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Cannabis sativa L. has a long history of medicinal and industrial use, with female flowers as the primary source of bioactive
cannabinoids and terpenoids synthesized in glandular trichomes. Despite its importance, the genetic mechanisms governing
flower development, sex determination, and secondary metabolite biosynthesis remain incompletely understood. Here, we
combined transcriptomic and comparative genomic analysis to elucidate the molecular networks underlying these traits.
Integrating 117 RNA-Seq datasets and phylogenetic analyses across nine C. sativa genomes, we identified 31 orthogroups
of MADS-box transcription factors. Expression profiling highlighted distinct candidates for male and female flower identity,
consistent with the ABCDE model. AP3, PI/GLO, and MIKCS clades were preferentially expressed in male flowers, whereas
AGL6, FLC-like, and Bsister genes predominated in female flowers. Analyses of pollen-associated genes underscored roles
for sugar metabolism and transport in male fertility. Profiling cannabinoid and terpenoid biosynthetic genes confirmed
strong trichome expression and revealed a key distinction: upstream polyketide, MEV, MEP, and the terpenoid pathways
showed conserved expression across chemotypes, whereas the cannabinoid pathway displayed chemotype-specific profiles.
Collectively, these findings provide an integrative framework for floral development and secondary metabolism in C. sativa,
offering targets for functional validation and breeding to optimize agronomic and medicinal traits in modern cultivars.
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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 glandu-
lar 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 (ElSohly & 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 (ElSohly & Slade 2005). Among these, can-
nabinoids are the most pharmacologically and commer-
cially valuable, particularly delta-9-tetrahydrocannabinol
(A9-THC) and cannabidiol (CBD), which are associated
with both medicinal and adult-use applications (Giilck &
Mgller 2020; Leinen et al. 2023). Terpenoids also contrib-
ute significantly, especially in the context of adult use, as
they shape the aroma and flavor profile of cannabis prod-
ucts (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 col-
lection 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 poten-
tially associated with pollen development; and (iii) genes
involved in cannabinoid and terpenoid biosynthetic path-
ways. 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.

Materials 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).

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 relation-
ships 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 analy-
sis. Protein sequences within each OG were aligned using

Table 1 Cannabis varieties used

. . Genome
in MADS-box analysis

Source database
Protein sequence source

Reference

Jamaican Lion mother + Y
Pink Pepper

Purple Kush

Finola

CBDrx18 (Cs10)

LA Confidential

Chemdog91

Pineapple Banana Bubba Kush

Cannatonic

(K. McKernan et al. 2018, 2020)

(Ryu et al. 2024)

(Bakel et al. 2011; Laverty et al. 2019)
(Bakel et al. 2011; Laverty et al. 2019)
(Grassa et al. 2018, 2021)

RefSeq*
RefSeq
CannabisGDB
CannabisGDB
CannabisGDB

Steep Hill Genetics CannabisGDB
Courtagen Life Sciences CannabisGDB
Steep Hill Genetics CannabisGDB

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).
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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. Phylo-
genetic 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.

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. (2021a, b), (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 follow-
ing parameters: similarity_matrix = BLOSUMG62, e-value
< 0.001, gcov_hsp_perc > 80 and, max_target_seqs = 1.
The assignment of the functional category was based on the
classification established in each reference study. We used
the expression classification from CannAtlas to identify the
homologous genes Tissue-Specific to MF or IMF and also
the Group-Enriched ones for MF + IMF.

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 fol-
lowing parameters: per_identity = 80, e-value < le-10, and
gcov_hsp_perc > 90.

Enrichment analysis

Enrichment analyses of Gene Ontology (OG), KEGG path-
ways, and TF family were performed using a Fisher’s exact
test in R, with significance defined by a Benjamini—Hoch-
berg 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

Table2 MADS-box TF distribution across nine cannabis varieties

Variety # Total TFs # MADS TFs % MADS
Jamaican Lion mother + Y 1532 70 4.57
Pink Pepper 2315 123 5.31
Purple Kush 1816 77 4.24
Finola 1694 77 4.55
CBDrx18 (Cs10) 1399 76 543
LA Confidential 1055 43 4.08
Chemdog91 789 35 4.44
Pineapple Banana Bubba 920 36 391
Kush
Cannatonic 949 44 4.64
Mean 1385.44 64.56 4.57

the specification and differentiation of sepals, petals, sta-
mens, 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 coordi-
nates flower morphogenesis, ensuring proper reproductive
development (Coen & Meyerowitz 1991). Using Arabidop-
sis 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
I Ma, M and My) and type II (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 predic-
tion 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 sup-
ports the accuracy and sensitivity of the strategy used in
both studies.

OrthoFinder grouped 95.5% of the input genes (280,293
out of 293,409 predicted proteins) into 17,972 OGs. Among
these, 0.5% (1,467 genes) were assigned to 596 variety-
specific OGs (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 identi-
fied 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: OG0000096 included representatives of AG, AGL6,
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0G0000096, the largest MADS-box orthogroup identified in this
study, comprising members of four distinct reference clades: AG
(red), AGL6 (gold), FLC (orange), and SEP (dark blue). Clades are
color-coded according to their MADS-box reference clade assign-
ment, as determined by OrthoFinder using the reference sequences

FLC, and SEP (Figure 1), while OG0000433 contained
genes from the FLC-like and TM3 clades (Table 3 and S3).
The remaining reference genes were distributed across dis-
tinct OGs as follows: AP3, AGL17, AGL12, AGL15, SVP,
SQUA, Bsister, and PI/GLO, each mapped to separate OGs,
whereas Ma, M3, My and MIKCS reference genes were dis-
tributed 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 Plant-
TFDB pipeline (Table 3). To understand why these genes
appeared in MADS-box clades, we examined their multiple
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M-type MADS (green) by PlantTFDB, as well as genes that lost the
conserved MADS-box domain (No-MADS, black), are also shown.
Reference sequences are prefixed with “REF_". The tree was recon-
structed using IQ-TREE v2.3.6 under default parameters and visual-
ized with FigTree v1.4.4

sequence alignments (MSA) and found that, although they
showed partial alignment with MADS-box genes, they lost
the conserved N-terminal MADS-box domain (Figs. 2 and
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 3).

