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Abstract 

Cannabis sativa L. is an ancient crop, but its agricultural adoption has been interrupted to prevent the use of ma-
rijuana as a psychoactive drug. Nevertheless, hemp—the C. sativa type with low concentrations of intoxicating Δ9-
tetrahydrocannabinoid—is experiencing a resurgence in interest due to loosened cultivation restrictions and its 
potential as a multipurpose bio-based crop. Hemp has valuable applications, including production of medicines 
from its non-intoxicating cannabinoids, food, medical, and industrial uses of its seed oil rich in polyunsaturated fatty 
acids, and production of fibers for textiles and industry from its stems. Recently, several hemp genomic and ge-
netic resources have been developed, allowing significant expansion of our knowledge of major hemp traits, such as 
synthesis of cannabinoids, oil, and fibers, and regulation of flowering and sex determination. Still, hemp is an under-
improved crop, and its development will depend on the ability to expand and collectively use the novel resources 
arising from fast advancements in bioinformatics and plant phenotyping. This review discusses current genetic and 
genomic knowledge of the most important hemp traits, and provides a perspective on how to further expand such 
knowledge and tackle hemp improvement with the most up-to-date tools for plant and hemp research.

Keywords:  Breeding tools, cannabinoids, fiber genetics, flowering genetics, hemp breeding, hemp genetics, hemp genomics, 
terpenes.

Introduction

Cannabis sativa L. is the only plant species within the Cannabis 
genus from the Cannabaceae family (Ren et al., 2021). This spe-
cies is an annual, herbaceous, diploid plant, with a genome 
of ~830 Mb made up of 10 chromosome pairs (2n=20) (Van 
Bakel et al., 2011; Divashuk et al., 2014). Of these, nine pairs 
are homomorphic autosomes, while the 10th pair groups 
semi-heteromorphic XX/XY sex chromosomes (Moliterni 
et al., 2004; Petit et al., 2020a; Prentout et al., 2020). Cannabis 
sativa is naturally dioecious, with male (XY) and female (XX) 

plants producing male and female flowers, respectively, which 
are fertilized through wind pollination (Salentijn et al., 2019; 
Smart et al., 2022). However, monoecious plants also occur, 
which are generally genetic females (XX) producing a variable 
number of both male and female flowers (Faux et al., 2014; 
Salentijn et al., 2019). Cannabis sativa has its center of origin 
in central Asia (Devkota, 2022), where it has been domesti-
cated by humans since at least 6000 years ago (Hillig, 2005; 
Ren et al., 2021). The initial use of this plant was for medicinal 
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purposes (Hillig, 2005; Liu et al., 2017), but since ~3000 years 
ago it has also been used for fiber production (Liu et al., 2017; 
Ren et al., 2021). Nowadays, C. sativa is abundant worldwide, 
mostly in temperate regions, and is a promising but underim-
proved multipurpose crop that can be used to produce diverse 
products such as fibers, oil, cannabinoids, and terpenes (Andre 
et al., 2016; Kovalchuk et al., 2020; Devkota, 2022). Specifically, 
multipurpose hemp is the C. sativa type that can be cultivated 
and used for the aforementioned applications, due to the low 
amount of the intoxicating Δ9-tetrahydrocannabinoid (THC; 
<0.3% of inflorescence dry weight) (Small, 2015; Petit, 2020). 
Still, hemp plants can synthesize >100 types of cannabinoids, 
among which cannabidiolic acid (CBDA) is prevalent (Johnson, 
2019; Lange and Zager, 2022). Hemp cannabinoids—especially 
CBD—have valuable medical applications in formulations to 
treat epilepsy, chronic pain, disorders from drugs abuse, anx-
iety, inflammation, and cancer (Blessing et al., 2015; Überall, 
2020; Morel et al., 2021; O’Brien, 2022). Thus, these molecules 
constitute the basis of the modern use of hemp as a medicinal 
plant. Apart from cannabinoids, hemp seeds contain ~28–35% 
oil with high amounts of α-linolenic acid, γ-linolenic acid, 
tocopherols, and antioxidant polyphenols, which are all com-
pounds with high value for use in food and cosmetic products 
(Cerino et al., 2021; Devkota, 2022). Moreover, hemp oil can 
also be used to produce biofuels (Cerino et al., 2021; Devkota, 
2022). Finally, hemp biomass is also an excellent source of 
natural fibers, which mostly consist of bast fibers from hemp 
stems, and can be used to replace glass fibers, producing tex-
tiles, and synthesizing bioplastics and building materials, such 
as ‘hempcrete’ (Ranalli and Venturi, 2004; Andre et al., 2016; 
Novakova and Sal, 2019).

Despite the potential of hemp as a multipurpose crop to 
produce several bio-based products, this species is currently 
underimproved and far from expressing its genetic potential for 
diverse applications (Salentijn et al., 2015; Schluttenhofer and 
Yuan, 2017). This is mainly due to the restrictions to C. sativa 
cultivation to prevent illegal production of marijuana (i.e. C. 
sativa types with >0.3% THC) that for more than 80 years have 
also extensively blocked hemp research and breeding (Smart 
et al., 2022). As such, the major available industrial hemp cul-
tivars have been bred through conventional basic breeding 
methods, such as mass selection, without the use of any marker 
or genomic technology (Salentijn et al., 2015; Schluttenhofer 
and Yuan, 2017). Still, large genetic variation for the content 
and quality of the major products extractable from hemp—
fibers, cannabinoids, terpenes, and oil—has been recorded in 
multiple hemp populations (Kriese et al., 2004; Galasso et al., 
2016; Petit et al., 2020c; Johnson and Wallace, 2021; Stack et al., 
2021). Moreover, the resurgence of hemp research that has 
taken place over the last decades has produced a wealth of ge-
nomic and genetic resources—including multiple hemp ge-
nome assemblies (Van Bakel et al., 2011; Braich et al., 2020; 
Grassa et al., 2021; Wei et al., 2024), transcriptomic resources 
(Guerriero et al., 2017; Braich et al., 2019; Adal et al., 2021; 

Tang et al., 2023), and molecular markers (Petit et al., 2020a, 
b; Borin et al., 2021)—that are extremely valuable to perform 
technology-driven breeding research on this crop. Finally, the 
increasing availability of genetic, genomic, and functional data 
on specific traits across all plant species, as well as of bioinfor-
matic tools for large-scale comparative analyses, opens up novel 
scenarios for crop improvement through the translation of ge-
netic information between species.

