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This study characterized cannabis varieties based on seed physical properties, mineral composition, and Short
Tandem Repeats (STR) markers. Eleven cannabis varieties were analyzed, including landraces Ladysmith Ugwayi
wesiZulu (‘L1’) and Iswazi (‘L2"), Durban Poison (‘H1’), Bergville Ugwayi wesiZulu (‘B1°), Natal (‘B2’) and Iswazi
(‘B3’), and Msinga Ugwayi wesiZulu (‘M1°) and Iswazi (‘M2’), and the commercially available ‘Hemp’, ‘Cherry
bubble gum’ (‘High-CBD’) and ‘White Rhino’ (‘High-THC’) varieties. Physical traits measured included seed
length, width, thickness, geometric mean diameter, surface area, aspect ratio, and sphericity. Genetic analysis
was conducted using sixty-eight STR markers, while mineral composition was assessed using Scanning Electron
Microscopy (SEM) with an energy-dispersive X-ray (EDX) detector. Significant differences (p < 0.001) were
found in seed dimensions and surface area, while aspect ratio and sphericity showed no significant variation (p >
0.05). Elemental composition varied significantly (p < 0.05), particularly for carbon, oxygen, potassium,
phosphorus, sulfur, iron, and silicon. Carbon was highest in ‘High-THC’ (75.10 %) and lowest in ‘H1’ (55.58 %),
whereas oxygen showed an inverse trend. Variations in seed dimensions and mineral profiles highlight the
diverse genetic and phenotypic landscape of the samples. Positive correlations (p < 0.001) among varieties
suggested similarities in physical traits, mineral composition, and STR markers. However, hierarchical clustering
revealed distinct groupings, indicating complex diversity. Landraces could not be reliably classified as ‘High-
CBD’, ‘High-THC’, or ‘Hemp’, reflecting STR marker neutrality. Integrating STRs with functional gene markers or
metabolic profiling may improve chemotype discrimination and support development of cannabis-specific
identification tools. These findings provide insights for breeding programs and optimization of desirable traits.

have propelled cannabis into the spotlight for its medicinal and agri-
cultural value, emphasizing the necessity of variety characterization to

1. Introduction

Cannabis displays a vast range of physical and chemical diversity due
to extensive selective breeding by humans, leading to the development
of over 700 varieties worldwide (Vergara et al., 2016; Woodbridge,
2018; Monti et al., 2022). Historically, research on cannabis faced
substantial obstacles due to legal restrictions associated with the psy-
choactive compound delta-9-tetrahydrocannabinol (A°-THC), limiting
both scientific inquiry and commercial utilization (Adhikary et al.,
2021). These regulatory barriers have also contributed to ongoing de-
bates regarding the plant’s taxonomic classification. However, shifts in
public perception and legislative frameworks across multiple countries

enhance clinical applications and optimize cultivation practices (Sawler
et al., 2015).

Cannabis varieties are generally classified based on both chemical
and morphological attributes. The chemical classification system,
known as chemotaxonomy, categorizes plants into five primary che-
motypes (I to V) depending on the relative concentrations of cannabi-
noids such as THC, cannabidiol (CBD), and cannabigerol (CBG) (Broseus
et al., 2010; Cerrato et al., 2021). For example, Chemotype I is rich in
THC, whereas Chemotype III is predominantly CBD-based. Chemotype II
features a balanced ratio of THC and CBD, Chemotype IV is
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characterized by high CBG levels, and Chemotype V lacks significant
cannabinoid presence (Cerrato et al., 2021; Schluttenhofer and Yuan,
2017). Non-chemical classification methods rely on observable traits,
traditionally categorizing cannabis into drug, fiber, and oilseed vari-
eties, although these traits are often influenced by environmental
adaptation and domestication (de Meijer, 1994; Salentijn et al., 2015).

Cannabinoid concentrations in cannabis plants fluctuate due to ge-
netic factors, cultivation techniques, and plant physiology, making
precise variety identification essential for maintaining consistency in
production and quality (Tipparat et al., 2014; Danziger and Bernstein,
2021). The prevalence of hybrid varieties combining features of both
C. sativa and C. indica further complicates classification based solely on
morphological characteristics (Jin et al., 2015; Lapierre et al., 2023).
Seed-based variety identification provides a more reliable alternative, as
different varieties exhibit distinct external morphology and internal
chemical profiles (Feng et al., 2018; Rashid et al., 2018; Zhang et al.,
2020). For instance, hemp seeds are generally larger than those of
marijuana, reflecting differences in resource allocation between fiber
and drug-type cultivars (Naraine et al., 2020).

Examining the physical properties of cannabis seeds is crucial for
optimizing agricultural practices, including sowing, processing, and
storage (Gharibzahedi et al., 2009; Sastry et al., 2019). Advanced
analytical techniques such as high-performance liquid chromatography
(HPLC), near-infrared hyperspectral imaging (NIR-HSI), and molecular
marker technologies like DNA fingerprinting offer precise, environ-
mentally independent methods for distinguishing between cannabis
cultivars (Dalusong et al., 2019; Jin et al., 2022). For instance, micro-
satellites or short tandem repeats (STR) have proven to be highly
effective in profiling cannabis genotypes due to their ability to differ-
entiate genetic variations with high specificity (Dalusong et al., 2019).
Additionally, sequencing genes such as THCAS and CBDAS enables early
differentiation between fiber and drug-type cannabis (Cascini et al.,
2019).

Hemp seeds, in particular, are widely recognized for their excep-
tional nutritional composition, containing abundant oils, proteins, and
essential micronutrients, making them valuable for both food produc-
tion and biofortification initiatives (Mihoc et al., 2012; Kaliniewicz
et al., 2021). However, their mineral composition varies depending on
genetic and environmental influences, necessitating the identification of
superior genotypes for nutritional enhancement (Rehman et al., 2019;
Farinon et al., 2020). Despite increasing global interest in cannabis
research, studies focusing on genotype characterization within the South
African context remain limited.

As regulatory frameworks evolve to accommodate hemp and me-
dicinal cannabis cultivation, variety identification plays a vital role in
ensuring consistent yields, quality assurance, and the development of
optimized agricultural strategies (Gouws, 2017; Allaf et al., 2023). This
study aims to analyze cannabis varieties by assessing seed morphology,
STR markers, and mineral composition, providing valuable insights for
improving crop performance and expanding industrial applications of
landraces.