The variation in the number of MADS-box genes
observed across cultivars within the identified orthogroup
clades (Tables 2 and 3) represents a technical consequence
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a) 0G0001926 - Clade Mb
NCBI Muliple Sequence Alignment Viewer, Version 1.26.0
Sequence ID SH| e End [idoniity | Coverago |Mismatches
[ 2 30 w0 0 o 0 & % 1% 10 120 1% 1 150 160 70 180
Ristousd_cS10_MADS REF XP 0305069932 () 1 MILPLKLI PNEKARRVTFSKRKSSLI KKAYELSTLCOVKVCLI | KDSTNGPSNP! ATVPKCPHKVRSLI NDYKI AKTTOKPSSKSLW.TCFLKER! NN EKLOCSCEKSKG! wmmenmao(rmsm«mumm SSHWFKLQULLQQHQM SSSSKAP 254 10000 100.00 0
18_pep_CsCBD_07G0010520 @) 1 MILPLILI PNEKARRVTESKRKSSLI KKAYELSTLCOVKVCLI | KDSTNGPSN\PI ATVPKCPHKVRSLI NOYKI AKTTQRPSSKSLONTCFLKER! NVNKEI EKLOCSCEKSKG WGNGSNCEKLNGNCLORFASELONKIMGLNLRIRLL SSHFKLQULLQGHQM SSSSKAP 254 10000 10000 0
Purplokush pep_ GsPK 000056380 4) 1 MILPLKLI PNEKARRVIFSKRKSSLI KKAYELSTLCDVKVCLI | KDSTNGPSNNPI ATVPKDPHKVRSLI NDYKI AKTTQKPSSKSLQMLTDELKERI NKVNKEI EKLCQSGEK NGNQLCKF ASEL DNKMKQUNLRVRHLI SSHNFKLQULLGGHQM SSSSKAP 254 10000 100.00 0
PBBKush_pep_CsPBB_00G0147010 () MILPLKLI PAEKARVTFSKRKSSLI KKAYELSTLCOVKVCLL | KISTICPSNE! ATVPKDFHO/RSLI RDYKI AKTTGSSKSLOMTEFLIER N EKLOGSCEK Xa NGNQLCKF ASEL DNKMKQUNLRVRHLI SSHNFKLQULLQGHQM SSSSKAP 254 10000 100.00 0
LAConfidental_pep_CSLAC_00G0132440 K] 1 PNEKARRVTFSKRKSSLI KKAYELSTLCOVKVCL | KDSTNGPSNNPI ATVPKDPHKVRSLI NOYKI AKTTQ TOFLKER! 1 EKLCQSGEKSKG NGNQUCKFASELDNKMKQUNLRMRHLI SSHVFKLQULL SSSSKAP 254 10000 100.00 0
Cannatonic_pep_CSCAN_00G0212220 4) 1 MILPLKLI PNEKARRVTFSKRKSSLI KKAYELSTLCOVKVCLI | KDSTNGPSNNPI ATVPKDPHKVRSLI NOYKI AKTT'KPSSKSL NLTOELKER) NOVIKE! EXLCORCEKSKG NGNGLCKFASELDNKMKQUNL MLQQHQM SSSSKAP 254 10000 100.00 0
Cannatonic_pep_CSCAN_00G0136700 ©) 1 MILPLKLI PNEKARRVIFSKRKSSLI KKAYELSTLCOVKVCLI | KDSTNGPSNNPI ATVPKDPHKVRSLI NDYKI AKTTQKPSSKS| LKERI NKVNKEI EKLCQSQEKSKG NGNQLCKFASELDNKMKQUNLRVRHLI SSHNFKLQULLGGHQM SSSSKAP 254 10000 100.00 0
pper_XP_030508 @ 1 ARRVTFSKRKSSL1 KKAYELSTLCOVCLI | KDSTNGPSINPI ATVEKEFHVRSLI NDYI AT KPSkl QULTOFLKER) NORKE EKL CRBCEKSKG NGNQUCKFASELDNKMKQUNLRVRHLI SSH\FKLQULLGGHQM SSSSKAP 254 10000 100.00 0
Finoia_pep CSF 0860033290 4) 1 MILPLKLI PNEKARRVIFSKRKSSLI KKAYELSTL 1 | NDYBI AKTTQKPSSKSLQN.TOFLKER! NKVNKEI EKLCQSQEKSKG NGNQLCKFASEL DNKMKQUNLRVRHLI S MLLQQHQM SSSSKAP 254 9961 100.00 1
pper_XP_0305089 B 1 I PNEKARRVTFSKRKSSLI KKAYELSTLCOVKVCLL | | NDYKI AKTT TOFLKERI NKVNKEI EKLCGSQEK: NGNQLCKFASELDNEVKQUNLRMRHLI S L SSSKAP 254 9961 100.00 1
Ristevski_cs10_MADS_REF xP 030508977.2  (y) 1  MILPLKLIPNEKARRVTFSKRKSSLI KKAYELSTLCOVKVCLI | 1 NDYKI AKTT TOFLKERI NKVNKEI EKLCGSQEKSKG! VVGNGSNGEKL NGNGLCKFASELDNEMKQUNLRVRHLI SSHFKLQULLQQHQM SSSSKAP 254 9961 10000 1
Cannatonic_pep_CsCAN_00G0022530 +) 1 BILECKLI PNERARRVIFSKRKSELI KKAYELSTLCOVKVCLI 1 NDYK] AKTT TDFLKER! NKVNKEI EKLCGSREKSKG KLNGBQLCBFASELDNKMKQL L 262 9122 100.00 15
‘CBORx-18 pep_CSCBD_08G0027290 +) 1 HILECKLI PNERARRVIFSKRKSBLI KKAYELSTLCOVKVCL | | NDYKI AKTT “TDFLKERI NKVNKEI EKLCGSREKSKG! VEGNGSRQEKLNGBIGL CBF ASELDNKMKQL L 262 9122 10000 15
PBBKush_pep_CsPBB_00G0077850 +) 1 HILECKLI PNERARRVTFSKRKSBLI KKAYELSTLCOVKVCLI | KDSTNGPSNNPI | NOYKI AKTT TOFLKER! NKVAKE EKLCOSBEKSKG! VEGNGSBGEKLNGBQUCEF ASEL DNKMKQUNLRVRHLESSHYIKLQVLLGGHQMSSSSKAP 262 9122 10000 15
pink_pepper_XP_030478466.1 (+) 1 MILELKUI PNES 'SKRKSHBLI KKAYELSTLCDVKVCLI | KDSTNGPSNNPI 1 NDYKI AKTT TOFLKERI NKVNKEI EKLCQSBEKSKG VBIGNGSBQEKL NGBQU CF ASEL DNKMKQUNLRMRHLISSHIlIKLQMLLQOHQMESSSSKAP 262 9122 100.00 15
PurpleKush_pep_CsPK_02G0001640 ©) 1 HITBLKLI PNERARRVIFSKRKSELI KKAYELSTLCOVKVCLI | 1 NDYK] AKTT TDFLKERI NKVNKEI EKLCGSREKS| KLNGBQUCBF ASEL DNKMKQUNLRVRHLSSHYIKL QML 262 9122 100.00 15
Ristevsii_cs10_MADS REF_XP_030478466.1  (+) 1  MILBLKLI PNEBARRVIFSKRKSELI KKAYELSTLCOVKVCLI | | NDYKI AKTT “TDFLKERI NKVNKEI EKLCGSREKSKG! VEGNGSRQEKLNGBIGL CEF ASELDNKMKQL L 262 9122 10000 15
JL_Mother_Y_protein_KAF4371236.1 4) 1 HITBCKLI PNERARRVIFSKRKSELI KKAYELSTLCOVKVCLI | | NDYKI AKTT “TDFLKERI NKVNKEI EKLCQSREKSKG! VEGNGSRQEKL NGBIQL CBF ASEL DNKMKQUNLRMRHL KLQULLQQHOMISSSSKAP 263 9087 100.00 15
LAConfidential_pep_CSLAC_00G0196640 @) 1 | PNERARRVTFSKRKSBLI KKAYELSTLCOVKVCLI | | NDYKI AKTT TOFLKER | EKLCQSREKSKG ELDVKMKQUNLRIR KLGMLL SSSKAP 263 9087 10000 15
GBDRx-18_pep_CSCBD_07G0010900 4) 1 MILPLKLI PNEKARRVIFSKRKSSLI KKAYELSTLCOVKVCLI | 1 NDYKI AKTT “TDFLKER! NKVAKET EKL CQSGEKSKG! VWGNGSNGEKL NGNQLCKFASEL DNKMKQUNLRVRHLI SSHNFKLQVLLGGHQM SSSSKAP 226 9079 8898 9
LAConfidential_pep_CsLAC_00G0207910 4) 1 HILPLKLI PNERARRVIFSKRKSSLI KKAYRLSTLCOVKVCLI | 1 NDYKI AKTT HOFLKER! 1 EKLOCHGBK VINGSNGEKNGROLCBFASEL DI RIRHLBSSHEIKL QWL 233 8015 8858 15