In the context just discussed, this paper reviews the advance-
ments achieved in understanding the genetic basis of major 
target traits for the utilization of hemp in a bio-based economy. 
Moreover, a perspective is offered on how the further devel-
opment of multipurpose hemp varieties can flourish by inte-
grating those research advancements with new genomic and 
bioinformatic technologies. Major target hemp traits for a 
multipurpose use of hemp in a bio-based economy include the 
content and quality of hemp cannabinoids, terpenes, oil, and 
fibers. Moreover, regulation of sex determination and flow-
ering behavior are also important traits, as they directly influ-
ence the expression of major industrial hemp characters, while 
in parallel allowing for specific breeding schemes (i.e. hybrid 
breeding) (Salentijn et al., 2019). In the future, hemp improve-
ment will integrate conventional breeding methods with novel 
genomic technologies, bioinformatic tools, and biotechnologi-
cal approaches based on the genetics of target traits from both 
hemp and other crops.

The genetics of relevant hemp traits from 
the perspective of crop improvement

Cannabinoids

Maximizing the yield of non-intoxicating cannabinoids is a 
important objective in hemp research (Smart et al., 2022), as 
these secondary metabolites—particularly CBDA—have sev-
eral pharmaceutical applications with high economic value. 
Cannabis sativa synthesizes cannabinoids as phytoprotectans 
(Stack et al., 2023), and the biosynthetic pathways of both 
THCA and CBDA largely overlap (Fig. 1) (Tahir et al., 2021). 
Specifically, the common part of the THCA and CBDA bi-
osynthetic pathway starts with the conversion of hexanoic 
acid into hexanoyl-CoA by an acyl-activating enzyme (AAE) 
(Laverty et al., 2019; Kovalchuk et al., 2020). Hexanoyl-CoA is 
then converted into cannabigerolic acid (CBGA) through a se-
ries of condensations, cyclations, and aromatizations catalyzed 
by the enzymes tetraketide synthase [TKS; also known as olive-
tol synthase (OLS)], olivetolic acid cyclase (OAC), and canna-
bigerolic acid synthase (CBGAS, an aromatic prenyltransferase) 
[reviewed by Tahir et al., 2021 and Innes and Vergara, 2023)]. 
CBGA is the precursor of both CBDA and THCA (Innes and 
Vergara, 2023), whose final synthesis is carried out by the oxi-
docylase enzymes CBDA and THCA synthases (CBDAS and 
THCAS), respectively (Sirikantaramas et al., 2004; Taura et al., 
2007).
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Over the years, several genes encoding the enzymes of 
the cannabinoid pathway have been identified in hemp [see 
the works of Van Bakel et al. (2011), Laverty et al. (2019), 
McGarvey et al. (2020), Grassa et al. (2021), van Velzen and 
Schranz (2021), Fulvio et al. (2021), Innes and Vergara (2023), 
and Fulvio et al. (2023) for an overview of the results in this 
area over the years]. A major achievement was the identification 
of the genomic location of the oxidocyclase genes synthesizing 
either CBDA or THCA within a long terminal repeat (LTR)-
rich region on C. sativa chromosome 7 (26–31 Mb) (Grassa 
et al., 2021). At this locus, the presence of either CBDAS or 
THCAS functional genes underlies the production of either 
CBDA or THCA (Laverty et al., 2019; McKernan et al., 2020, 
Preprint; Grassa et al., 2021). Specifically, CBDAS functionality 
appears pivotal for regulating CBDA production (McKernan 
et al., 2020, Preprint) and, even though recent studies showed 
that both CBDAS and THCAS loci display little sequence 
variation in a large panel of C. sativa accessions (Lynch et al., 
2024, Preprint), the relationship between CBDAS genetic di-
versity and CBDA levels deserves further attention, as induced 
CBDAS mutations can significantly affect CBDAS catalytic ac-
tivity (Dai et al., 2024). In addition to CBDAS, relevant genetic 
patterns were recently uncovered for some of the genes acting 
upstream of cannabinoid oxidocyclases within the cannabinoid 
pathway, including OLS and OAC (Innes and Vergara, 2023). 
Specifically, some OLS and OAC tandem paralogs display copy 
number variation across different hemp accessions, and future 
research could investigate functional redundancy of variable 
gene copies, as well as their possible gene dosage effect on the 
cannabinoid pathway (Innes and Vergara, 2023).

The greatest proportion of hemp cannabinoids is synthe-
sized by stalked glandular trichomes located on hemp fe-
male flowers, which are the hemp plant structures richest in 
CBDA (Fig. 1) (Mahlberg and Kim, 2004; Livingston et al., 
2020). These trichomes are formed by multicellular, large stalks 
supporting 12–16 disk cells and a secretory cavity, and their 
occurrence is highest on calyces and bracts of hemp female 
flowers (Livingston et al., 2020; Tanney et al., 2021). The disk 
cells synthesize CBDA by forming polarized ‘supercells’ that 
contain non-photosynthetic metabolic plastids (Livingston 
et al., 2022). CBDA is then accumulated in the secretory 
cavities of the trichomes (Livingston et al., 2022; Xie et al., 
2023). Because of the importance of glandular trichomes for 
CBDA production, elucidation of the factors influencing their 
number, size, and metabolic activity is a relevant research area 
(Tanney et al., 2021), particularly because these properties are 
genetically controlled in hemp (Punja et al., 2023). Bassolino 
et al. (2020) recently identified three C. sativa MYB transcrip-
tion factor genes likely to be involved in trichome develop-
ment regulation based on homology with Arabidopsis thaliana. 
This study highlights the relevance of knowledge about glan-
dular trichomes obtained from other dicot species, given the 
overall scarce information on the genetics of hemp glandular 
trichome development (Tanney et al., 2021). In this context, 
both tomato (Solanum lycopersicum) and sweet wormwood 
(Artemisia annua) are models to study the genetics underlying 
trichome development, and two transcription factor gene 
families—R2R3-MYB and HD-ZIP IV—regulate the initia-
tion of glandular trichome formation in these species (Chalvin 
et al., 2020). Specifically, the genes AaMYB1, AaMIXTA1, and 