2. Materials and methods
2.1. Seed collection and experimental design

Eleven cannabis varieties were selected for characterization,
including eight landraces collected from local growers in four regions of
KwaZulu-Natal, South Africa: Bergville, Hammersdale, Ladysmith, and
Msinga. The remaining three commercially available varieties, namely,
‘Hemp’, ‘Cherry bubble gum’ (‘High-CBD’), and ‘White Rhino’ (‘High-
THC’), were sourced from Johannesburg-based supplier, Durbanseedco
under Grohydro (Pty) Ltd. and Nirvana Shop South Africa, respectively.
Although analyzing seeds grown under the same conditions was
preferred, planting was not feasible due to funding limitations. Conse-
quently, the study examined the collected seeds in their existing state.
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The seed samples were kept at room temperature in the Horticultural
Sciences Laboratory at the University of KwaZulu-Natal in Pietermar-
itzburg (latitude: —29.636311 and longitude: 30.409060). Seed samples
were stored in paper envelopes at room temperature for approximately
one week prior to analysis. The study design involved the character-
ization and comparison of eleven distinct cannabis varieties. Within
each variety, seeds were randomly selected for all physical, mineral, and
genetic analyses to ensure the results were representative. The landraces
assigned pseudonyms to ensure consistent naming throughout the study.
Table 1 lists these pseudonyms along with the geographic origin of each
landrace. Commercial varieties were excluded from the table because
they were store-bought, and the shop location would not accurately
reflect the varieties’ growing conditions.

2.2. Physical parameters of seeds

The evaluation of the physical traits of the seeds of different cannabis
varieties was carried out at the Seed Technology Laboratory, University
of KwaZulu-Natal, South Africa. The study followed the procedures by
Perea-Flores et al. (2011) and Gojiya et al. (2020). For each variety, the
physical trait analysis was conducted with three replicates. For each
replicate, twenty seeds were randomly selected and their length (L),
width (W), and thickness (T) were measured in millimeters (mm) using a
150 mm (6") digital calliper (China). The average values of L, W, and T
were recorded and used to calculate additional physical properties,
including geometric mean diameter, surface area, aspect ratio, and
sphericity, using the equations provided by Perea-Flores et al. (2011)
and Gojiya et al. (2020).

The geometric mean diameter (Dg) was calculated by using Eq. 1 as
follows:

D, = VLWT (mm) @

where L is the length, W is the width, and T is the thickness, all in mm.
The results obtained from the geometric mean diameter were used to
calculate the surface area (S) by using Eq. 2 as follows:

S = zDy* (mm?) (2

The aspect ratio (Ra) was calculated as the ratio of the width to its
respective length (expressed as a percentage) using Eq. 3 as follows:

Ra= VTVX 100 (%) 3)

where W is the width and L is the length (mm).
The sphericity (¢) was calculated as the ratio of the geometric mean
diameter to the length of the seed by using Eq. 4 as follows:
D,

p=-2 (@)

where Dy = geometric mean diameter and L is the length (mm).

2.3. Quantification of mineral elements using scanning electron
microscopy

The mineral element concentration and composition of embryo tis-
sues from the different cannabis varieties were analyzed at the Micro-
scopy and Microanalysis Unit, University of KwaZulu-Natal. The
elements analyzed included aluminum (Al), carbon (C), calcium (Ca),
chlorine (Cl), copper (Cu), iron (Fe), potassium (K), magnesium (Mg),
manganese (Mn), nitrogen (N), sodium (Na), oxygen (O), phosphorus
(P), sulfur (S), and silicon (Si). The mineral element profiling was car-
ried out following the procedure by Perea-Flores et al. (2011), with some
modifications. Briefly, five seeds of each variety were cryo-fractured in
liquid nitrogen and divided into longitudinal and transversal sections.
The halves of each seed were mounted on stubs and secured using
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Table 1
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The pseudonyms of the cannabis landraces and their geographic location information.

Location Geographic information Common local name Name used for the experiment
Latitude: Longitude: Elevation Average rainfall Average temperature
Ladysmith —28.57533 29.85948 1009.53 m 108.7 mm 23.3°C ‘Ugwayi wesiZulu’ ‘L1’
‘Iswazi’ ‘L2’
Msinga —28.700960 30.303320 559 m 340.0 mm 23.0°C ‘Ugwayi wesiZulu’ ‘M1’
‘Iswazi’ ‘M2’
Bergville —28.677544 29.125553 1137.86 m 109.4 mm 23.5°C ‘Ugwayi wesiZulu’ ‘Bl’
‘Iswazi’ ‘B3’
—28.667679 29.034111 ‘Natal’ ‘B2’
Hammersdale —29.870903 30.633519 597 m 110.3 mm 23.7°C ‘Durban Poison’ ‘H1”

carbon double-sided insulating tape. The seeds were gold-coated using a
Quorum Q150R ES Gold Sputter Coater. The microanalysis of the min-
erals on the embryo tissue of the seeds was then conducted using a Zeiss
Ultra Scanning Electron Microscope (SEM) coupled with an energy-
dispersive X-ray (EDX) detector (Zeiss, Oberkochen, Germany). The
EDX detector was set at an active area ranging from 8 to 10 mm?. It was
also used to perform the X-ray mapping technique, which constituted
using pseudo-colours to represent the bi-dimensional spatial distribution
of the energy emission of the chemical elements of the sample. Five
fields of view, 100.0 ym? each, were analyzed for 60 s at a 20 kV
accelerating voltage and at a count rate of 1000-3000 cps. The results
obtained from the EDX analysis were processed using Oxford INCA &
Aztec EDX Analysis Software. The elemental distribution from the X-ray
mapping technique is presented in Fig. 1, with each element represented
by a specific colour. This mapping provides visual insight into the spatial
distribution of elements such as C, Fe, K, O, P, S, Si, Al, Ca, Cl and Mg,
which is essential for understanding the mineral element composition in
cannabis seeds. Mineral elements such as Cu, Mn, N and Na were
detected in only one or two varieties, with each element found in one
field of view per genotype out of a total of 11 genotypes and 5 fields of
view. Due to their irregular occurrence and insufficient data, these el-
ements were excluded from further analysis. The proportion of each
element was then quantified in percentage of the total mineral con-
centration in each sample (wt%).