CBDRx-18_pep_CSCBD_ 4) 1 HIIPLKLI PNERARRVIFSKRKSSLI KKAYRLSTLCOVKVCLI | | NDYKI AKTT HOFLKERI NKVNKE EKLCQIGBKSKG VEGNGSNQEKL NGBQU CBFASEL DNKMKGLNLRVRHL KLGMLL 233 8015 8858 15
PurpleKush_pep_CsPK_02G0001630 @ 1 PLKLI PNEBARRVTFSKRKSSLI KKAYBLSTLCOVKVCLL | | NDYKI AKTT BOFLKERI NKVNKE] EKLCQIQBKSKG VEGNGSNQEKL NGBQU CBFASEL DNKMKGUNLRMRHL KLGMLL 23 7977 8858 16
b) 0G0000096 - Clade AGL6
NCBI Multple Sequence Alignment Viewer, Version 1.26.0
Sequence ID Sy End |identity |Coverage |Mismatches|
0 ® ) © 50 ® » ® ® 100 7 120 1% w i 1% i -
Ristousd co10, MADS, REF XP 0305009652 () 1 revaconpspees NRQUSF SKRRNGLLKKAYELHVLCDAEVGLI | FSSRGKLYEF GSSDLNTI VERYRQSTYALCNNNVEGEEPGNLI LEI PKLKAKYESLQRTERHF HGENL EEL GLKELQULEKRLORTL SQARGHKVGMLLORLEEI ROVFSLRETNEQUKSKLEEGRAKGRSN 264 10000 100.00 0
CBDRx-18_pop_CsCBD_05G0016490 4) 1 MERGKWLER! ENKI NRQ/SFSKRRNGLLKKAYEL VLCDAEVGLI I FSSRGKLYEFGSSDLNTI VERYRQSTYAL GNNNVEGEEPQNLI LEI PKLKAKYESLORTERHFHGENL EELGLKEL ML EKRLDRTLSQARGHKVIGMLLDRLEE] RQNCHSLRETREQUKSKLEEGRAKGRS 225 9378 9098 1
Cannatonic_pep_CsCAN 00G0145960 NI MLLDRLEE| RQNCHSLRETREQUKSKLEEGRAKGRSN 82 8293 3238 1
Chemdog91_pep CsCDI1_00G0023600 —1xi MLLDRLEE| RONDHSLRETNEQUKSKLEEGRNKGRSN 74 8919 2910 5
Finola_pep_CsFN_01G00140 ©) 1 MORGKVWLERI ENKINRQUSFSKRRNGLLKKAYELHVLCDAEVGLI | FSSRGKLYEFGSSDLNTI VERYRGSTYALQNNNVEGEEPGNLI LEI PKLKAKYESLQRTERHEHGENLEEL GLKELQNLEKRLORTLSQARQHKVIGMLL DRL EE| RQNDHSLRETREQUKSKLEE 194 9128 7951 16
Finola_pep_CsFN_01G003 o) 1 MERGOWLER] ENG NRQVSFSKRANGLLKKAYELHM.COAEVGLLL FSSHGKL YEF GSSOLNT VERYRCSTYAL QNANWECEEPONL LEL PRI KAKYESLRTERL HGENEELGLKELGNL EKRUDRTLSOWAGHKWMLLCRL £E| RN SLRETNEQLISKLEEGRKGRSY 244 9959 10000 1
JL_Mother Y_protein_KAF4371272.1 +) 1 MRGKWLERI ENKI NRQVSFSKRRNGLLKKAYELI RYRQSTYALGNNNVEGEEPQNLI LEI PKLKAKYESLQRTERHFHGENL EELGLKEL QL EKRL DRTLSQARQHEMIEN MPQTEIPRLPY 155 62.30 63.52 36
LAConfidential_pep_ CSLAC_00GO1044( 1 CRGOVEER! ENK AAGH/SF SKRRNGLLKKAYEL ML COREVELL | FSSRGKLYEF GSSCLNT VERYAGSTYAL NNWECEEPGRLH LE PKLKAKVESLGRTERLFHENLEEL CLKEL VL EXRLERTL: MPQIFIPCLPY 15 7594 6721 22
LAConfidential_pep CSLAC_00GO115310 mmmmm(s) 1 M.LDRLEE| RQNCHSLRETNEQUKSKLEEGRAKGRSN 82 8293 3238 1
PBBKush_pep_CsPBB_00G0192720 (+) 1 MGRGKVVLER! ENKINRQVSFSKRRNGLLKKAYELHVL.CDAEVGLI | FSSRGKLYEF GSSDLNTI VERYRQSTYALQNNWE GEEPQNLI LEI PKLKAKYESLORTERHF HGENLEEL GLKEL QML EKRLDRTLSQARQHKVQMLLDRLEE| RONDHSLRETNEQUKSKLEEGRNKGRSN 225 9378 9098 1
PurpleKush_pep_CSPK_00G0099050 ) 1 MGRGKWLERI ENKI NRQVSFSKRRNGLLKKAYELHVLCDAEVGLI | FSSRGKLYEF GSSDLNTI VERYRQGSTYALQNNWEGEEPGNLI LE| PKLKAKYESL GRTERHFHGENLEEL GLKELQNLEKRLDRTL 144 9861 5902 2
PurpleKush_pep_CSPK 01G0013180 ©) 1 MCRGKWLERI ENKI NRQVSFSKRRNGLLKKAYELHVLCDAEVGLI | FSSRGKLYEF GSSDLNTI VERYRQSTYALQNNNVEGEEPGNLI LE| PKLKAKYESLQRTERHF HGENL EEL GLKELQNLEKRLDRTLSQARQHKVIQMLLDRLEE| RONDHSLRETNEQUKSKLEEGRNKGRSN 225 9378 9098 5
pink_pepper_XP_030500965.2 (+) 1 MGRGKVWVLER! ENKI NRQVSFSKRRNGLLKKAYELHVLCDAEVGLI | FSSRGKLYEFGSSDLINTI VERYRQSTYAL GNNWEGEEPQNLI LEI PKLKAKYESLQRTERHF HGENLEEL GLKEL QMLEKRLDRTLSQARQHKVIQMLLDRLEE| RONDHSLRETNEQUKSKLEEGRNKGRSN 244, 10000 10000 0
c) 0G0000433 - Clade TM3
NCBI Muliple Sequence Alignment Viewer, Version 1.26.0
Sequence ID IS A End|identy | Coverage |Mismatches
0 2 E © 0 © 7 % © 100 10 20 1% 10 150 160 m 150
Ristovski_cs10_MADS_REF XP 0305017712 (+) 1 Mma(rm ENAASROVTESKRRANGLLKIAFELOVLCDMEVALL | FSPROKLYEFASSRCESINCT ERY LTSNKTI SEDCHHOL DHLEVSKIMKLLGDGLESCSFQELHQ ENQLERSLAKI RARKNQLYREQ! EKLKQEEKSLLEHNAKL 237 10000 10000 0
JL_Mothor_Y_protein_KAF4369529.1 4 1 MRGKTQWKRI ENAASRQVTF: LKKAFELSVLCDAEVALI | F: YEF, [ 78 5888 30.80 10
ChomdogSi_pop_CsCD91_00G0144550 1 MRGKTQWKRI EmAsnwrrsmmLmFEstmxsvmxrspmvsrnssn WET SR o BussH 82 4818 3249 1
CBDRx-18_pep_CsCBD_05G0020730 1 MRGKTQVKRI ENAASRQVTFSKRRNGLLKKAFELSVLCDAEVALI | FSPRGKLYEFASSR NN BB ma NRHEDS BN 87 47.10 60 17
Cannatonic_pep_CSCAN_( 140 1 MRGKTQWKRIE! SKRRNGL LKA ELSVLCOREVAL | FSPRGQYEFASSR  INETT B B YPHEI SSL* 87 4710 3460 17
Chemdog91_pep_CsCD91_00G0142430 _ mummm 1 MAKK BHLEVSKEKEL GRS SCSBEELIM ENBLERSURS! RARKEQURREQ! EKLKANERILLEENIRL 120 4651 5021 59
PBBKush_pop_CsPBB_00G0248590 X1 'MAKK EHLEVSKBKEL GRS SCSHEEL I EBBLERSLRS| RARKECURBEQ! EKLKANERELLEENRL 120 4651 5021 59
LAConfidontial_pep_CSLAC_00G0088990 mummm (1) 1 'MAKKI EBLEVSKRKEL GRBNSSCSHEEL B ERRL ERSLRS| RARKECUEREQ! EKLKARERELLBENNRL 120 4651 5021 59
LAConfidential_pep_CsLAC_00G0160730 M (s) 1 MIKKI BlLENSKRKEL GEGLBSC HLKEREKBLESENARL 131 46.04 50.63 56
Cannatonic_pep_CsCAN_00G0134890 1 RY K NOEQENKNEVERHTD RN KEERARAKKI BELEVSKRKEL GRBNS SCSHEEL N EHRLERSLRS! RARKEQUEREQ! EXLKAKERNLLEENERL 156 39.08 65.40 87
pink_pepper_XP_060971452.1 1 MWN EWFWLWWC_—I!FS“LYEF- -l ERV - EVSKRKHEL GRS SCSHEELIN ENRLERSLES! RARKEQUEREQ El 160 5291 67.51 69