Fig. 1. Genes taking part in biosynthesis of cannabidiolic acid and establishment of glandular trichomes in the context of hemp female flowers and 
glandular trichome development. (A) Drawing of a typical hemp female flower. (B) Microscopic structure of a typical hemp glandular trichome [adapted 
from Andre et al. (2016)]. (C) The biosynthetic pathway of cannabidiolic acid, with the main molecules (blue boxes) and genes/enzymes (arrows) involved, 
which takes place in the disk cells of glandular trichomes. AAE, acyl-activating enzyme; TKS, tetraketide synthase; OAC, olivetolic acid cyclase; CBGAS, 
cannabigerolic acid synthase; CBDAS, cannabidiolic acid synthase. (D) The major genes involved in the promotion (left) and repression (right) of glandular 
trichome development based on research on Arabidopsis and tomato, as described in the text.
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SlSIMX1 from the R2R3-MYB family, as well as the genes 
AaHD1, AaHD8, SlCD2, and SlWO from the HD-ZIP IV 
family all positively influence glandular trichome development 
in A. annua (Matías‐Hernández et al., 2017; Yan et al., 2017; Shi 
et al., 2018) and tomato (Nadakuduti et al., 2012; Yang et al., 
2015; Ewas et al., 2016, 2017). Moreover, their overexpression 
leads to increased yield of glandular trichome metabolites in 
A. annua (Yan et al., 2017; Shi et al., 2018). Conversely, jasmo-
nate signaling genes such as AaJAZ8 or SlJAZ2 are known 
to repress glandular trichome formation by down-regulating  
R2R3-MYB and HD-ZIP IV transcription factor genes (Yan 
et al., 2017; Yu et al., 2018). Finally, quantitative trait loci 
(QTLs) associated with variability in shape and density of glan-
dular trichomes in tomato have also been mapped (Momotaz 
et al., 2010; Bennewitz et al., 2018). Overall, these genetic re-
sources can serve as a starting point for translational genomics 
studies aimed at studying the regulation of glandular trichome 
development in hemp, by identifying hemp gene orthologs 
or genomic regions that share conserved blocks of genes in 
the same relative positions as compared with known QTLs 
(syntenic QTL regions). Such gene orthologs and syntenic 
QTL regions can in turn be targeted for functional studies or 
screenings of favorable allelic diversity for both trichome- and  
metabolic-related traits. In this regard, the recent works of 
Kundan et al. (2022) and Haiden et al. (2022) appear rele-
vant, as they respectively identified 99 R2R3-MYB genes in 
the hemp genome, and showed the functionality of a C. sativa 
MIXTA gene homolog to A. annua to increase trichome den-
sity upon overexpression in tobacco leaves.

Terpenes

After cannabinoids, terpenes are another important class of 
hemp secondary metabolites. Terpenes determine the typical C. 
sativa aroma and, like cannabinoids, are synthesized and accu-
mulated in stalked glandular trichomes (Sommano et al., 2020). 
Terpenes can be used for multiple applications, including as 
aroma regulators and bioactive compounds in cosmetics, flavor 
additives in food, or bioactive molecules in pharmaceuticals 
thanks their antimicrobial, antioxidant, anti-inflammatory, 
and antidiabetic properties (Nuutinen, 2018; Chen and Pan, 
2021). Furthermore, terpenes can be blended with CBD to en-
hance the medicinal properties of CBD itself—a phenomenon 
known as the ‘entourage effect’ (Ferber et al., 2020; Anand et al., 
2021). At a chemical level, terpenes are a diverse group of hy-
drocarbon molecules made up of isoprene chains (Hanuš and 
Hod, 2020; Sommano et al., 2020). Hemp trichomes can syn-
thesize monoterpenes (two isoprene subunits), sesquiterpenes 
(three isoprene subunits), diterpenes (four isoprene subunits), 
and triterpenes (six isoprene subunits), with the vast majority 
of C. sativa terpenes being mono- and sesquiterpenes (Booth 
et al., 2020; Hanuš and Hod, 2020; Sommano et al., 2020).

Terpene synthases (TPSs) are responsible for terpene syn-
thesis in all land plants (Chen et al., 2011). In hemp, TPSs 

cyclize the last intermediates of the mevalonate (MEV) and 
non-mevalonate (MEP) pathways—geranyl diphosphate and 
farnesyl diphosphate, respectively—into the variety of mono- 
and sesquiterpenes found in hemp (Booth et al., 2020). The 
TPS gene family is large and diversified across all land plants, 
accounting for eight known TPS subfamilies—TPS-a to TPS-
h (Chen et al., 2011; Jiang et al., 2019). Among these, the TPS-a 
and TPS-b genes are of particular relevance for hemp, as they 
synthesize mono- and sesquiterpenes, respectively (Booth 
et al., 2020). Research showed that TPS genes form a large 
gene family in hemp, with a variable total number of genes 
across different accessions. Specifically, Booth et al. (2017, 
2020) identified 13 and 19 TPS genes in the transcriptome of 
the hemp cultivar ‘Finola’ and in the draft genome of the cul-
tivar ‘Purple Kush’, respectively (Van Bakel et al., 2011). More 
recently, Allen et al. (2019) and Xu et al. (2024) mapped 55 
and 41 distinct TPS genes in the complete C. sativa genomes 
from cultivars CBDRx (Grassa et al., 2021) and ‘Jamaica 
Lion’ (McKernan et al., 2020, Preprint), respectively. Finally, 
McKernan et al. (2020, Preprint) found extensive copy number 
variation for TPS genes potentially associated with variability 
in terpene profiles across 40 re-sequenced C. sativa accessions. 
As TPS genes are organized in genomic clusters, (proximal), 
gene duplications have driven the expansion and diversifica-
tion of these genes in hemp (Booth et al., 2020; Xu et al., 2024). 
Most of the hemp TPS genes belong to the TPS-a and TPS-b 
subfamilies, in line with the prevalence of mono- and sesqui-
terpenes among hemp terpenes (Booth et al., 2017, 2020; Xu 
et al., 2024). Nevertheless, the genomic differentiation of TPS 
genes, reflected in their expression variability across different 
hemp accessions, seems key to determine the specific blends 
of hemp terpenes—including α-pinene, limonene, myrcene, 
and β-caryophyllene (Zager et al., 2019; Booth et al., 2020). 
As such, a further sampling of the genomic and transcriptomic 
diversity of hemp TPS genes, coupled with functional analyses 
on individual TPS copies, seems a promising strategy to ac-
quire the genetic knowledge needed to modify hemp terpenes 
toward specific blends.