2.4. STR markers analysis

2.4.1. DNA extraction, polymerase chain reaction (PCR) primers and
multiplex conditions

DNA was extracted from 150 mg of seeds that were carefully cut into
small fragments using sterile blades to expose internal tissues and
minimize cross-contamination. Extraction was performed using the
Quick-DNA™ Plant/Seed Miniprep Kit (Zymo Research Corp., Irvine,
CA, USA) according to the manufacturer’s protocol. As recommended by
the manufacturer, the samples were soaked overnight in water and then
subjected to bead-beating prior to extraction to ensure thorough ho-
mogenization. DNA was quantified and assessed for purity using a
NanoDrop spectrophotometry (NanoDrop Technologies, Wilmington,
Delaware, USA). Spectrophotometric analysis yielded concentrations of
25-60 ng/pL. The purified DNA was immediately analyzed. Based on
information from the literature (Gilmore et al., 2003; Di Nunzio et al.,
2021; Xia et al., 2022), a panel of sixty-eight STR markers, representa-
tive of cannabis, was assembled for genetic analysis of varieties. These
markers were selected and combined to create a custom multiplex assay.
PCR amplification was conducted in an Eppendorf® Mastercycler®
Nexus gradient thermocycler (Eppendorf® 6,331,000,025, Eppendorf
AG, Hamburg, Germany). For the PCR protocol, the Q5 High-Fidelity 2x
Master Mix (NEB) was used together with 10 pM of each primer pair in a
primer mix and nuclease-free water (AMRESCO LLC, OH 44139, USA).
Some reactions included modifications for multiplex fluorescent label-
ing. Forward primers were fluorescently labeled by incorporating uni-
versal primers conjugated to distinct fluorophores (M13-FAM, PGEX3-
ATTO532, PGEX5-ATTO550, and T7-ATTO565), following the cost-

effective tailed-primer method described by Schuelke (2000). The
multiplex was carried out in two rounds. The first round amplification
was a large, multi-panel multiplex PCR containing all 68 primer pairs.
DNA was normalized to a working concentration range of 25-60 ng/pL.
A volume of 1-2 pL of this working solution was used per reaction,
yielding a final DNA template mass of 25-120 ng per PCR. Owing to the
complexity of the 68-plex reaction, a subset of markers exhibited sub-
optimal amplification. To overcome this, a secondary PCR was con-
ducted in which the underperforming markers were re-amplified using
individual primer pairs or small primer sets. Diluted first-round product
served as the template. This targeted approach minimized primer
competition and markedly improved the amplification efficiency of
weak amplicons. Despite the second round re-amplification attempt,
three markers (CS1, DO2-CANN1, and ANUCS204) continued to perform
poorly, producing inconsistent and uninterpretable data that could not
be accurately scored. Therefore, these markers were excluded from the
final analysis.

For fragment analysis, fragment preparation was carried out using
two microliters of the fluorescently labeled PCR amplicons and 15 pL
LIZ500 sizing standard and Hi-Di™ Formamide (Thermo Fisher Scien-
tific, Carlsbad, USA). The fragments were run on the ABI PRISM™
3730xl1 Genetic Analyser (Applied Biosystems, Thermo Fisher Scientific,
Carlsbad, USA), 50 cm capillary array, POP-7TM. The data was analyzed
and interpreted using GeneMarker V2.9.5 (SoftGenetics, State College,
Pennsylvania, USA).

2.5. Data analysis

Data analysis was carried out using GenStat® 20.1 (VSN Interna-
tional, Hamel Hampstead, UK, 2020) at a 5 % significance level. Dun-
can’s multiple-range test was used to separate the means of significantly
different variables. Correlation analysis, Principal Component Analysis
(PCA), and Agglomerative Hierarchical Clustering (AHC) were carried
out using R software version 4.4.0 within the RStudio platform (Posit
Software, PBC, 250 Northern Ave Suite 420, Boston, MA 02210).

3. Results
3.1. Physical parameters

There were statistically significant differences (p < 0.001) among the
cannabis varieties concerning seed width, thickness, length, geometric
mean diameter, and surface area (Table 2). In contrast, no statistically
significant differences (p > 0.05) were observed in seed sphericity and
aspect ratio among the cannabis varieties. The seeds of ‘B1” and ‘M2’ had
relatively high mean values of width (3.74 and 3.72 mm), thickness
(3.01 and 3.07 mm), length (4.80 and 4.92 mm), geometric mean
diameter (3.78 and 3.82 mm) and surface area (44.92 and 46.01 mm?)
compared to the other varieties. On the other hand, the seeds of ‘M1 and
‘B2’ had relatively low mean values of seed width (3.00 and 3.05 mm),
thickness (2.48 and 2.46 mm), geometric mean diameter (3.15 and 3.09
mm) and surface area (31.24 and 29.92 mm?) compared to the other
varieties. Furthermore, ‘B2’ seeds had the lowest mean length of 3.91
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Fig. 1. Scanning electron microscopy micrographs of the embryo tissue cell elemental distribution by X-ray mapping technique from EDX analysis spectrum. C
(carbon), O (oxygen), Cl (chlorine), S (sulfur), K (potassium), P (phosphorus), Ca (calcium), Al (aluminum), Si (silicon), Fe (iron), Mg (magnesium).

mm among the varieties. Cu, N, Na, and Mg (Fig. 2). Among the varieties analyzed, ‘M1’ was
identified as the only variety containing Na, however, in small amounts.
‘B3’ was also the only variety containing N. ‘High-THC’ and ‘High-CBD’

3.2. Mineral element composition were the only varieties found to have Mn. Furthermore, ‘High-CBD’
exhibited trace amounts of Cu. To maintain analytical consistency, el-
The EDX spectrum revealed that embryo tissue cells contained ements that were irregularly detected across samples were excluded

various mineral elements, including C, Fe, K, O, P, S, Si, Al, Ca, Cl, Mn,
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Physical properties of eleven cannabis varieties. The means with different letters are significantly different according to Duncan’s multiple range test (p < 0.05; number

of replicates = 3). LSD = least significance difference.