CBORx-18_pep_CsCBD_05G0020720  mmmmmm (1) 1 ! T ERYTCRRTKDGGSCLTSNKTI SECOXEDLOWVSKEDSF A CHLEVSKOKLLGOGLESCSFCELHG ENOLERSLAK RAFKLYREQ EKLKCEEKILLEIWKL 161 7257 7637 9
LAConfidential_pop_CsLAC_00G0005960 mummm (1) 1 " BCES| NKTI NKTI SBOOHHOLQAAVSKEDSF SMAKKI DHLEVSKNKLL GDGLESCSFQELHQ ENQLERSLAKI RARKNQLYREQ! EKLKQEEKSLLEHNAKL 182 7426 7679 6
JL_Mother_Y_protoin_KAF4369530.1 G 1 ETUSKIR — KIEY -u JFBE WBIACHS|NCT] ERVTGRATKOGSCLTSNCT SEDCHEEL QAAVSKEDSF SYAKK) DL EVSKWKLL GO, ESCOFGELHO ENGLERSLAK] RARKNGUYREQL EKLKGEEKRLLEFAKL 195 7336 8143 25
JU_Mother Y protein_KAF4386797.1 1 ENASRQVTFSKRRNGLLKKAFELSVLE MROSE  HORTI ERY REBTKD QT ESVEGHNCIOH KQEATEMYKKI BHLERS! €l 205 4398 8186 88
CBDRx-18_pep_CsCBD_02G0035400 1 MBRI ENARSRQVTF SKRRNGLLKKAFELSVLCDAEVAL | FSPRGKLEEFASSS  BTI ERY RETKD I.T_--I(Kl -Lﬂsmula.lsts. LRCVERCLERSHIKI RARKNCHERRC! ENLKEREKELESENARL 221 52.28 88.61 84
PurpleKush_pep_CsPK 1: 1 M/RGAEQWKRI ENARSRG KRREGLLKKAREL BVLCOMBNEL | | FSEEGRLYEFSIND  NENN) ERY HEHEX | QEQTNKM-VEQ-TQ EVSKRKHEL GRBNS SCSHEELIN ENRLERSLRS! RARKEQUEREQ! EXL KERERELLEENERL 217 7.48 91.14 103
Ristovski_cs10_MADS_REF_XP_030502139.1 1 M/RGEQVKRI ENAESRQVTFSKRREGLLKKAREL BVL COMBNL | | FSEEGRLYEF | NN ERY K | QEQTNKM VEQ TQ -LEVSW_SG-EI. EHRLERSLES! RARKEQUEREQ! EXLKERERNLLEENERL 217 47.48 91.14 103
CBDRx-18_pep_CsCBD_05G0018450 1 MRGKEQVKRI ENATISR! LKKAREL BVLCOMMEL| | FSREGRLYEF SIND NN ERY HEEEX REQUNKNEVEQ-ID  REKHERARAKKI EELEVSKRKEL GRDNS SCSHEEL IS ERRLERSLRS| RARKEQUEREQ! EXLKEKEREL LEENERL 217 47.48 91.14 103
pink_pepper_XP_030502139.1 (+) 1 MRG NAJISR LKKARELBVLCOMBEL | | FSREGRLYEFSIND MMM ERY HEHEX CEQUNKNEVEC-I®  REKHENARNAKKI BELEVSKRKEL GRDIS SCSHEEL IS ERRLEQSLRS| RARKEQUEREQ! EXLKEKEREL LEENERL 217 47.48 91.14 103
Finola_pep_CsFN_01G0021630 (+) 1 MRGEQWKRI LKKAREL || FSEEGRLYEFSINE  NONN) ERY HEEEK OEQUNKNE VEHID RN KEENAR KK BHLEVSKRKEL GRBNSSCSHEE LI EHRLEQSLRS| RARKEQUEREQ! EXLKBEERELLBENIRL 217 47.48 91.14 103
pink_pepper_XP_060970412.1 (+) 1 M/RGKTQMERI ENARSRQ LKKAFELSVLCDAEVALI | FSPRGKLBEFASSE  METI ERY BEBTKD NOTENSVECN S0 < QSR MK BLENSKRKEL GEGLESCSMEEL ROVERQL ENLKEREKBLESENABL 228 53.63 91.56 84
pink_pepper_XP_060970409. () 1 ENATISRG LKKAFELSVLCDAEVALI | FSPRGKLBEFASSE  METI ERY REBTKD QT EINKSWEQI 0N KQEATAMYKKI EILENSKRKEL GEGLESCSBEEL RAVERQLERSYKI RARKNCUERBQ! ENfL KEREKBLISE| 228 53.63 91.56 84
PBBKush_pep CsPBB_00G0137210 1 ENANSR LKKAFELSVL.CDAEVALI | FSPRGKLBEFASSE  METI ERY REBTKD QT HNKSVEQTIVOHE KQEATAMYKKI ELENSKRKEL GEGLESCSBEELROVERQLERSYIKI RARKNCUERDQ! ENLKEREKBLESENABL 228 53.63 91.56 84
pink_pepper_XP_03049058' (+) 1 LKKAFELSVLCDAEVALI | FSPRGKLBEFASSE  MESTI ERY BEBTKD NNV <RI KK B ENSKRREL GEGLBSCSMEELROVERCLERSHIK! RARKNCHERBC! ENL KEREKBLESENARL 228 53.63 91.56 84
pink_pepper_XP_03049057¢ 1 NAES LKKAFELSVLCDAEVALI | FSPRGKLBEFASSE  METI ERY BEBTKD NOT NSV < QA KK B ENSKRREL GEGLBSCSMEEL ROVERCLERSHIKI RARKNCHERBC! ENL KEREKELEISENARL 228 53.63 91.56 84
Ristevski_cs10_MADS_REF_XP_030490578.1 1 M/RGKTQMBRI ENARSRQVTFSKRRNGLLKKAFELSVLCDAEVALI | FSPRGKLBEFASSE  MEBSTI ERY REBTKD QT NS0 KQEATAMYKKI EILENSKRKEL GEGLESCSBEEL ROVERQLERSYIKI RARKNCUERDQ! ENLKEREKALESENARL 228 53.63 91.56 84
PurploKush_pop_CsPK ( 1 MRGKTQUER! ENATISRQVTF SKRRNGLLKKAF ELSVLCDAEVALI | FSPRGKLBEFAS 1 ERY ENSKRKELGHGLBS ElL JLESENABL 229 363 9198 85
(_pepper_XP_060971617.1 ©) 1 M/RGKTQUKRI ENAASRQVIFSKRRNGLLKKAFELSVLCDAEVALI | FSPRGKLYEFASS S| NKTI ERYTGRRTKDGGSCLTSNKTI SEDOHHOLQAAVSKEDSFSMAKKI DHLEVSKMKLL GDGLESCSFQELHQ ENGLERSLAKI RARKNQLYREQI EKLKQEEKSLLEFNAKL 232 9783 97.89 0
Finola_pep_CSFN_01G0019150 M KRRNGLLKKAFELSVLCDAEVALI YEFASSRCFSI NKTI ERYTQ TSNKTI SECOHHDL QA DHLEVSKMKLLGDGLESCSFQELHQ| ENQUERSLAK] RARKNGLYREQ! EKLKQEEKILLEHNAKL 234 8987 9873 21
pink_poppor_XP_060971616.1 1 MRGKTGVKRI ENAASRQVTFSKRRNGLLKKAFELS) 1 YE I NKTI ERYTQ TSNKTI SECCHHOLQAAVSKEDSF SMAKKI DHLEVSKMKLLGDGLESCSF GELHQl ENQLERSLAKI EKLKQGEEKSLLEHNAKL 234 9873 9873 0
pink_peppor_XP_060971615.1 4) 1 M/RGKTQVKRI ENAASRQVIFSKRRNGLLKKAFELSVLCDAEVALI | FSPRGKLYEFASSRCFS| NKTI ERYTQRRTKDGGSCLTSNKTI SECOHHDLQAAVSKEDS! DHLEVSKIKLLGDGLESCSFQELHQ ENQLERSLAK] RARKNQLYREQI EKLKQEEKSLLEHNAKL 235 9916 9916 0
pink_pepper XP_030501771.2 ©) 1 M/RGKTQVKRI ENAASRQVTFSKRRNGLLKKAFELSVLCDAEVALI | FSPRGKLYEFASSRCFS| NKTI ERYTCRRTKDGGSCLTSNKTI SEDOHHDLQAAVSKEDSF SMAKKI DHLEVSKMKLLGDGLESCSFQELHQ ENGLERSLAK! LYREQ EKLKGEEKSLLEHNAKL 237 10000 10000 0
PurpleKush_pep_CsPK_00G0045060 ©) 1 M/RGKTQUKRI ENAASRQVTFSKRRNGLLKKAFELSVLCDAEVALI | FSPRGKLYEFASSRCFSI NKTI ERYTGRRTKDGGSCLTSNKTI SBODHHDLQAAVSKEDSFSMAKKI DHLEVSKNKLL GDGLESCSFQELHQl ENGLERSLAKI RARKNQLYREQI EKLKQEEKSLLEHNAKL 237 9958 100.00 1