In addition to TPS genes, the other genes within the MEV 
and MEP pathways are also important to understand the ge-
netics of hemp terpene biosynthesis, as well as to modify the 
synthesis of these molecules. These genes encode multiple 
enzymes that globally catalyze the conversion of pyruvate into 
geranyl diphosphate (MEP pathway) and of acetoacetyl-CoA 
into farnesyl diphosphate (MEV pathway) [see Booth et al. 
(2020) for an overview]. Notably, most of the MEP and MEV 
pathway genes are present in multiple copies within the hemp 
genome, often arranged in tandem clusters (Booth et al., 2020). 
Furthermore, MEP and MEV pathway genes display co-
expression with specific TPS genes during terpene synthesis in 
hemp (Zager et al., 2019). As such, it would be relevant to study 
the variability in copy number and in the coordinated regula-
tion of the MEP and MEV pathway genes in panels of mul-
tiple hemp accessions, and to correlate the results with overall 
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terpene production and profiles. This could identify targets to 
increase terpene production through biotechnology.

Oil

Seed oil is another important product of industrial hemp, with 
several high-value applications in nutraceutical, cosmetic, and 
pharmaceutical industries (Devkota, 2022; Smart et al., 2022). 
This is due to the hemp seed oil composition, which includes 
50–70% linoleic acid (18:2n-6), 15–25% α-linolenic acid 
(18:3n-3), and ~9% γ-linolenic (18:3n-6) and stearidonic acids 
(18:4n-3) (Matthäus and Brühl, 2008; Rezvankhah et al., 2019). 
These are all polyunsaturated fatty acids (PUFAs), which de-
liver health benefits upon consumption or when used in medi-
cines against diseases such as glaucoma, cancer, inflammation, 
arthritis, and allergies (Rezvankhah et al., 2019). Moreover, 
tocopherols (i.e. vitamin E) and phytosterols—which are 
antioxidants and can reduce low-density lipoprotein (LDL)-
cholesterol—are also found in high amounts in hemp seed oil 
(up to 800 mg kg–1 tocopherols and ~5 g kg–1 phytosterols) 
(Oomah et al., 2002; Matthäus and Brühl, 2008). Industrial 
hemp varieties have typically not been bred for oil content and 
composition, which is the reason why hemp oil yield is often 
unstable, while oil quality is heterogeneous, even within culti-
vars (Matthäus and Brühl, 2008). As such, pursuing an increased 
and stable oil yield, as well as an optimized and stable oil com-
position, is a major target for research on industrial hemp.

So far, improvement of hemp oil-related traits has fol-
lowed conventional methods of selective breeding, as in the 
case of the development of the ‘Finola’ variety (Callaway and 
Laakkonen, 1997). As plant oil yield and quality are typically 

highly heritable traits (Schierholt and Becker, 2001; Bachlava 
et al., 2008; Khan et al., 2010), selective breeding can lead to 
significant improvements. Still, research in different oilseed 
crops showed that genetic manipulation of the oil pathway 
is also very effective both to increase seed oil content and 
yield, and to tailor oil composition to specific uses (Savadi 
et al., 2017; Porokhovinova et al., 2022). In this context, the 
work of Bielecka et al. (2014) pioneered this research area in 
hemp, by showing that the silencing of two FATTY ACID 
DESATURASE (FAD) genes identified through homology 
with other oilseed dicots greatly changed the oil fatty acid 
profile of hemp (Fig. 2). More recently, Wei et al. (2024) 
released the reference genome of a major Chinese seed 
hemp cultivar, ‘Yushe’, which was used to identify 36 genes 
underlying hemp oil synthesis and covering the conven-
tional plant oil biosynthetic pathway (Fig. 2). Moreover, it 
was shown that seed hemp experienced an expansion of the 
STEAROYL-ACP DESATURASE (SAD) and FAD gene 
families relative to other species, which might underpin its 
high seed oil content and high amounts of oil PUFAs (Wei 
et al., 2024). Further research could explore variability in 
SAD and FAD copy number across diverse hemp accessions 
and verify correlations with variability in seed oil content 
and composition. Moreover, reverse genetics studies such as 
that of Bielecka et al. (2014) could be replicated for other 
hemp oil genes. In this regard, FATTY ACID ELONGASE 
(FAE) represents an interesting target, as six FAE copies have 
been found in seed hemp (Wei et al., 2024) and its down-
regulation increased the levels of oleic acid in Brassicaceae 
(Tian et al., 2011; Shi et al., 2015). This, coupled with the 
overexpression of endogenous FAD genes, could lead to 

Fig. 2. Representation of the plant oil biosynthesis pathway and the genes involved. Orange stars next to genes indicate that hemp orthologs have been 
identified in the seed hemp genome by Wei et al. (2024). Blue stars indicate genes that are interesting hemp targets for screenings of allelic diversity and 
copy number variation, or genetic engineering. ACCase, acetyl-CoA carboxylase; MT, malonyl-CoA-ACP transferase; FAS, fatty acid synthase; KAS, 
ketoacyl-ACP synthase; SAD, stearoyl-ACP desaturase; FATA, acyl-ACP thioesterase A; FATB, acyl-ACP thioesterase B; LACS, long-chain acyl-CoA 
synthetase; FAE, fatty acid elongase; FAD2, fatty acid desaturase 2; FAD3, fatty acid desaturase 3.
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increased PUFAs levels (Liu et al., 2024), which can be a val-
uable target for seed hemp improvement.

Despite being valuable for food and industrial applications, 
PUFA-rich plant oils are prone to lipid peroxidation by reac-
tive oxygen species (Ali et al., 2022), making the oil unstable. 
This issue can be controlled by decreasing the PUFA con-
tent and raising the content of the oxidatively stable oleic acid 
(C18:1) in the oil, for example by down-regulating FAD genes 
(Kinney, 1998; Bielecka et al., 2014). However, this approach 
also decreases the yield of valuable PUFAs that are naturally 
prevalent in hemp oil. An alternative approach can aim at 
increasing tocopherols in hemp oil, which act as antioxidants 
against PUFA peroxidation (Mène-Saffrané and DellaPenna, 
2010; Boonnoy et al., 2017; Ali et al., 2022), have several food 
and industrial applications, and are naturally present in rel-
atively high amounts in hemp oil. Several key genes under-
lying tocopherol biosynthesis have been found in different 
plants, including A. thaliana, carrot, maize, and tobacco [see 
Fritsche et al. (2017) for a detailed review]. Specifically, the 
genes p-HYDROXYPHENYLPYRUVATE DIOXYGENASE 
1 (PSD1) and several VITAMIN E (VTE) loci deeply affect 
the synthesis and content of tocopherols in multiple plant 
organs, including seeds, and are targets for engineering these 
plant traits (Fritsche et al., 2017). Wei et al. (2024) identified 
16 genes involved in tocopherol biosynthesis in the seed hemp 
genome, including six homologs of the A. thaliana VTE loci. 
This finding is a valuable starting point for reverse genetics 
research aimed at understanding the synthesis of hemp tocoph-
erols, and modulating their content in seed oil.

