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A B S T R A C T

The current study evaluated the effectiveness of different pre-treatments for dormancy breaking and seed
germination of five cannabis landraces. These landraces were collected from local growers in three regions of
KwaZulu-Natal Province in South Africa, namely, Bergville (B), Hammersdale (H), and Ladysmith (L). Each
genotype was assigned an alphabet and number based on where the seed material was collected. The five
landraces were as follows, ‘B1’, ‘K1’, ‘H1’, ‘L1’, and ‘L2’. The study was conducted using various pre-treat-
ments, including potassium nitrate (KNO3), hydrochloric acid (HCL), hot water (HW) at 70 °C, nitric acid
(HNO3), dry prechilling at 10 °C, gibberellic acid (GA3), sulfuric acid (H2SO4), and water, which served as the
control. Before the germination test, the seed viability of cannabis landraces was assessed using the tetrazo-
lium chloride (TCC) test. Afterward, the seeds were germinated in Petri dishes with cotton pads moistened
with distilled water for five (5) days. The study was later validated under tunnel conditions. The parameters
such as germination percentage, germination rate, seedling length, and seed vigour index of the germinated
seeds were then measured. The landraces, dormancy breaking treatments, and their interactions showed sig-
nificant differences (p < 0.001) in germination percentage, germination rate index, seedling length, and seed
vigour index under both laboratory and tunnel conditions. In summary, GA3, KNO3 and prechilling were the
most effective pre-treatments to improve the germination and seedling growth of cannabis genotypes and
breaking seed dormancy. Therefore, it was concluded that cannabis genotypes had physiological dormancy.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of SAAB. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

“Cannabis sativa L., commonly known as hemp or marijuana (or
dagga), is an annual dioecious and dicotyledonous plant belonging to
the Cannabaceae family” (Flores-Sanchez et al., 2009; Chaohua et al.,
2016; Lata et al., 2016). Cannabis is useful in “several agro-industrial
fields, namely agriculture, textile, bio-composite, papermaking, auto-
motive, construction, biofuel, functional food, oil, cosmetics, and per-
sonal care, as well as in the pharmaceutical industry” (Salentijn et al.,
2015; Chaohua et al., 2016; Grulichova et al., 2017; Zuk-Golaszewska
and Golaszewska, 2018). The multi-industrial application of cannabis
owes to its oily seeds, long and durable fibers, and high content of
cannabinoids, terpenes, and phenolic compounds (Grulichova et al.,
2017; Zuk-Golaszewska and Golaszewska, 2018; Smith et al., 2019).
With the recent discovery of medicinal cannabis, there have been re-
regulations on the cultivation of cannabis since it was banned
worldwide due to the intoxicating effects of its compound, delta-8-
tetrahydrocannabinol (Thomas, 2012).

Traditionally, cannabis usually grows in disturbed areas such as
the “borders of fields, on rubbish heaps near or habitations in farm-
yards, vacant lots, and in disturbed areas of pastures” (Small, 2015). If
cultivated, it requires a low level of irrigation and fertilization, partic-
ularly after its establishment (Forapani et al., 2001; Ascrizzi et al.,
2019). However, seed germination involves complex physiological
processes that respond to environmental signals such as water
potential, light, and other factors (Bano et al., 2021). Many seeds still
fail to germinate after being processed and placed in favorable grow-
ing conditions (€Onol and Yildirim, 2021). Seed germination and per-
formance also vary from plant to plant, resulting in different kinds of
dormancy (€Onol and Yildirim, 2021).

The cause of dormancy varies among plant species, but it is cate-
gorized into physical, morphological, physiological, morpho-physio-
logical or a combination of physical and physiological dormancy, and
thus, the seed must undergo the necessary changes for the germina-
tion to start (Golmohammadzadeh et al., 2015; Chahtane et al., 2017;
Soltani et al., 2018). “Under natural conditions, necessary changes
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occur gradually as a result of varying combinations of aeration, mois-
ture, temperature, and light”. Dormancy could also be released using
different methods, including phytohormones or chemical treatments
(€Onol and Yildirim, 2021). The standard procedures for breaking dor-
mancy include prechilling, scarification, and treatments with gibber-
ellic acid (GA3) or nitric acid (KNO3), as well as soaking seeds in hot
water, or heat shock (Majd et al., 2013; Golmohammadzadeh et al.,
2015; Labbafi et al., 2018). Scarification can be done mechanically or
chemically (Utami et al., 2021). Mechanical scarification includes
seeds shaken with an abrasive material such as sand or scratched
with a knife (Utami et al., 2021). Under chemical scarification, seeds
are soaked in chemical materials such as H2SO4, KNO3, and HCl
(Utami et al., 2021).