Variety Width Thickness (mm) Length (mm) Geometric mean diameter (mm) Surface area (mm?) Sphericity Aspect ratio (%)
(mm)
Bl 3.74a 3.0lab 4.80a 3.78a 44.92a 0.79a 77.90ab
M2 3.72a 3.07a 4.92a 3.82a 46.01a 0.78a 75.70ab
L2 3.64ab 2.85abc 4.53ab 3.61ab 40.91ab 0.80a 80.39ab
Hemp 3.59ab 2.71abc 4.79a 3.60ab 40.76ab 0.75a 75.01ab
H1 3.49abc 2.89abc 4.63ab 3.60ab 40.79ab 0.78a 75.62ab
High-THC 3.49abc 2.88abc 4.12bc 3.46bc 37.61bcd 0.84a 84.83a
High-CBD 3.47abc 2.74abc 4.59ab 3.52ab 39.00abc 0.77a 75.60ab
B3 3.27bed 2.53c 4.42abc 3.32bcd 34.60bcde 0.75a 74.15ab
L1 3.06 cd 2.59bc 4.13bc 3.20 cd 32.10cde 0.78a 74.40ab
B2 3.05 cd 2.46¢ 3.91c 3.09d 29.92e 0.79a 78.10ab
M1 3.00d 2.48¢ 4.22bc 3.15cd 31.24de 0.75a 70.96ab
p-value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.051 0.060
LSD 0.24 0.25 0.29 0.17 3.77 0.05 7.22

from comparative statistical analyses. Additionally, A detailed
elemental distribution obtained from the X-ray mapping technique is
presented in Table S1.

Moreover, major elements were found in abundance compared to the
others, with carbon being dominant ranging between 55.58 and 75.10
wt%, followed by oxygen ranging between 23.79 and 42.82 wt%. The
dominance of carbon and oxygen peaks is characteristic of organic
biological samples. For comparative purposes, emphasis was therefore
placed on the mineral elements, which provide more quantitatively
reliable information with this technique.

Notably, there were statistically significant differences (p < 0.05)
among the cannabis varieties in relation to seed C, Fe, K, O, P, S, and Si.
In contrast, no statistically significant differences (p > 0.05) were
observed among the varieties in relation to Al, Ca, Cl, and Mg (Table S1).
The results revealed that K was relatively abundant among the mineral
elements in the ‘High-CBD’, ‘H1’, ‘Hemp’, and ‘B3’ varieties, with values
of 1.310, 0.536, 0.182, and 0.694 wt%, respectively. Calcium was the
most abundant mineral in ‘M1’ and ‘L2’ (1.160 and 0.478 wt%), while
Fe predominated in ‘B1’ and ‘M2’. Aluminum was relatively higher in
the ‘High-THC’ variety, and Si was dominant in ‘B2’ and ‘L1°. Among the
majority of landraces (‘High-CBD’, ‘H1’, ‘Hemp’, ‘B1’, ‘B2’, and ‘L1’),
calcium was the second most abundant mineral element. Potassium was
the second most abundant element in ‘M2’, ‘M1°, and ‘L2’, whereas
silicon was the second most abundant in ‘B3’ and ‘High-THC".

Notably, certain varieties exhibited very low levels of specific ele-
ments. For instance, ‘B2’, ‘M2’, and ‘L1’ had aluminum, known as an
ultra-trace and toxic element, in the lowest quantity compared to other
elements at 0.014, 0.024, and 0.029 wt%, respectively. ‘High-CBD’, ‘B3’,
‘B1’°, and ‘High-THC’ had macro element chlorine in the lowest quantity
compared to the elements at 0.064, 0.048, 0.054, and 0.010 wt%,
respectively. However, chlorine was generally the lowest among the
macro elements in all the varieties 0.064, 0.104, 0.036, 0.048, 0.054,
0.028, 0.036, 0.112, 0.036, 0.068 and 0.01 wt% for ‘High-CBD’, ‘H1’,
‘Hemp’, ‘B3’, ‘B1’, ‘B2’, ‘M2’, ‘M1’, ‘L2’, ‘L1’ and ‘High-THC’, respec-
tively. Notably, potassium was the highest among the macro elements in
‘High-CBD’, ‘H1’, ‘Hemp’, ‘B3’, and ‘M2’ at 1.31, 0.536, 0.182, 0.694,
and 0.392 wt%, respectively. Calcium was the highest among the macro
elements in ‘B1°, ‘M1’, and ‘L2’ at 1.04, 1.16 and 0.478 wt%, respec-
tively. Silicon was the highest among the macro elements in ‘B2, ‘L1,
and ‘High-THC’ at 0.3255, 2.7727, and 0.5677 wt%, respectively. ‘H1’
and ‘Hemp’ had iron in the smallest quantities compared to the other
elements at 0.057 and 0.030 wt%, respectively. ‘Hemp’ and ‘L2’ had
sulfur in the smallest quantities compared to the other elements at 0.032
and 0.030 wt%, respectively.

3.3. Short Tandem Repeat markers

Thirty-four markers were identified in the seeds of the different

cannabis varieties, distributed across four multiplex sets (Plex 1-4) as
presented in Table 3. Allele size ranges varied from 70 bp for marker
3735 to 460 bp for marker BO1-CANN1. Markers such as ANUCS205
(172-242 bp) and ANUCS203 (169-267 bp) displayed wide allele
ranges, while others, including ANUCS307 (105-108 bp) and
ANUCS306 (92-95 bp), showed narrower ranges.

3.4. Multivariate analysis
3.4.1. Multivariate analysis for physical characteristics

3.4.1.1. Correlation matrix. A Pearson’s correlation was conducted on
the physical parameters and among the varieties (Fig. 3A and B). Under
physical parameters, there was a very strong positive correlation be-
tween seed sphericity and aspect ratio (r = 0.93, p < 0.001) (Fig. 3A).
Thickness had a positive correlation with length (r = 0.71, p < 0.05)
while width had a strong positive correlation with length (r = 0.83, p <
0.01) and thickness (r = 0.91, p < 0.001). Geometric mean diameter had
a strong positive correlation with the surface area (r = 1.00, p < 0.001),
width (r=0.97, p < 0.001), thickness (r = 0.93, p < 0.001) and length (r
=0.90, p < 0.001). On the other hand, there was a very strong positive
correlation (p < 0.001) between the seeds of different varieties (Fig. 3B),
indicating that varieties had similarities in their physical characteristics.

3.4.1.2. Principal component analysis for physical characteristics. The
principal component analysis (PCA) was conducted on physical features
(Table 4). PCA identified two PCs with an eigenvalue of >1, which
accounted for 80.11 % of the total variation. PC1 (55.51 %) positively
correlated with seed width, thickness, surface area, and geometric mean
diameter. PC2 (24.60 %) positively correlated to seed sphericity and
aspect ratio.

3.4.1.3. Hierarchal cluster analysis. Agglomerative hierarchical clus-
tering for means of physical traits classified the 11 landraces into four
groups (Fig. 4). Cluster 1 comprised of ‘B2, ‘B3’, ‘M1’ and ‘L1’. Cluster 2
comprised of ‘B1’°, ‘M2’, ‘Hemp’, ‘High-CBD’, and ‘H1’. Cluster 3 and 4
were comprised of ‘L2’ and ‘High-THC’, respectively.