Fibers

The utilization of hemp for the production of fibers is one 
of the most ancient uses of this crop (Ren et al., 2021; Smart 
et al., 2022). Hemp fibers are essentially made up of cell walls 
and are located in the stems of the plants (Petit, 2020; Smart 
et al., 2022). They comprise bast fibers—originating from the 
cambium, rich in crystalline cellulose and low in lignin—and 
hurd fibers (or shives)—forming the woody core of the hemp 
stems, with a high content of lignin and xylan-rich hemicellu-
losic polysaccharides (Van der Werf et al., 1994; Salentijn et al., 
2015). Bast fibers are the most valuable hemp fibers, and the 
maximization of their yield and quality are pre-eminent targets 
of industrial hemp breeding (Salentijn et al., 2015). The quality 
of bast fibers involves the composition of the cell walls consti-
tuting the fibers themselves, and is maximized when fibers are 
rich in crystalline cellulose with a low angle of cellulose mi-
crofiber deposition, and display a reduced content of lignin and 
xylan hemicelluloses (Salentijn et al., 2015; Petit, 2020).

The yield and quality of hemp bast fibers have a strong ge-
netic basis, as shown by the high heritability of these traits 
(Hennink, 1994; Petit et al., 2020c). Nevertheless, the study of 
their genetic architecture is difficult, as both fiber yield and 
fiber quality are complex traits, controlled by several genomic 

loci and genes with intricated pleiotropic effects (Petit et al., 
2020b). The study of the genetics underlying complex traits 
typically involves genetic mapping to identify regions and 
genes associated with patterns of trait variability in the prog-
enies of crossings of phenotypically contrasting lines, or in 
phenotypically diverse panels of accessions. In this context, 
the work of Petit et al. (2020b) pioneered genetic mapping 
in hemp aimed at uncovering the genetic architecture of fiber 
yield and quality. These analyses uncovered 16 QTLs associ-
ated with hemp fiber yield and quality variability across diverse 
environments, as well as multiple candidate genes underlying 
the QTLs (Petit et al., 2020b). Notably, a large proportion of 
these candidate genes is involved in the synthesis of lignin and 
pectins (Petit et al., 2020b). As such, selection to reduce the 
content of these cell wall constituents may represent a prom-
ising strategy to improve the quality of bast fibers. Interestingly, 
protocols to screen these phenotypes in hemp at the scale of 
breeding programs have been developed (Petit et al., 2019), and 
can thus be used in selective breeding schemes.

In the absence of further studies on the genetic basis of fiber 
yield and quality in hemp, information on this trait from other 
plant species can be highly valuable. As hemp bast fibers are 
essentially constituted of cell walls, research on the genetics 
underlying variability in cell wall composition conducted in 
grasses, forage crops, and model species such as A. thaliana is 
particularly relevant. Notably, these studies have largely elu-
cidated the biosynthetic pathway of lignin (Bonawitz and 
Chapple, 2010; Yoon et al., 2015) and have shown its ame-
nability to genetic engineering (Ralph et al., 2019; Carpita 
and McCann, 2020). Specifically, knockouts of key lignin 
genes such as CINNAMATE 4-HYDROXYLASE (C4H), 
4-COUMARATE:CoA LIGASE (4CL), CINNAMATE 
3-HYDROXYLASE (C3H), CINNAMOYL REDUCTASE 
(CCR), and CAFFEOYL O-METHYLTRANSFERASE 
(COMT) all determine considerable reductions of lignin con-
tent in the cell walls and tissues of diverse plant species (Leple 
et al., 2007; Sattler et al., 2009, 2012; Bjurhager et al., 2010; 
Ralph et al., 2012; Saballos et al., 2012; Xiang et al., 2017). 
Therefore, the mining of these genes in the hemp genome 
and their knockout could represent valuable strategies to re-
duce lignin content in hemp bast fibers. However, tissue- 
specific patterns of gene expression should probably be studied, 
as lignin genes such as those just mentioned typically form 
multigene families whose members take part in lignin deposi-
tion in specific tissues or cells (Chantreau et al., 2014; Le Roy 
et al., 2017; MacMillan et al., 2017). Accordingly, in hemp it 
would be important to ensure that reduction of lignin content 
is confined to bast fibers, while extensive crop growth sus-
tained by the woody core of hemp stems can still take place.

Regarding the possibility of increasing the crystalline cellu-
lose content in hemp bast fibers, research in other crops showed 
that the genetics underlying this trait is more complex and less 
understood than those of lignin biosynthesis. Given the cur-
rent status of plant cell wall research, the most likely relevant 
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target genes to modify these traits are the CELLULOSE 
SYNTHASE (CESA) genes, whose down-regulation and 
overexpression affect both the total cellulose content and cel-
lulose crystallinity in different plant species (Harris et al., 2009; 
Joshi et al., 2011; Jayawardhane et al., 2020). Moreover, mul-
tiple CESA genes are specifically responsible for the deposition 
of plant fibers, for example in cotton (Li et al., 2013, 2016), 
making these genes relevant in the context of fiber improve-
ment. Research demonstrated that cotton-specific patterns in 
the genomic diversification and physical organization of mul-
tiple CESA gene copies probably underly the massive deposi-
tion of fibers observed in cotton (Pancaldi et al., 2022a). In this 
respect, mining the hemp homologs of functionally studied 
CESA genes could identify gene targets for screenings of al-
lelic diversity and copy number variation, or for genetic engi-
neering approaches to modify the cellulose properties of fibers. 
To conclude, it is noteworthy that the genomic organization 
of cell wall genes has co-evolved with their differential func-
tionalization across both different members of multigene fami-
lies and different plant species (Pancaldi et al., 2022a, 2023a). 
Therefore, it is important to consider the ‘genomic contexts’ 
(Dewey, 2011) of specific gene copies when mining homologs 
of target genes between diverse plant clades.