Pre-soaking the seeds in GA3 or potassium nitrate (KNO3) is
known to alleviates both the physical and physiological dormancy
(Tapfumaneyi et al., 2023). Prechilling simulates cold winter condi-
tions for seeds exhibiting physiological dormancy, which leads to
increased synthesis of GA3 in the embryo and thereby aiding seed
germination (Golmohammadzadeh et al., 2015). On the other hand,
hydrochloric acid (HCL), sulphuric acid (H2SO4), nitric acid (HNO3)
and hot water (HW) are known to break physical dormancy by thin-
ning the seed coat, which may harm the seed and damage the
embryo (Gunes et al., 2013; Jaganathan et al., 2019; Jin et al., 2023).
However, the results often vary as “induction of germination in dor-
mant seeds may depend on the plant species, environmental condi-
tions, growth form, seed origin and type of dormancy”
(Golmohammadzadeh et al., 2015; Kildisheva et al., 2020; Islam et al.,
2021; Flores-S�anchez et al., 2022).

Like any other crop, cannabis also has certain residual dormancy
even though it is known to grow easily in any environment (Jovi�ci�c
et al., 2019; Elias et al., 2020). In fact, it is suggested that wild canna-
bis can stay dormant but viable in soils for up to 10 years (Jovi�ci�c
et al., 2019). Physiological dormancy is prevalent in cannabis because
of the indeterminate growth habit of the female inflorescence, result-
ing in varied maturation times for seeds on the inflorescence (€Onol
and Yildirim, 2021). Elias et al. (2020) studied dormancy breaking
through wet prechilling at 10 °C in ‘Merlot’ and ‘Berry Blossom’ hemp
varieties. They were able to break the seed dormancy within 5 days
and achieved higher germination compared to the control treatment.
In another study, the germination of ‘Ferimon’, ‘Han NW’, and ‘Mor-
peth’ hemp varieties exposed to wet prechilling at 4 °C for 5 days,
gibberellic acid (GA3) at 500 and 1000 mg¢L�1 and chlorine dioxide
(ClO2) at 500 and 1000 mg¢L�1 was reduced compared to control
(Islam et al., 2021). However, wet prechilling at 4 °C enhanced shoot
and root growth of ‘Ferimon’, ‘Han NW’, and ‘Morpeth’ hemp varie-
ties compared to the control (Islam et al., 2021).

However, studies on seed dormancy and dormancy breaking tech-
niques are still lacking in South African cannabis genotypes. It is also
evident from the previous studies that there is limited information
on the existence of dormancy breaking techniques that promote both
seed germination and seedling growth in cannabis. Furthermore,
hemp seeds are characterized by hard outer shell (pericarp, also
known as hull) (Schultz et al., 2020). It is known that a hard seed coat
(i.e., shell) may act as a physical barrier to the emergence of radicles
Table 1
The pseudonyms of the cannabis landraces collected from different regions of KwaZulu-Nata

Geographic information

Location Latitude: Longitude: Elevation Average

Ladysmith �28.57533 29.85948 1009.53 m 108.69 m

Bergville �28.667679 29.034111 1137.86 m 109.36 m
�28.677544 29.125553

Hammersdale �29.870903 30.633519 597 m 110.34 m
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and leaves, leading to physical dormancy (Elias et al., 2020; Kildish-
eva et al., 2020). Understanding that the seed coat exerts such germi-
nation-restrictive action, therefore, there is a need for determining
the influence of cannabis seed hardness on seed germination (Chaves
et al., 2017). Therefore, there is a need to assess different methods for
breaking dormancy and determine how different cannabis genotypes
respond to these techniques in order to enhance germination and
seedling development and reduce the duration of seed dormancy.
Thus, the aim of the study is to evaluate the effect of various pre-
treatments in breaking dormancy of cannabis seeds and determine
the most effective pre-treatment for germination and seedling
growth.
2. Materials and methods