Fig.2 Multiple sequence alignment showing examples of a) a clade composed entirely of genes classified as MADS-box, and two clades con-
taining b) three non-MADS genes and c) eight non-MADS genes. Non-MADS genes are marked with blue rectangles

of our phylogenomic pipeline—driven by PlantTFDB pre-
diction and OrthoFinder orthology inference—rather than
authentic evolutionary divergence. As detailed in Supple-
mentary Table S8, the genomes analyzed in this study differ
substantially in assembly contiguity and predicted proteome
size, directly shifting the baseline for gene discovery. High-
quality assemblies such as Pink Pepper (scaffold N50: 77
Mb; 39,959 proteins) and CBDrx18 (scaffold N50: 91.9
Mb; 33,371 proteins) contrast sharply with more frag-
mented assemblies such as Chemdog91 (scaffold N50: 2.3
kb; 16,538 proteins) and LA Confidential (scaffold N50: 2.6
kb; 24,494 proteins), despite the latter having high sequenc-
ing coverage (300x and 50x, respectively). Importantly,
the “chromosome-level” classification can be misleading
for Purple Kush (scaffold N50: 133.9 kb; 12,836 contigs)
and Finola (scaffold N50: 370.5 kb; 5,303 contigs), which,
despite their assembly-level designation, exhibit contiguity
metrics more typical of contig- or scaffold-level assemblies.
In highly fragmented assemblies, gene predictions within
specific orthogroups are frequently truncated or missed, par-
ticularly for gene families prone to tandem duplication such
as SEP, thereby reducing the number of genes recoverable by
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homology-based and phylogenetic approaches. The apparent
absence of conserved clades such as AP3 in some cultivars
is therefore more likely an artifact of annotation incomplete-
ness than a true biological absence. Therefore, resolving
these genomic discrepancies is important to establish a reli-
able and stable basis for the ABCDE model of Cannabis. By
demonstrating that these central regulators of floral identity
are evolutionarily conserved across varieties, despite promi-
nent assembly artifacts, we provide the community with a
reliable and validated catalog of target genes. This report
can prevent future functional studies and molecular breed-
ing programs from misinterpreting technical annotation gaps
as genuine losses of lineage-specific genes, ensuring that
efforts to optimize sexual expression and agronomic traits of
the species are anchored in a robust evolutionary orthology.