Flowering behavior and sex determination

The regulation of flowering time and the mechanisms under-
lying sex determination are crucial hemp traits affecting plant 
growth and the yield and quality of the major harvestable hemp 
products (Faux et al., 2013; Salentijn et al., 2019). Regarding 
flowering, hemp is a short-day crop with a quantitative flow-
ering phenology resulting from the interaction of genetic and 
metabolic factors with environmental variables such as specific 
photoperiod length and temperature (Salentijn et al., 2019; Petit 
et al., 2020a). The onset of flowering marks the end of vege-
tative growth, the start of bast fiber formation, and an intensi-
fied lignin deposition in stems (Keller et al., 2001; Faux et al., 
2013; Liu et al., 2015). In parallel, the time between flowering 
onset and hemp harvest is crucial to optimize the content and 
composition of seed oil and proteins (Amaducci et al., 2015). 
Hemp has an XY sex chromosomes system, which underlies 
the prevalence of dioecious female (XX) and male (XY) plants 
(Salentijn et al., 2019; Smart et al., 2022). However, monoe-
cious accessions also exist and are generally genetic females 
(XX) with quantitative variation in the proportion of female 
and male flowers, indicating that sex regulation is not entirely 
controlled by sex chromosomes (Faux et al., 2016; Petit et al., 
2020a). Notably, monoecious cultivars display more uniform 
plant height and total stem and seed production (which are 
all traits suitable for dual harvest of stems and seeds), while the 
total production and quality of bast fibers are generally higher 
in dioecious accessions (Salentijn et al., 2019). Controlling sex 
is therefore crucial to obtain hemp cultivars fitted to specific 
applications (Moliterni et al., 2004; Salentijn et al., 2019).

Current understanding of the genetics underlying hemp 
flowering behavior is not complete. Nevertheless, it is clear that 
this trait has a strong genetic basis and is highly heritable (Petit 
et al., 2020c). Moreover, studies on separate species identified 
several genes involved in flowering time regulation, highlight-
ing the complex nature of this trait in plants [see Freytes et al. 
(2021) for an updated review]. Flowering-related genes be-
long to different, interacting, signaling pathways, including the 
photoperiod-dependent flowering pathway, the temperature-
dependent pathway, and the endogenous pathway that incor-
porates stimuli from internal hormones, metabolites, and aging 
factors (Zhang et al., 2014; Salentijn et al., 2019) (Fig. 3). Some 
of the genes in these pathways are well studied and conserved 
across plant species, such as FLOWERING LOCUS T (FT or 
FLORIGEN; a major flowering promoter gene responsive to 
photoperiod and highly conserved across plants) (Wickland 
and Hanzawa, 2015), FLOWERING LOCUS C (FLC; a cen-
tral flowering repressor responsive to temperature and regulated 
by multiple transcription factors) (Ruelens et al., 2013; Cheng 
et al., 2017), SUPPRESSOR OF OVEREXPRESSION OF 
CONSTANS1 (SOC; a conserved gene responsive to multiple 
flowering pathways and promoting floral meristem) (Immink 
et al., 2012), and SQUAMOSA-PROMOTER BINDING 
PROTEIN-LIKE genes (SPL genes; involved in the endog-
enous flowering pathway and conserved across angiosperms) 
(Chen et al., 2010; Preston and Hileman, 2013). Moreover, 
these primary flowering genes interact with several other genes 
that can be extensively conserved across plants as well, in-
cluding APETALA1, LEAFY, AGAMOUS-LIKE PROTEIN, 
VERNALIZATION (VRN), and FLOWERING LOCUS-D 
(Thomson and Wellmer, 2019; Sharma et al., 2020) (Fig. 3). The 
increased availability of hemp genomic resources allowed inves-
tigations of the genetics of flowering regulation also in hemp. 
Petit et al. (2020a) performed the first genome-wide associa-
tion study (GWAS) on this trait, anchored to the draft hemp 
genome of Van Bakel et al. (2011). More recently, other genetic 
mapping studies were performed by Woods et al. (2021), Toth 
et al. (2022), and Dowling et al. (2024). Overall, these studies 
found several hemp QTLs associated with variability in flow-
ering time, with candidate genes often corresponding to known 
critical flowering regulators. For example, the flowering- 
related QTLs of Petit et al. (2020a) contain homologs of FT, 
FLC, FLD, SOC1, SPL, and VRN genes, highlighting the 
likely importance of these flowering genes also in hemp (Fig. 
3). More recently, Toth et al. (2022) successfully mapped on 
hemp chromosome 1 two major loci—AUTOFLOWER1 
and EARLY1—controlling, respectively, photoperiod insensi-
tivity and flowering time across multiple hemp populations. 
Importantly, molecular markers were also developed for both 
loci (Toth et al., 2022), allowing high-throughput screening of 
hemp material for key flowering alleles to tailor novel hemp 
varieties to specific latitudes and agricultural rotations. Another 
locus—AUTOFLOWER2—was identified by Dowling et al. 
(2024) on hemp chromosome 8, most probably caused by a 
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hemp FT gene. Finally, Steel et al. (2023) performed compara-
tive mapping of flowering-related loci from several hemp map-
ping studies, finding ample co-localizations for some QTLs and 
genes identified across them. Similarly, co-localization between 
QTLs for flowering, agronomic, and morphological hemp 
traits was also found in a separate QTL mapping study (Woods 
et al., 2021). Overall, these observations suggest that translating 
the ample knowledge on flowering time regulation available 
in model species to hemp can represent a promising strategy 
to unveil the complete genetic architecture of hemp flowering 
time. Moreover, the reported co-localizations between QTLs 
for flowering time and other traits indicate opportunities for 
the parallel improvement of multiple traits in hemp, by careful 
selection of the diversity in initial material.

Similarly to flowering behavior, the genetic factors under-
lying hemp sex determination are also not fully understood. 
Still, this trait is also highly heritable, meaning that it has a 
strong genetic basis, whose core lies in the XY hemp sex 
chromosomes (Faux et al., 2014; Petit et al., 2020c). The hemp 
system of XY chromosomes is one of the oldest among plants, 
firstly evolved in the hemp–hop ancestor 20–25 million years 
ago (Prentout et al., 2020, 2021). The X and Y chromosomes 
of hemp differ in size, with the Y chromosome being ~40 
Mbp larger than the X chromosome due to a loading of long 
interspersed nuclear element (LINE)-like retrotransposons 
(Sakamoto et al., 1998; Van Bakel et al., 2011; Divashuk et al., 
2014). The accumulation of LINE-like retrotransposons in the 