3.4.2. Multivariate analysis for mineral elements composition

3.4.2.1. Correlation matrix. Generally, there was no significant corre-
lation among the mineral elements. Except for S, which had a strong
positive correlation with K (r = 0.90, p < 0.001) and P (r = 0.83, p <
0.01) (Fig. 5A). There was also a positive correlation between P and K (r
= 0.71, p < 0.05). On the other hand, C had a significant negative
correlation with O (r = —0.98, p < 0.001) and Cl (r = —0.61, p < 0.05).
Notably, a very strong positive correlation (p < 0.001) was evident
among the seeds of various varieties (Fig. 5B), suggesting a similarity in
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Fig. 2. Scanning electron microscopy micrographs of the EDX spectrum of embryo tissue cells on the mineral elements of different cannabis varieties.

their mineral element composition.

3.4.2.2. Principal component analysis. PCA identified three PCs with an
eigenvalue of >1, accounting for 73.92 % of the total variation
(Table 5). PC1 (35.99 %) negatively correlated with carbon (C) and
positively correlated with Cl, K, S, and Mg. PC2 (24.71 %) positively
correlated with Al and P and negatively correlated with O. PC3 (13.22
%) positively correlated with Ca.

3.4.2.3. Hierarchal cluster analysis. Agglomerative hierarchical clus-
tering for means of mineral element composition classified the 11
landraces into four groups (Fig. 6). Cluster 1 comprised of ‘L2’, ‘High-
THC’, ‘B2’, ‘Hemp’, and ‘M2’. Cluster 2 comprised of ‘H1’ and cluster 3
comprised of ‘B3’ and ‘High-CBD’. Cluster 4 comprised of ‘B1’, ‘M1’ and
‘L1,
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Table 3
Detailed list of markers in cannabis varieties and their ranges.

MARKER RANGE MARKER RANGE
Plex 1 Plex 3

B02-CANN2 163-172 D02-CANN1 93-113

H09-CANN2 204-224 ANUCS205 172-242

5159 312-350 nHO09 385-430

9269 114-140 ANUCS302 125-173

ANUCS308 177-203 9043 320-355

H11-CANN1 285-297 ANUCS204 128-184

ANUCS303 141-156 ANUCS203 169-267

B05-CANN1 217-244 Plex 4

BO1-CANN1 314-460 1528 175-200

ANUCS202 147-185 HO06-CANN2 255-273

4910 240-300 DMO016_Y 230
Plex 2 ANUCS307 105-108

3735 70-115 ANUCS201 161-223

ANUCS206 159-167 DM029 219

ANUCS301 209-261 E07-CANN1 85-113

C11-CANN1 138-180

ANUCS305_1 410-450

ANUCS501 X 72-105

ANUCS304 167-230

ANUCS306 92-95

Cs1 134-370

3.4.3. Multivariate analysis for short tandem repeats (STR) markers

For clarity throughout this manuscript, the two alleles for each
diploid locus are denoted as the locus name followed by an underscore
and the allele number (e.g., 5159_1 and 5159_2). For markers where the
locus name itself contains an underscore (e.g., ANUCS305_1), a dot is
used to separate the locus name from the allele number (e.g.,
ANUCS305_1.1 and ANUCS3051.2) to ensure unambiguous
identification.

In addition to CS1, D02-CANN1, and ANUCS204 loci which were
eliminated due to displayed inaccuracy of data, BO2-CANN2_1, B02-
CANNZ2_2, ANUCS308_1, ANUCS308_2, H11-CANN1_1, H11-CANN1_2,
ANUCS2021, ANUCS202_2, ANUCS206_1, ANUCS501 X.1,
ANUCS501_X.2, ANUCS306_1, ANUCS306_2, HO06-CANN2_1,
DMO016_Y.1, DM016_Y.2, ANUCS307_1, ANUCS201_1, ANUCS201_2,
DMO029_1, DM029_2 and E07-CANN1_1 were excluded from multivar-
iate analysis because they had zero variation. The remaining STR
markers were then subjected to further analysis as presented in the sub-
sections 3.4.3.1, 3.4.3.2 and 3.4.3.3 of 3.4.3.

3.4.3.1. Correlation matrix. The Pearson correlation analysis showed
variations among the STR markers, revealing significant correlations
among the alleles, with some showing strong positive or negative re-
lationships (Fig. 7). Notably, alleles 5159_1 and 5159_2 had a perfect
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positive correlation (r = 1.00; p < 0.001). Similarly, 9269_2 had a per-
fect positive correlation with ANUCS305_1.2 and ANUCS302_1 (r =
1.00; p < 0.001). ANUCS303_2 also showed a perfect positive correla-
tion with ANUCS304_1 (r = 1.00; p < 0.001). BO5-CANN1_1 and BO5-
CANN1_2 exhibited a perfect positive correlation (r = 1.00; p <
0.001). Additionally, allele 4910_1 had a perfect negative correlation
with ANUCS304_2, NH09_1, and NH09 2 (r = —1.00; p < 0.001).
ANUCS305_1.1 showed a perfect negative correlation with HO6-
CANN2_2 (r = —1.00; p < 0.001), while ANUCS305_1.2 had a perfect
positive correlation with ANUCS302.1 (r = 1.00; p < 0.001).
ANUCS304_2 displayed a perfect positive correlation with NH09_1 and

Table 4
Summary of factor loadings, eigenvalue, percent, and cumulative variation for
eleven cannabis varieties based on their physical traits.

Traits Dim 1 Dim 2
Width 0.974 —0.068
Thickness 0.969 0.048
Length —0.497 0.482
Geometric mean diameter 0.236 —0.380
Surface Area 0.963 —-0.213
Sphericity 0.410 0.884
Eigenvalue 444.073 196.815
Variability (%) 55.509 24.602
Cumulative (%) 55.509 80.111
Cluster Dendrogram

HIGH-THC

> L2

L1

B3

B2

6 4 2 0

Height

Fig. 4. Agglomerative hierarchical cluster of eleven cannabis varieties based on
their physical traits.
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Fig. 3. The Pearson’s correlation between (A) physical properties and (B) among varieties based on their physical traits.
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Fig. 5. The Pearson’s correlation between (A) mineral element composition and (B) among varieties based on their mineral element composition. C (carbon), Fe
(iron), K (potassium), O (oxygen), P (phosphorus), S (sulfur) and Si (Silicon), Al (aluminum), Ca (calcium), Cl (chlorine), and Mg (magnesium).