We identified 60 MADS-box TFs in CannAtlas, repre-
senting all clades described by Ristevski (2023), except for
AGL15 (Figure 3). 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 3). In contrast, all genes
from the AP3, PI/GLO, SVP, and MIKCS clades, along
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a) Cannabis ABCDE model scheme and expression of ABCDE MADS-Box genes
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Fig.3 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

with the SEP gene F8388_001210, are predominantly
expressed in MF (Figure 3). The remaining AG and SEP
genes, as well as representatives from other MADS-box
clades, exhibit relatively balanced expression between
MF and FF (Figure 3). The differential expression of SEP
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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). Illustra-
tion: Rosana Gobbi Vettorazzi.

homologues between male and female flowers is also
reported by Garcia-de Heer et al. (2025), who identified
six SEP homologues in cannabis with distinct sex-biased
expression patterns and proposed potential subfunction-
alization of the SEP subfamily in sex determination.

@ Springer
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Experimental support for a role of SEP genes in C. sativa
floral development comes from Adal et al. (2025), who
showed that overexpression of csSEP1 accelerates flower-
ing in Arabidopsis thaliana, suggesting that at least some
cannabis SEP genes retain ancestral regulatory functions,
even as others may have undergone subfunctionalization
toward sex-specific roles as proposed by Garcia-de Heer
et al. (2025). Our orthology-based analysis across nine
C. sativa genomes complements these findings by placing
the differentially expressed SEP genes within conserved
orthogroups, offering a comparative genomic perspec-
tive on their evolutionary relationships and functional
diversification.

