched in FF and stems, rather than
trichome-specific, likely reflects both chemotype distribution and the methodology used by
Barbosa-Xavier et al. (2024), which relies on median expression across samples.
Approximately 70% of the trichome samples in the dataset originated from type |
chemotypes, which typically show low CBDAS expression, potentially underestimating its
trichome specificity. A similar bias could have occurred for THCAS had the dataset been
skewed toward type Ill chemotypes. These observations highlight how sample composition
and classification thresholds can affect the apparent tissue specificity of cannabinoid
biosynthesis genes.

Cannabigerolic acid (CBGA), the central precursor of cannabinoids, is synthesized via
alkylation of OAC and GPP, a reaction catalyzed by a CsPT1 aromatic prenyltransferase
(CBGAS) (Innes & Vergara, 2023). The gene F8388_001433 shows high sequence identity to
several prenyltransferases (Table S6), including CsPT7 (98.4%), CsPT1 (83.9%), and CsPT4
(78.7%). CsPT4 and CsPT7 are closely related to CsPT1, and CsPT4 has also been shown to
catalyze CBGA formation in vivo (Luo et al., 2019; Rea et al.,, 2019). These similarities
strongly suggest that F8388_001433 functions as an aromatic prenyltransferase involved in
CBGA biosynthesis. Expression data support this functional assignment: THCAS, CBDAS,
and CBGAS (F8388_001433) were more highly expressed in trichomes than in whole flowers
(Figure 5b). Moreover, THCAS and CBGAS were preferentially expressed in type | and Il
chemotypes, while CBDAS was more highly expressed in type Il and Il chemotypes (Figure
5b), consistent with their roles in defining cannabinoid profiles.

Unexpected expression patterns were detected in certain type Il hemp samples.
Trichome samples SAMNQ09747685, SAMNQ09747688, and SAMNQ09747691, labeled as type
[Il hemp (Finola strain) (Livingston et al., 2020), displayed type ll-like expression profiles
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(Figure 5b). These samples are biological replicates from BioProject PRINA483805, which
otherwise shows consistent type Il expression. We hypothesize that these samples may
have been inadvertently contaminated with trichomes from type | varieties, such as Purple
Kush or Hindu Kush, which were analyzed alongside Finola by Livingston et al. (2020) using
two-photon microscopy and disc cell counting analysis. A second discrepancy was observed
in the samples SAMN42101035, SAMN42101034, and SAMN42101033 from the MW6-15
cultivar (BioProject PRUNA1128734). Although described by Welling et al. (2023) as an
industrial hemp line (type ), these samples displayed a type | expression profile,
characterized by high THCAS expression and complete absence of CBDAS (Figure 5b). Such
inconsistencies may reflect sample mislabeling, cross-contamination, or previously
unrecognized chemotypic diversity, and warrant further validation.

Regarding terpenoid biosynthesis, we identified eight candidate genes (Table S6):
three with root-specific expression, three with trichome-specific, one group-enriched in
trichomes and IMF, and one with low expression (Table S7). Trichome-specific genes
(F8388_008713, F8388_024573, F8388.026422) and the group-enriched gene
(F8388_017921) all exhibited markedly higher expression in trichomes compared to whole
flower samples (Figure 5). Importantly, their expression showed no clear bias toward
specific chemotypes. This pattern suggests that terpenoid biosynthesis is broadly active
across both hemp and marijuana varieties, likely independent of cannabinoid
chemotype-defining genes.

Overall, despite chemotypic differences between hemp and marijuana, genes in the
upstream cannabinoid and terpenoid pathways show similar expression profiles (Figure 5),
highlighting conserved mechanisms of defense specialization in C. sativa.

(a) Cannabinoid and terpenoid metabolic pathway scheme (b) Expression of Cannabinoid and terpenoid tissue and
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Figure 5. Cannabinoid and terpenoid biosynthesis. (a) Schematic representation of the metabolic
pathways underlying cannabinoid and terpenoid production, with key enzymatic steps highlighted. (b)
Expression profiles of cannabinoid- and terpenoid-related genes in trichome and whole-flower
samples. Expression levels are shown across chemotypes to illustrate tissue specificity and
chemotype-associated patterns.

Conclusion

This study advances our understanding of C. sativa flower development by identifying OGs of
MADS-box genes and analyzing their expression in MF and FF. Our results point to the
involvement of specific MADS-box genes in flower organ development and sex
differentiation. In parallel, sugar metabolism-related genes were linked to fertility and pollen
wall formation, underscoring key metabolic processes in male reproductive structures.
Expression profiling of cannabinoid and terpenoid biosynthetic genes further confirmed their
strong tissue specificity, particularly in trichomes, emphasizing the finely tuned regulation of
secondary metabolite production. Collectively, these findings establish a molecular
framework for future functional studies and identify promising targets for metabolic
engineering and breeding strategies aimed at optimizing flower traits and bioactive
compound profiles in cannabis.
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