Table 5

Summary of factor loadings, eigenvalue, percent, and cumulative variation for
eleven cannabis varieties based on their mineral elements. C (carbon), Fe (iron),
K (potassium), O (oxygen), P (phosphorus), S (sulfur) and Si (Silicon), Al
(aluminum), Ca (calcium), Cl (chlorine), and Mg (magnesium).

Mineral element Dim 1 Dim 2 Dim 3
Al —0.434 0.607 —-0.014
C —0.732 0.582 —0.021
Ca 0.306 0.539 0.720
Cl 0.710 —-0.216 0.528
Fe 0.093 0.571 0.345
K 0.759 0.243 —0.488
Mg 0.809 0.013 0.134
(0] 0.592 —0.723 0.022
P 0.570 0.617 —0.401
S 0.797 0.496 —0.287
Si 0.294 0.375 0.193
Eigenvalue 3.958 2.718 1.455
Variability (%) 35.986 24.711 13.225
Cumulative (%) 35.986 60.697 73.922
Cluster Dendrogram
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Fig. 6. Agglomerative hierarchical cluster for eleven cannabis varieties based
on their mineral element composition.

NHO09 2 (r = 1.00; p < 0.001), and NH09_1 and NHO09_2 also had a
perfect positive correlation with each other (r = 1.00; p < 0.001).

A very strong positive correlation (p < 0.001) was evident among the
seeds of various varieties (Fig. 8), suggesting a similarity in their STR
markers.

3.4.3.2. Principal component analysis. PCA identified six components
with eigenvalues >1, explaining 93.53 % of the total variation. The first
five components, which together explained 88.03 % of the variation,
were retained for interpretation (Table 6). PC1 (35.30 %) was positively
correlated with 51591, 51592, 92691, BO05-CANN1_.1, BO05-
CANNA1_2, BO01-CANNA1_2, ANUCS304_2, NHO091, NHO09.2,
ANUCS203_2, and negatively correlated with H09-CANN2_1, HO09-
CANN2_ 2, 4910_1, 3735.2, 9043_1, 9043 2, and ANUCS307_2. PC2
(20.30 %) was positively correlated with ANUCS303_1, ANUCS303_2,
B0O1-CANN1_1, C11-CANN1_1, ANUCS304_1, and 9043_1, and nega-
tively correlated with 4910_2, ANUCS301_1, and ANUCS301_2. PC3
(14.67 %) was positively correlated with ANUCS305_1.1, ANUCS205_1,
and ANUCS205_2, and negatively correlated with 3735_1 and HO6-
CANN2 2. PC4 (11.01 %) was positively correlated with 9269_2,
ANUCS305_1.2, ANUCS302_1, and ANUCS302_2, and negatively corre-
lated with ANUCS206_2. PC5 (6.75 %) was positively correlated with
ANUCS203_1 and the 1528_1 allele calls.

3.4.3.3. Hierarchal cluster analysis. Agglomerative hierarchical clus-
tering for means of STR markers classified the 11 landraces into four
groups (Fig. 9). Cluster 1 comprised of ‘M1°, ‘L2°, ‘B3’, ‘B1’ and ‘L1’.
Cluster 2 comprised of ‘Hemp’ and ‘High-CBD’, and cluster 3 comprised
of ‘High-THC’. Cluster 4 comprised of ‘B2’, ‘H1" and ‘M2’.

4. Discussion
4.1. Physical traits

The findings of the current study showed diverse physical traits of
cannabis seeds, with significant variations observed among different
varieties. Notably, the seeds of ‘B1’ and ‘M2’ exhibited relatively high
mean values for width, thickness, length, geometric mean diameter, and
surface area compared to other varieties. In contrast, ‘M1’ and ‘B2’ seeds
displayed relatively lower mean values for width, thickness, geometric
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Fig. 7. The Pearson’s correlation for Short Tandem Repeats (STR) markers assessed in eleven cannabis varieties.
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Fig. 8. The Pearson’s correlation for eleven cannabis varieties based on their
STR markers.

mean diameter, and surface area compared to other varieties. Thus,
when designing seed-handling equipment, the dimensions of the seeds’
length, width, and thickness must be taken into consideration to deter-
mine the appropriate aperture sizes (Taheri-Garavand et al., 2012). On

the other hand, the geometric mean diameter is useful for characterizing
the seeds with dimensions of irregular shapes (Taheri-Garavand et al.,
2012). Additionally, the mean geometric mean diameter is useful for
estimating the projected area of a particle moving in a turbulent or near-
turbulent air stream (Taheri-Garavand et al., 2012).

Pearson’s correlation analysis revealed significant relationships
among physical parameters and different cannabis varieties. Notably,
seeds with greater thickness correlated with longer lengths, while wider
seeds tended to be longer and thicker. Additionally, seeds with larger
geometric mean diameters exhibited larger surface areas, widths,
thicknesses, and lengths. The principal component analysis (PCA)
revealed that PC1 variation was contributed by seed width, thickness,
surface area, and geometric mean diameter, which was key in significant
differences among the varieties. In contrast, PC2 variation was
contributed by seed sphericity and aspect ratio. The Agglomerative hi-
erarchical clustering of physical traits grouped the 11 landraces into four
distinct clusters. Cluster 1 included ‘B2’, ‘B3’, ‘M1’, and ‘L1’, while
Cluster 2 comprised ‘B1°, ‘M2’, ‘Hemp’, ‘High-CBD’, and ‘H1’. Cluster 3
consisted of only ‘L2’, and Cluster 4 was represented by ‘High-THC’.
Notably, seeds from ‘B1’ and ‘M2’ within Cluster 2 displayed relatively
higher mean values for width, thickness, length, geometric mean
diameter, and surface area compared to other landraces. Contrarily,
Cluster 1 consisted of seeds with relatively low surface area, width, and
thickness.

4.2. Mineral element composition

The cannabis varieties contained major elements detected by SEM-
EDX, including C and O, together with mineral elements such as K, P,
Mg, Si, Ca, Cl, and S. In addition, trace and ultra-trace elements,
including Fe and Al, were also detected. However, the relative
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Table 6
Summary of factor loadings, eigenvalue, percent, and cumulative variation for
eleven cannabis varieties based on their Short Tandem Repeats (STR) markers.