According to the ABCDE model of floral organ iden-
tity (F. Chen et al. 2017; Dreni & Kater 2014; H. Liu et al.
2021a, b), the major classes of MADS-box genes are defined
as follows:

Class A: SQUAMOSA (SQUA)/APETALA1 (AP1);
Class B: APETALA3 (AP3) and PISTILLATA (PI/GLO);
Class C: AGAMOUS (AG);

Class D: SHATTERPROOF (SHP) and SEEDSTICK
(STK), (from AG subfamily);

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. 2021a, b; 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 3)
(Gioppato & Dornelas 2019). Based on the expression pat-
terns observed here (Figure 3), 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. This is consistent with Garcia-de Heer
et al. (2025), who reported preferential expression of AP3
and PI homologues in male flowers and their downregula-
tion following ethephon-induced feminization, suggesting
a direct role of class B genes in specifying unisexual floral
identity in cannabis. While their study focused on a single
chemotype under ethephon treatment, our analysis inte-
grates 117 RNA-Seq samples across multiple chemotypes
and genotypes, providing a broader transcriptomic context
that corroborates and extends these findings. Addition-
ally, the MIKCS genes—particularly F8388_020127—also
show higher expression in MF, suggesting a possible role in
MF development (Figure 3). Although MIKCS genes have
been previously linked to pollen development (Gramzow &
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Theissen 2010), their roles in broader aspects of floral mor-
phogenesis remain poorly understood.

MADS-box genes from classes C, D, E, and Bsister are
known to be involved in the development of female repro-
ductive organs such as the ovary, style, and stigma (Fig-
ure 3) (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 3). In addi-
tion, 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 3).

Although experimental validation is required to confirm
the functional roles of these candidate genes, our integra-
tive 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. (2021a, b), we
identified 35 homologs in CannAtlas, of which 8 displayed
preferential expression in both genetic MF and IMF (Fig-
ure 4, Table S4). Second, among the 61 candidate genes
proposed by Adal et al. (2021) as associated with mascu-
linization in cannabis, 37 homologs were detected in Can-
nAtlas, with 9 showing preferential expression in MF and
IMF (Figure 4, 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 Can-
nAtlas, of which 19 exhibited preferential expression in
MF and IMF (Figure 4, Table S4).

Huang et al. (2020) grouped their gene set into four func-
tional categories: pollen development and tube growth, pol-
len 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 35 CannAtlas genes identified
in our analysis to 9 functional categories (FC) related to
flower and pollen development (Figure 4, Table S5).

Notably, nearly all genes under “pollen development
and pollen tube growth”, together with approximately two-
thirds 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 develop-
ment. A similar expression pattern was also observed in
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Expression of pollen development genes
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Fig.4 Expression patterns of genes associated with pollen develop-
ment, classified into functional categories (FCs). Only genes show-
ing preferential expression in male flowers (MF) and/or induced
male flowers (IMF) relative to other tissues in the Cannabis Expres-

MF samples from two feral varieties (SAMN20863695 and
SAMN20863694). In contrast, 16 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 h light induction mark (i.e.,
at the axillary shoot apical meristem stage). This expression
pattern suggests the existence of a light-triggered develop-
mental switch that initiates a coordinated gene expression
program essential for MF development, including genes
involved in pollen formation.

Among the 16 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, a putative AGL6-like

sion Atlas (CannAtlas) are shown (see Supplementary Figure 18 for
expression profiles across all CannAtlas tissues). “Stage” refers to the
developmental stage of the samples as reported in the SRA database

gene (58.98% similarity to OsMADS6 (Table S4)), has been
associated with gynoecium development (Table S5), while
F8388_016871, a putative AGL15-like gene (56.45% simi-
larity to AGL15_ARATH (Table S4)), has been implicated in
floral transition and regulation of flowering time (Table S5).
Interestingly, although AGL6-like (F8388_006754) is typi-
cally 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 lati-
folia, where Hardenack et al. (1994) and Bacovsky et al.
(2022) showed that altered expression of MADS-box genes,
including class B genes PISTILATA and APETALA3, cor-
relates 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 downregula-
tion of female organ identity programs during male flower
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development. Taken together, these findings support the
hypothesis that AGL6-like (F8388_006754) contributes to
repressing gynoecium formation in male C. sativa flowers,
thereby facilitating proper stamen development.

Among the 9 sugar-related genes identified, seven dis-
played similar expression levels in both MF and IMF,
suggesting a conserved role in pollen development across
genetic and chemically induced contexts. Two of these
genes encode sugar transporters from the SWEET family
(F8388_007553 and F8388_025429). Along this, other
two transporters classified with mixed expression at Can-
nAtlas also had considerable expression in male flowers: a
sucrose/H" symporter (F8388_000867), and a UDP-galac-
tose/UDP-glucose transporter (F8388_001017) (Table S4).
These transporters likely help sustain the high-energy
demands for pollen development and pollen tube elonga-
tion. In Arabidopsis, disruption of sucrose transport impairs
pollen germination and shortens pollen tubes, underscor-
ing the critical role of sugar supply in reproductive success
(De Angeli 2022; Reinders 2016). In addition, two genes
associated with sugar metabolism regulation—a puta-
tive L-ascorbate oxidase (F8388_003525) and a MYB TF
(F8388_008455)—may contribute to modulating redox
balance and secondary metabolism during pollen devel-
opment, 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-p-glucan
synthase (F8388_017560) involved in sugar biosynthesis.