2.1. Plant material

Seeds of five (5) cannabis landraces were used in the current
study. The landraces were collected from cannabis growers in differ-
ent regions of KwaZulu-Natal, namely, Ladysmith (Ugwayi wesiZulu
and Iswazi), Bergville (Bergville Natal and Ugwayi wesiZulu), and
Hammersdale in Durban (Durban poison) These seeds were kept at
room temperature until use at the Horticultural laboratory in Agricul-
tural Science Campus (with latitude: �29.636311 and longitude:
30.409060) at the University of KwaZulu-Natal Pietermaritzburg,
South Africa. The collected landraces were given pseudonyms, as pre-
sented in Table 1. The cannabis seeds were sorted according to col-
our. Dark-coloured seeds were associated with maturity whereas
greenish-coloured seeds were associated with immaturity (Miraji
et al., 2021). Therefore, dark-coloured seeds were used for the experi-
ment. Seeds showing defects were removed from the seed lot (Mus-
zy~nski and Gladyszewska, 2008).
2.2. Experimental design

The experiment was set under laboratory conditions and was later
validated under tunnel conditions. Each experiment was laid out in a
randomized complete block design with a 5 £ 8 factorial treatment
design and replicated three times. Each experiment resulted in a total
of 120 experimental units (90 mm petri dishes for the laboratory and
polystyrene seedling trays for the tunnel experiment). The treat-
ments were as follows: seed dormancy breaking consisted of eight
(8) levels (control, sulphuric acid, potassium nitrate, hydrochloric
acid, gibberellic acid, nitric acid, hot water, and prechilling); and
landraces consisted of five (5) levels.

The techniques for seed dormancy breaking were adopted from
Tiwari et al. (2018) with minor modifications. The selected seed dor-
mancy-breaking treatments were applied as described below.

Hydrochloric acid: Cannabis seeds were immersed in HCL 32 % AR
(Minema Chemicals (Pty) Ltd, 34 Ridge Rd, Laser Park; Johannesburg,
South Africa) for 1 h under a fume hood. After soaking in HCL, the
seeds were rinsed three times with distilled water. This procedure
was followed by soaking seeds in distilled water for 24 h at room
l.

rainfall Average temperature Landrace name Pseudonym:

m 23.31 °C Ugwayi wesiZulu ‘L1’
Iswazi ‘L2’

m 23.45 °C Natal ‘B1’
Ugwayi wesiZulu ‘K1’

m 23.66 °C Durban Poison ‘H1’
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temperature, which were air-dried thereafter. The study followed
this procedure for all the applied treatments.

Sulphuric acid: Cannabis seeds were immersed in H2SO4 98 % AR
(Minema Chemicals (Pty) Ltd, 34 Ridge Rd, Laser Park; Johannesburg,
South Africa) for 1 h under a fume hood.

Hot water treatment: Seeds in the dry state were placed in test
tubes sealed with aluminum foil and placed in a water bath set at
70 °C for 1 h. Thereafter, seeds were soaked in distilled water for 24 h
at room temperature and then air dried.

Nitric acid: Seeds were immersed in HNO3 60 % AR (Minema
Chemicals (Pty) Ltd, 34 Ridge Rd, Laser Park; Johannesburg, South
Africa) for 1 h under a fume hood.

Gibberellic acid: Seeds were immersed in a gibberellic acid (GA3)
(Merck KGaA, 64271 Darmstadt, Germany) solution for 24 h at room
temperature. The gibberellic acid solution was prepared by adding
10 mg of GA3 into 1 litre of distilled water.

Potassium nitrate: Seeds were immersed in a 0.2 % potassium
nitrate (KNO3) (Merck KGaA, 64271 Darmstadt, Germany) solution
for 1 h under a fume hood.