Traits Dim 1 Dim 2 Dim 3 Dim 4 Dim 5
HO09-CANN2_1 —0.860 —0.146 0.216 —0.092 0.056
H09-CANN2_2 —0.682 0.253 0.455 0.345 0.142
51591 0.732 —0.346 0.543 —-0.027 —-0.025
51592 0.732 —0.346 0.543 —0.027 —0.025
92691 0.901 0.004 0.009 —0.260 —-0.109
9269_2 0.469 0.034 —0.321 0.658 -0.119
ANUCS303_1 0.403 0.767 —0.196 0.213 0.012
ANUCS303_2 —0.552 0.808 0.016 0.160 0.085
B05-CANN1_1 0.636 0.082 —0.240 0.530 —-0.215
B05-CANN1_2 0.636 0.082 —0.240 0.530 —-0.215
B01-CANN1_1 —0.131 0.730 0.150 —0.120 —0.416
BO1-CANN1_2 0.724 0.352 0.007 —0.232 —-0.097
4910_1 —0.925 —0.097 0.170 0.132 —-0.292
4910_2 —0.474 —0.679 —0.237 0.277 0.196
37351 —0.352 0.364 —0.753 —0.318 —-0.186
37352 —0.872 0.309 0.174 0.122 —-0.272
ANUCS206_2 —0.064 0.456 —0.381 -0.617 —0.305
ANUCS301_1 —0.246 —-0.774 0.202 —0.350 0.139
ANUCS301_2 0.452 —-0.859 0.135 —0.092 —-0.152
C11-CANN1.1 0.049 0.938 —0.101 0.081 0.295
C11-CANN1_2 0.357 0.423 —0.343 —0.552 —0.255
ANUCS305_1.1 0.419 0.430 0.777 0.127 0.049
ANUCS305_1.2 0.469 0.034 —-0.321 0.658 —0.119
ANUCS304_1 —0.514 0.829 0.073 0.167 0.088
ANUCS304_2 0.925 0.097 -0.170 —0.132 0.292
ANUCS205_1 0.267 0.164 0.866 0.323 0.176
ANUCS205_2 0.353 0.433 0.815 0.088 0.036
NHO09_1 0.925 0.097 -0.170 —0.132 0.292
NHO09_2 0.925 0.097 —-0.170 —-0.132 0.292
ANUCS302_1 0.469 0.034 —0.321 0.658 —0.119
ANUCS302_2 —0.107 —0.566 —0.412 0.665 0.093
9043_1 —-0.923 —-0.103 0.157 0.112 —0.240
9043_2 —0.646 0.671 0.026 0.202 0.128
ANUCS203_1 0.168 0.254 —0.440 0.267 0.658
ANUCS203_2 0.676 0.293 0.152 —0.328 —-0.157
15281 —-0.191 —0.088 0.070 —0.344 0.761
H06-CANN2_2 —0.419 —0.430 -0.777 -0.127 —0.049
ANUCS307_2 —0.807 —0.049 0.030 0.040 0.454
E07-CANN1_2 0.082 —0.364 0.496 0.212 —-0.357
Eigenvalue 13.768 7.916 5.721 4.293 2.633
Variability (%) 35.302 20.297 14.669 11.007 6.752
Cumulative (%) 35.302 55.600 70.269 81.276 88.029
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Fig. 9. Agglomerative hierarchical cluster for eleven cannabis varieties based
on their STR markers.

abundance of these elements varied among the different cannabis vari-
eties. No single element was consistently dominant; rather, different
minerals prevailed in different landraces. For instance, K showed the
highest relative abundance in ‘High-CBD’, ‘H1’, ‘Hemp’ and ‘B3’.
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Similarly, Ca was most abundant in ‘M1’ and ‘L2’, Si dominated in ‘B2’
and ‘L1’, Fe dominated in ‘B1’and ‘M2’, while Al dominated in ‘High-
THC’. This genotype-specific variation highlights the substantial di-
versity in mineral composition within the seed embryo tissues.

The major macro elements, such as P, K, Mg, and Ca, as well as trace
elements, such as Fe, were previously reported in hempseeds (Farinon
et al., 2020). The findings of the current study on the variation in
mineral profile of seeds are consistent with Farinon et al. (2020), who
reported that it can vary significantly depending on a number of factors,
including the type of plant genotype, the type and amount of fertilizer
applied, and the mineral composition of the soil. The findings on po-
tassium are also consistent with the reports by Alonso-Esteban et al.
(2022), who reported a high relative abundance of potassium in hemp
seeds, especially in hulled seeds. Barcauskaite et al. (2022) also found
that hemp seeds were rich in K.

In contrast, the results of the current study are inconsistent with the
findings by Farinon et al. (2020) and Alonso-Esteban et al. (2022), who
reported that phosphorus was the most abundant mineral found in both
whole and hulled hemp seeds. The inconsistency of the findings could be
attributed to the differences in the analytical techniques employed and
sample preparation. The current study employed SEM-EDX on cryo-
fractured seed sections, which identifies the spatial distribution and
relative abundance of elements within the embryo tissue. This differs
fundamentally from bulk analytical techniques such as Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES or Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) used in previous studies
(Mattila et al., 2018; Lan et al., 2019), where homogenized whole or
dehulled seeds were digested to yield quantitative concentrations (mg/
100 g).

Furthermore, specific varieties exhibited exceptionally low levels of
certain elements. For instance, ‘B2’, ‘M2’, and ‘L1’ having the lowest Al
levels, and ‘High-CBD’ varieties, along with ‘B3’, ‘B1’, and ‘High-THC’
having lowest chlorine levels. Moreover, ‘H1’ and ‘Hemp’ demonstrated
the lowest iron levels. Iron, however, was the only microelement in the
cannabis varieties that was present in significant amounts. Notably, iron
was found to be the primary microelement in whole hemp seeds by
Alonso-Esteban et al. (2022) and Barcauskaite et al. (2022). Whereas
‘Hemp’ and ‘L2’ showed the lowest sulfur levels. However, it is impor-
tant to highlight that several anti-nutrient elements in food, such as
phytates and oxalates, which are included in hemp seeds, may reduce
the bioavailability of some mineral elements (Alonso-Esteban et al.,
2022).

In general, there were minimal correlations observed among the
mineral elements, except for S, which exhibited a strong positive cor-
relation with K and P. Additionally, a positive correlation was found
between P and K. Conversely, C demonstrated a significant negative
correlation with O and Cl. The correlation between these elements is
important for the development and selection of a variety of the desired
minerals, which could improve the level of another mineral (Yeken
et al., 2018). However, the interactions between the mineral elements
may be influenced by genetic and environmental factors (Yeken et al.,
2018; Nadeem, 2021). Nonetheless, a very strong positive correlation
was observed among the seeds of various varieties, indicating a simi-
larity in their mineral element composition.