hemp Y chromosome underlies the suppression of recombi-
nation over a portion of the X–Y chromosomes, as well as 
their still-evolving structural heteromorphism (Moliterni et al., 
2004; Vergara et al., 2016; Kovalchuk et al., 2020), despite the 
occurrence of a relatively large pseudo-autosomal recombin-
ing region (Peil et al., 2003; Prentout et al., 2021). Nevertheless, 
hemp sex determination seems to rely on the X-to-autosomes 
balance rather than on a purely Y-active mechanism (Faux 
et al., 2014). Moreover, the occurrence of variable proportions 
of male and female flowers in female (XX) monoecious hemp 
cultivars suggests interaction between sex chromosomes and 
other regions of the hemp genome to determine the phe-
notypic expression of hemp sex (Faux et al., 2016; Salentijn 
et al., 2019; Petit et al., 2020a). These observation explain why 
the mapping of stable male-linked sex markers is a notori-
ously difficult task in hemp (Kovalchuk et al., 2020), even if 
high-throughput genotyping methods have recently allowed 
the development of effective assays (Toth et al., 2020; Torres 
et al., 2022). Moreover, studying the genes located on the hemp 
sex chromosomes both on their own and in relation to other 
targets on the autosomal chromosomes could be promising to 
depict the mechanisms underlying hemp sex determination. 
In this direction, Prentout and co-workers applied compara-
tive RNA-seq analysis to identify a common set of 112 sex-
linked genes across hemp and hop (Prentout et al., 2020, 2021), 
which appear particularly relevant to identify targets under-
lying the X and Y chromosome-dependent components of sex 

Fig. 3. Representation of the major hemp flowering pathways (photoperiod-dependent, temperature-dependent, and endogenous) and the main 
genes involved in those pathways, based on genetic knowledge on flowering regulation for both hemp and other plant species. These genes represent 
interesting targets for hemp improvement. Arrows between genes indicate known genetic interactions among them. AP1, Apetala1, LFY, Leafy, AGL, 
Agamous-like protein; FT, Flowering locus T (or Florigen); FLC, Flowering Locus C; VRN, Vernalization; FLD, Flowering Locus D; SPL, Squamosa Protein-
like; SOC, Suppressor of Overexpression of Constans 1.
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determination in hemp. An RNA-seq approach was also used 
by Adal et al. (2021), who identified ~200 genes displaying up-
regulation upon chemical induction of male flowers in geneti-
cally female C. sativa plants, including genes involved in anther 
and pollen development, as well as hormone signaling. Genes 
related to hormone signaling, including auxin- and gibberellin- 
responsive transcription factors and bZIP genes regulating 
auxin and gibberellin balances, were also found to be related 
to hemp sex determination by Petit et al. (2020a), who per-
formed a GWAS on this trait in a hemp panel including mo-
noecious cultivars. Overall, these studies show that integrating 
genomic, transcriptomic, and genetic mapping approaches  
at the whole-genome level retains the potential to further dis-
sect the genetic architecture of sex determination in hemp. As 
such, the combined profiling of the expression of hemp genes 
from sex and autosomal chromosomes, along with their com-
parative functional analysis in monoecious male and female 
accessions, could be performed to reveal interactive networks 
underlying hemp sex determination.

The future of hemp improvement guided by 
novel tools

Following the resurgence in interest toward hemp as a multi-
purpose crop and the loosened restrictions to hemp cultivation 
in some countries (Devkota, 2022; Rathi et al., 2022), the re-
search conducted over the last decades have been of paramount 
importance in supporting hemp improvement. However, hemp 
currently remains underimproved, far from reaching its poten-
tial as a multipurpose crop (Salentijn et al., 2015; Smart et al., 
2022). Specifically, great efforts in the development of genetic 
and genomic hemp resources have been made, but the genetic 
knowledge on major traits is still incomplete. Moreover, the 
translation of fundamental hemp research into superior mar-
keted varieties has been limited so far (Salentijn et al., 2015; 
Smart et al., 2022).

Further study and improvement of different hemp traits will 
require different strategies, as the genetic factors underlying 
different characters differ significantly in complexity, genomic 
structure, and level of understanding. For example, the appli-
cation of genomic selection coupled with high-throughput 
CBDA phenotyping could be explored to attain increased 
CBDA yields, by selecting favorable alleles at genomic loci 
involved in cannabinoid biosynthesis (McKernan et al., 2020, 
Preprint; Innes and Vergara, 2023; Lynch et al., 2024, Preprint). 
So far, genomic selection has not been performed in hemp, 
but the availability of multiple high-quality genome assemblies 
(Grassa et al., 2021; Wei et al., 2024) and of ever cheaper geno-
typing technologies allows for pursuing this goal. Alternatively, 
methods for targeted sequencing [see, for example, Scaglione 
et al. (2019)] could also be applied by restricting genotyp-
ing to CBDA-associated loci while increasing the accuracy 
of detecting and characterizing diverse alleles with a positive 

effect on CBDA synthesis. Regarding phenotyping, near in-
frared spectroscopy is emerging as a valuable high-throughput 
methodology to analyze the content of different cannabi-
noids—including CBDA and THCA—in diverse types of 
hemp material (Callado et al., 2018; Birenboim et al., 2022; 
Tran et al., 2023), allowing the screening of large populations 
for the content of these compounds. Finally, hemp polyploidi-
zation through in vitro approaches or crossing of genotypes 
with different ploidy levels can also be investigated further as a 
strategy to increase hemp CBDA yield. In principle, polyploid 
hemp accessions are expected to display increased CBDA con-
centrations and/or CBDA yield (Crawford et al., 2021; Suchoff 
et al., 2024). However, the studies performed are not conclu-
sive in this respect, deserving further research (Mansouri and 
Bagheri, 2017; Crawford et al., 2021). Nevertheless, the crea-
tion of sterile triploid hemp genotypes appears to be a good 
strategy to prevent reduction of CBDA yield due to uncon-
trolled cross-pollination (Kurtz et al., 2020).