Prechilling: Prechilling in the current study is referred to as dry
prechilling. The current study adopted the prechilling technique by
Elias et al. (2020) with some modifications. The seeds in the dry state,
instead of wet, were stored in a sealed zipper bag and kept in a cold
room set at 10 § 0.5 °C for 5 days. Thereafter, seeds were soaked in
distilled water for 24 h at room temperature and then air dried.

Water: The untreated seeds, which served as control, were soaked
in distilled water for 24 h before germination, and then air-dried.

2.3. Seed viability test

Seeds were subjected to the viability test using 2,3,5-triphenylte-
trazolium chloride (TCC) (Sigma Aldrich, Merck KGaA, 64271 Darm-
stadt, Germany) and the procedure was adopted from Mandizvo and
Odindo (2019). TCC is a rapid and effective method for evaluating via-
bility or physiological quality in seeds (Paiva et al., 2017). It is a
water-soluble compound which promotes changes in colour when in
contact with living seed tissues due to the activity of dehydrogenase
enzymes (Virgens et al., 2019). Seed samples were preconditioned by
soaking in distilled water for 18 h, at 25 °C in an incubator, and then
excised with a scalpel blade through the embryo. The excised seeds
were immersed in a 1 % tetrazolium salt solution (TCC) for 12 h at
25 °C at room temperature. The experiment was replicated three
times, and each replicate consisted of 30 seeds. Seed viability evalua-
tion was done by placing the seeds in categories as viable and non-
viable according to the coloration of the embryonic axis. Viable seeds
were characterized by embryo showing uniform shiny pink color,
and non-viable seeds were characterized by a totally white color
(Paiva et al., 2017). Only the percentage of viable seeds was recorded.

2.4. Germination test

Thirty (30) seeds of each cannabis genotype were placed on cot-
ton pads moistened with distilled water in 90 mm Petri dishes or in a
seedling tray containing lawn dressing compost obtained from Duzi
Turf, New England Rd, Pietermaritzburg, South Africa. Lawn dressing
compost is characterized as a finely sifted black organic weed-free
medium. It is manufactured of a mixture of organic waste and sewage
sludge, with a composition of 85 % humus and 15 % 2�8 mm larger
particles. Each seed was planted in a seedling tray hole and the ger-
minating seeds were irrigated regularly to ensure adequate moisture.
The experiment was replicated three times for consistency. The
seeded petri dishes were then transferred into a germination cham-
ber (Snijders Scientific ECD01E Climaste Chamber, Tilburg, Holland)
maintained at a temperature of 30/25 °C and light cycle of 16/8 h. The
germination progress was monitored daily, and the number of germi-
nated seeds was recorded for each replicate of 30 seeds for 5 days
93
under laboratory conditions and 14 days under tunnel conditions. A
seed was considered to have germinated when the emerging radical
elongated to a length of 2 mm or more. The germination percentage
(GP) was calculated according to Khalaki et al. (2019) using Eq. (1)
and was expressed in percentages (%).

GP ¼ Number of germinated seeds
Total number of seeds

� 100 ð1Þ

The germination rate index (GRI) was calculated according to
Awasthi et al. (2016) using Eq. (2) and was expressed as a percentage
per day (%/day).

GRI ¼ Number of germinated seeds
Day of first count

þ . . .

þ Number of germinated seeds
Day of final count

ð2Þ

2.5. Seedling growth test

After the germination test, the seedling length of germinated
seeds was measured on the final day of germination using a ruler and
expressed in millimetres. The seedling length was calculated as an
average for all the germinated seeds for each landrace and treatment.
The seedling vigour index (SVI) was calculated from the final germi-
nation percentage and seedling length according to Awasthi et al.
(2016) using Eq. (3).

SVI ¼ Final germinated percentage � Seedling length
100

ð3Þ

2.6. Statistical analysis

The data was analyzed using GenStat�, 20.1 Edition (VSN Interna-
tional, Hamel Hampstead, UK, 2020) at the 5 % significance level.
Tukey’s test with GenStat� was used to separate the means of signifi-
cantly different variables.