The findings of the current study showed distinct patterns of varia-
tion in mineral element composition among the cannabis genotypes.
PC1 primarily negatively associated with C and positively correlated
with Cl, K, S, and Mg. PC2 was linked to Al, P, and O, and PC3 was
related to Ca. On the other hand, the Agglomerative hierarchical clus-
tering approach showed similarities and differences in mineral element
composition among the cannabis landraces. These findings provide in-
sights into potential relationships and distinctions in their genetic
backgrounds. For instance, Cluster 1 included ‘L.2’, ‘High-THC’, ‘B2’,
‘Hemp’, and ‘M2’, indicating similarities in their mineral element
composition. Cluster 2 consisted of ‘H1’, while cluster 3 comprised ‘B3’
and ‘High-CBD’. Finally, cluster 4 encompassed ‘B1’, ‘M1’, and ‘L1".
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4.3. Short Tandem Repeat markers

The findings of Pearson’s correlation analysis indicated a strong
network of interactions, both positive and negative, between the
different alleles, with multiple significant correlations among them. The
correlations observed suggest complex interactions that may provide
insight into the underlying biological processes and genetic linkages.
The perfect correlations observed, such as those between 5159_1 and
5159_2 and ANUCS304_2 with NH09_1 and NH09_2, highlighted a very
close genetic linkage. Similarly, the correlation analysis revealed a
strong relationship among the different varieties, suggesting genetic
linkage. The STR markers used in this study are among those commonly
applied and validated for species identification, gender determination,
and individual profiling of C. sativa (Xia et al., 2022). Therefore, the
inconsistency between the current study and findings by Kohnemann
et al. (2012) and Marcinska et al. (2022) may be associated with plant
material used as they analyzed leaves or inflorescence. Thus, this could
imply that there is still a need for the development and validation of a
unique identification technique for cannabis seed variety using the STR
system. Otherwise, other genes may be critical for the characterization
of the varieties used in the current study at a seed level. Tetrahy-
drocannabinolic acid synthase (THCAS) and cannabidiolic acid synthase
(CBDAS) gene sequencing from 21C. sativa L. varieties, for example, has
been used to distinguish drug-type from fiber-type cannabis seeds,
achieving an AUC of 1.00 on that specific dataset in the study by Cascini
et al. (2019).

Principal Component Analysis (PCA) further explained the genetic
structure, identifying six principal components, with the first five
explaining a substantial portion of the total variance. The PCA identified
six principal components, explaining 93.53 % of the total variation. PC1,
the most influential component, positively correlated with several
markers while negatively correlated with others. PC2, PC3, PC4, PC5,
and PC6 each contributed to explaining variance in the dataset with
distinct marker associations. Agglomerative hierarchical clustering
grouped the 11 landraces into four clusters, revealing patterns of simi-
larity and dissimilarity in their STR marker profiles. Cluster 1 included
‘M1°, ‘L2’, ‘B3’, ‘B1’, and ‘L1’, while Cluster 2 comprised ‘Hemp’ and
‘High-CBD’. ‘High-THC’ formed Cluster 3, and Cluster 4 consisted of
‘B2°, ‘H1’, and ‘M2’.

In this study, STR markers which are commonly used as neutral ge-
netic markers (Di Nunzio et al., 2024) were applied to evaluate whether
variation at these loci could assist in distinguishing cannabis chemo-
types. Since STRs are not directly linked to cannabinoid biosynthesis
genes, no strong correlation with chemotype was expected, and the
landraces could not be reliably classified as ‘High-CBD’, ‘High-THC’, or
‘Hemp’. Nevertheless, their high polymorphism makes them valuable
for capturing genetic diversity and structure. In future applications,
STRs could be combined with functional gene markers such as THCAS
and CBDAS, or integrated with metabolic profiling, to achieve more
robust chemotype discrimination and to support the development of
cannabis-specific functional markers.

In summary, the correlation revealed similarities among the
cannabis varieties. However, further analysis, particularly agglomera-
tive hierarchical clustering, showed differences among the varieties.
This study identified four distinct clusters among the landraces by
evaluating their physical traits, mineral element composition, and STR
markers separately using agglomerative hierarchical clustering. How-
ever, the clustering based on mineral composition grouped the landraces
differently compared to the clustering based on physical traits. Simi-
larly, clustering based on STR markers resulted in distinct groupings that
differed from those based on physical traits and mineral composition.
These differences across clustering analyses highlighted the complex
nature of the diversity of the varieties and the need for consideration of
multiple characteristics for comprehensive landrace characterization
and classification.
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5. Conclusion

Physical parameters, particularly of ‘M1’ and ‘B2’, are fundamental
in determining suitable aperture sizes for efficient processing and aiding
in characterizing seeds with irregular shapes. These findings emphasize
the need for variety-specific considerations in equipment design and
offer valuable insights for breeding programs targeting seed trait opti-
mization, ultimately enhancing processing techniques and equipment
efficiency. Potassium, calcium, iron, aluminum and silicon were the
major macro elements, and their distribution differed among varieties.
Understanding these variations is vital for optimizing agricultural
practices and processing techniques for facilitating the development of
high-quality hemp-based products. Strong correlations between certain
alleles suggested close genetic linkage, emphasizing the importance of
understanding genetic relationships among cannabis varieties. Gener-
ally, the correlation highlighted similarities among cannabis varieties.
However, clustering based on mineral composition differed from that
based on physical traits, and STR markers also resulted in distinct
groupings, indicating a complex relationship among these characteris-
tics. Therefore, the landraces could not be categorized as ‘High-CBD’,
‘High-THC’, or ‘Hemp’ based on the measured parameters. Further
studies are recommended to develop and validate a unique identifica-
tion technique for cannabis seed varieties using the STR system. Given
that STRs are neutral markers not directly linked to cannabinoid
biosynthesis, complementary approaches are warranted. For example,
Cascini et al. (2019) successfully discriminated between drug-type and
fiber-type cannabis seeds using Tetrahydrocannabinolic acid synthase
(THCAS) and cannabidiolic acid synthase (CBDAS) gene sequencing.
Future work should explore integrating STR markers with functional
gene markers or with metabolic profiling to achieve more robust che-
motype discrimination and support the development of cannabis-
specific functional markers.
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