In addition to improving CBDA yield, the modulation 
of the content and fatty acid composition of hemp seed oil 
is also an essential trait, particularly to fit hemp oil to spe-
cific uses, such as food and cosmetic applications (for which 
high amounts of PUFAs, particularly linoleic and α-linolenic 
fatty acids, is desirable) or biofuel production (for which a 
high amount of oxidative stable fatty acids, such as oleic acid, 
represents an important target) (Callaway, 2004; Vogl et al., 
2004; Carlsson et al., 2011). In this regard, similarly to what 
was discussed for cannabinoids, the screening of sequence 
and structural genetic variation through genotyping-based or 
whole-genome resequencing methods can also be applied to 
the loci underlying hemp seed oil synthesis (Wei et al., 2024). 
Specifically, favorable alleles, copy number variation, or pres-
ence/absence variation could be searched for genes such as 
SAD, FAD, and FAE, which are key to regulate the oil content 
of oleic acid, PUFAs, and elongated fatty acids, respectively 
(Bates et al., 2013; Bielecka et al., 2014; Wei et al., 2024). For 
example, copy number expansion or selection for more active 
alleles at the SAD loci should favor the synthesis of oleic acid 
for biofuel applications (Wang et al., 2024). The same would 
be expected by selecting for reduced copy number and non- 
functional alleles at the hemp FAD and FAE loci (Carlsson 
et al., 2011; Bielecka et al., 2014). Conversely, boosting the ac-
tivity of FAD genes can promote the accumulation of PUFAs, 
which would be beneficial for food or cosmetic applications 
(Wang et al., 2021). The achievement of these goals will be 
facilitated by using high-throughput methods for phenotyping 
seed oil content and composition in large plant populations. 
For this purpose, both NMR and infrared spectroscopy are 
well-established methodologies across different plant species 
(Jasinski et al., 2016; Melchinger et al., 2018; Anderson et al., 
2019), and a protocol for their use in hemp has recently been 
developed (Siudem et al., 2019). Finally, the generally high her-
itability of seed oil content and composition (Schierholt and 
Becker, 2001; Bachlava et al., 2008; Khan et al., 2010) allows 
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for crossing superior accessions identified through genetic 
screening and directly operates genomically informed selec-
tion of superior material from progenies. To this aim, it would 
also be worth developing seed hemp mapping populations 
both to evaluate genes in the oil pathway that are of partic-
ular relevance to determine desired patterns of oil content and 
quality variation, as well as to mine molecular markers that can 
be used in selective breeding to deal with linkage drag. These 
types of studies are currently missing for hemp seed oil traits.

Genomic engineering aimed at boosting or constrain-
ing specific branches of the hemp oil pathway is also a valid 
strategy to improve seed oil content or composition. This ap-
proach would be particularly suited to optimize hemp seed oil 
properties in plant material already improved for other traits 
such as CBDA profile, which could be difficult to keep ge-
netically stable while breeding for other traits (Ingvardsen and 
Brinch-Pedersen, 2023). It is noteworthy that different tools 
to enable genomic engineering in hemp have recently been 
developed. These include the achievement of successful trans-
formation and regeneration of hemp plants from hypocotyls 
(Galán-Ávila et al., 2021), despite hemp’s notorious recalci-
trance to these techniques (Ingvardsen and Brinch-Pedersen, 
2023). Moreover, Zhang et al. (2021) recently reported the first 
successful example of CRISPR/Cas9-mediated genome ed-
iting in hemp, consisting of the knockout of the PHYTOENE 
DESATURASE gene. Altogether, these methods could be ap-
plied in cis-genesis or gene editing experiments to overexpress 
one or more genes participating in oleic acid synthesis in plas-
tids, from ACETYL-Coa CARBOXYLASE to SAD genes, as 
their overexpression typically translates to higher seed oil con-
tent. In parallel, FAD genes could be either down-regulated or 
overexpressed, to aim at higher oleic acid or PUFAs in hemp 
oil. This type of research could also make the oil pathway a 
model for the development of genome editing techniques in 
hemp.

Compared with cannabinoids and oil, knowledge of the 
genetics underlying fiber yield and quality, flowering beha-
vior, and sex determination in hemp is more fragmented. In 
this sense, further genetic mapping studies should be per-
formed, as they have proven to be valuable tools to identify 
genes and markers for these traits in hemp (Faux et al., 2016; 
Petit et al., 2020a, b; Toth et al., 2022). Moreover, in parallel 
to ‘conventional’ QTL mapping and genome-wide associa-
tion approaches, bulk segregant analysis (BSA) should also 
be considered as an approach for variable hemp traits that 
probably rely on a limited number of loci, such as sex de-
termination in monoecious hemp accessions (Salentijn et al., 
2019). For this trait, BSA between pools of plants display-
ing extremely high proportions of male or female flowers, 
respectively, could reveal relevant underlying loci. In turn, 
comparative genomics could be used to further characterize 
those loci based on functional information from other spe-
cies. More broadly, the translation of characterized genomic 

loci from (model) plants to a crop such as hemp is also a 
promising approach to uncover the genetics of complex 
traits in C. sativa. In this respect, pipelines have recently been 
developed for projecting multiple genomic loci underlying 
quantitative traits in diverse model species to target crops, as 
well as for analyzing allelic variation of the projected loci in 
the target crops (Pancaldi et al., 2022b, 2023b). These strate-
gies exploit large-scale and high-throughput analysis of ge-
nome synteny (Zhao and Schranz, 2017) to translate entire 
syntenically conserved QTLs across species (Pancaldi et al., 
2023b) and identify underlying functionally conserved genes 
based on conserved ‘genomic contexts’ (Dewey, 2011; Zhao 
and Schranz, 2017; Pancaldi et al., 2023b). Collectively, these 
methods can quickly identify conserved loci and genes un-
derlying traits of interest in understudied crops, and charac-
terize (favorable) variation at such loci by using, for example, 
whole-genome re-sequencing data. In turn, accessions car-
rying superior alleles can be selected for by targeted geno-
typing or sequencing of diverse populations and included in 
breeding programs, accelerating crop improvement. Breeding 
gain can be maximized if recurrent breeding schemes are 
applied, with the crossing of novel superior material with 
well-performing lines (Smart et al., 2022). In this respect, 
speed breeding can also be considered to maximize the 
number of crosses and generations per year, and a method to 
apply speed breeding in hemp has recently been developed 
(Schilling et al., 2023).

Conclusion

Hemp is a multipurpose crop with high potential to fuel 
diverse valuable industrial applications in a developing bio-
based economy. From this perspective, the recent loosening 
of the restrictions on hemp cultivation in different countries 
has acted as a substantial boost to research and commercial 
interest in this crop. Accordingly, the last decades have al-
ready seen unprecedented development of genetic, genomic, 
and breeding resources for hemp. These developments have 
provided many new insights into important traits for success-
fully adopting hemp in agriculture and its products in indus-
tries. This review has highlighted future research areas, and 
proposed approaches in fundamental and applied genetics to 
further advance hemp. Unlocking the potential of this crop 
will require the integration of resources and tools in crea-
tive research efforts to deliver new insights in an effective, 
rapid, and cost-effective manner. For this purpose, all the di-
verse resources and tools available on key traits for hemp and 
other crops need to be collectively analyzed with innovative 
bioinformatic approaches, and the insights obtained should 
be translated into applied achievements by using the most 
cutting-edge breeding strategies and tools—from precise ge-
nomic engineering to speed breeding.
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