(a) Top 10 trichome enriched GO terms

Hexosyltransferases catalyze the transfer of hexoses to elon-
gating 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 syn-
thesis and deposition of carbohydrate polymers, ensuring
structural stability and functionality in both MF and IMF.
Five genes related to pollen wall development also showed
comparable expression levels in both MF and IMF, support-
ing 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 (F8388_011806), a
beta-galactosidase (F8388_024335), and a pectinesterase
(F8388_018165). These enzymes act in the biosynthesis
and remodeling of the structurally complex pollen wall lay-
ers. 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
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Fig.5 Functional enrichment of trichome-specific genes. a Gene ontology (GO) terms, b KEGG metabolic pathways and (¢) transcription factor
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and maturation (Ban et al. 2020). Pectinesterases modulate
pectin methylesterification, thereby adjusting wall porosity,
rigidity, and elasticity (Cankar et al. 2014). Additionally,
some genes appear to contribute to both pollen development
and pollen tube growth, such as a short-chain dehydroge-
nase/reductase (SDR, F8388_026529) and the previously
mentioned MYB TF (F8388_008455), highlight the coordi-
nated 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 pro-
duction 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 tri-
chome-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 5).

Among the enriched GO terms (Figure 5a), S-adeno-
sylmethionine-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 can-
nabinoids and terpenoids (C. Zhang et al. 2021). Additional
enrichment in ion binding, heme binding, and monooxy-
genase activity (Figure 5a) highlights the contribution of
cytochrome P450 enzymes, which participate in the struc-
tural diversification of secondary metabolites and modulate
their chemical properties (Layer et al. 2010). The enrich-
ment of oxidoreductase activity (Figure 5a) underscores the
oxidative processes necessary for synthesizing bioactive
compounds. Terpene synthase activity (Figure 5a) was also
significantly enriched, consistent with the role of volatile ter-
penes in repelling herbivores and inhibiting microbial patho-
gens (MacWilliams et al. 2023). GO terms related to the
diterpenoid biosynthesis and lipid metabolism (Figure 5a)
support the production of cannabinoids and their fatty acid
precursors.

KEGG enrichment analysis (Figure 5b) corroborated
these patterns. Enrichment of unsaturated fatty acid bio-
synthesis 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 anti-
microbial and insect-repellent compounds, while the broad
enrichment of secondary metabolite biosynthesis empha-
sizes the specialized metabolic capacity of trichomes.

TF enrichment (Figure 5c) 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 can-
nabis defense system. Taken together, these results highlight
cannabis glandular trichomes as hubs of defensive metabo-
lism, integrating gene regulation, specialized metabolite
biosynthesis, and adaptive responses to environmental
challenges.

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 second-
ary metabolites are synthesized and stored in glandular tri-
chomes of FF, we assessed their expression in flower and
trichome samples (Figure 6).

The polyketide pathway, which produces olivetolic acid,
involves three core enzymes: Acyl-Activating Enzymes
(AAEs), Olivetol Synthase (OLS), and Olivetolic Acid
Cyclase (OAC), with OLS and OAC being directly impli-
cated in cannabinoid biosynthesis (Thomas et al. 2020). We
identified 13 polyketide-related genes (Table S6), includ-
ing 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 sam-
ples, 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 repre-
sented by two genes, one of which (F8388_016754) was

@ Springer



21 Page 12 of 16

Planta (2026) 264:21

(a) Cannabinoid and terpenoid metabolic pathway scheme

(b) Expression of Cannabinoid and terpenoid tissue and
group-specific genes for trichomes
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Fig.6 Cannabinoid and terpenoid biosynthesis. a Schematic repre-
sentation of the metabolic pathways underlying cannabinoid and ter-
penoid production, with key enzymatic steps highlighted. b Expres-
sion profiles of cannabinoid- and terpenoid-related genes in trichome

trichome-specific. Together, these results indicate that genes
from the polyketide and MEP pathways are preferentially
expressed in trichomes. Importantly, no consistent expres-
sion 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 can-
nabinoid 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 prenyl-
transferase 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

@ Springer

and whole-flower samples. Expression levels are shown across chem-
otypes to illustrate tissue specificity and chemotype-associated pat-
terns.

trichome-specific, likely reflects both chemotype distribution
and the methodology used by Barbosa-Xavier et al. (2024),
which relies on median expression across samples. Approxi-
mately 70% of the trichome samples in the dataset originated
from type I chemotypes, which typically show low CBDAS
expression, potentially underestimating its trichome speci-
ficity. A similar bias could have occurred for THCAS had
the dataset been skewed toward type III chemotypes. These
observations highlight how sample composition and classi-
fication 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
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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 biosyn-
thesis. Expression data support this functional assignment:
THCAS, CBDAS, and CBGAS (F8388_001433) were more
highly expressed in trichomes than in whole flowers (Fig-
ure 6b). Moreover, THCAS and CBGAS were preferentially
expressed in type I and II chemotypes, while CBDAS was
more highly expressed in type II and III chemotypes (Fig-
ure 6b), consistent with their roles in defining cannabinoid
profiles.

Unexpected expression patterns were detected in certain
type III hemp samples. Trichome samples SAMN09747685,
SAMNO09747688, and SAMNO09747691, labeled as type 111
hemp (Finola strain) (Livingston et al. 2020), displayed
type II-like expression profiles (Figure 6b). These samples
are biological replicates from BioProject PRINA483805,
which otherwise shows consistent type III expression. We
hypothesize that these samples may have been inadvertently
contaminated with trichomes from type I varieties, such as
Purple Kush or Hindu Kush, which were analyzed along-
side Finola by Livingston et al. (2020) using two-photon
microscopy and disc cell counting analysis. A second dis-
crepancy was observed in the samples SAMN42101035,
SAMN42101034, and SAMN42101033 from the MW6-15
cultivar (BioProject PRINA1128734). Although described
by Welling et al. (2023) as an industrial hemp line (type III),
these samples displayed a type I expression profile, charac-
terized by high THCAS expression and complete absence of
CBDAS (Figure 6b). Such inconsistencies may reflect sam-
ple mislabeling, cross-contamination, or previously unrecog-
nized 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 expres-
sion (Table S7). Trichome-specific terpene synthases
genes (F8388_008713, F8388_024573, F8388_026422)
and the group-enriched gene (F8388_017921) all exhib-
ited markedly higher expression in trichomes compared
to whole-flower samples (Figure 6). Importantly, their
expression showed no clear bias toward specific chemo-
types. 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 ter-
penoid pathways show similar expression profiles (Fig-
ure 6), highlighting conserved mechanisms of defense
specialization in C. sativa.

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, particu-
larly in trichomes, emphasizing the finely tuned regulation
of secondary metabolite production. Collectively, these
findings establish a molecular framework for future func-
tional 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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