3. Results

3.1. Seed viability

The results showed no significant differences (p = 0.102) amongst
landraces for seed viability as assessed using tetrazolium chloride
(TCC). The results showed that all seeds of landrace ‘K1’ were stained
red (completely or partially stained), indicating 100 % seed viability,
as shown in Fig. 1. Landrace ‘B1’ recorded a seed viability mean of
98.89 %, while ‘L2’ and ‘L1’ recorded a seed viability mean of 92.22 %.
Landrace ‘H1’ recorded the lowest seed viability mean of 88.89 %.

3.2. Germination and seedling growth under laboratory conditions

The landraces, pre-treatments, and their interactions showed sig-
nificant differences (p < 0.001) in germination percentage, germina-
tion rate index, seedling length and seed vigour index under
laboratory conditions, as shown in Table 2.

3.2.1. Seed germination
The results revealed that there were no significant differences

between control and treatments such GA3, KNO3, H2SO4 and prechil-
ling in all the cannabis genotypes. In landrace ‘B1’, the germination
recorded under H2SO4, KNO3, and GA3 was higher compared to the
control, as shown in Fig. 2. H2SO4, KNO3, and GA3 recorded germina-
tion percentages of 92.22, 91.11, and 88.89 %, respectively, and con-
trol recorded 82.22 %. Similarly, H2SO4, KNO3, and GA3 recorded
higher germination percentages in landrace ‘L2’ and ‘L1’ compared to
control. In landrace ‘L2’, H2SO4, GA3, and KNO3 recorded germination



Table 2
Analysis of variance (ANOVA) table for seed germination percentage (GP), germina-
tion rate index (GRI), seedling length (SL), and seed vigour index (SVI) of cannabis
landraces subjected to various dormancy breaking pre-treatments under laboratory
conditions.

Mean square

Source Df GP GRI SL SVI

Landrace 4 0.1864** 1.2587** 220.06** 0.0269**
Treatment 7 1.7199** 4.6427** 5479.68** 0.3432**
Landrace*Treatment 28 0.0341** 0.0178** 39.78** 0.0043**

ns - not significant (p > 0.05); *significant (p < 0.05); **highly significant (p < 0.001).

Fig. 1. Seed viability of cannabis landraces before dormancy-breaking treatments (p = 0.102).
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of 86.67, 83.33, and 82.22 %, respectively. In landrace ‘L1’, KNO3,
H2SO4, and GA3 recorded a germination of 85.56, 83.33, and 74.44 %,
respectively. In landrace ‘K1’, none of the applied pre-treatments
recorded germination higher than 73.33 % recorded under control.
Instead, ‘K1’ germination was completely inhibited under HCL. In
landrace ‘H1’, KNO3 and GA3 recorded higher germination of 91.11
Fig. 2. Effect of eight different seed dormancy-breaking treatments on germination perc

94
and 85.56 % compared to control. HCL and HW had completely inhib-
ited the germination of landrace ‘L1’.

3.2.2. Germination rate index
The results revealed that H2SO4 recorded the highest GRI in can-

nabis landraces, except ‘H1’ as control recorded the highest, as shown
in Fig. 3.

3.2.3. Seedling length
The results revealed that control recorded higher seedling length

means compared with the applied pre-treatments. Control recorded
higher seedling length means of 51.74, 48.18, 40.50, and 33.88 mm
for landrace ‘B1’, ‘K1’, ‘L2’, and ‘L1’, respectively. The lowest seedling
length means of 1.56, 1.00, and 1.50 mm for landrace ‘B1’, ‘K1’, and
‘L1’ were recorded under HNO3 treatment, respectively. For landrace
‘L2’, the lowest seedling length mean of 1.00 mmwas recorded under
HCL treatment, as shown in Fig. 4. Compared to the control, prechil-
ling and KNO3 treatment recorded higher seedling length means of
42.46 and 40.42 mm for landrace ‘H1’, respectively. The lowest
entage among five (5) cannabis landraces under laboratory conditions (p < 0.001).



Fig. 3. Effect of eight different seed dormancy-breaking treatments on germination rate index among five (5) cannabis landraces under laboratory conditions (p < 0.001).
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seedling length mean of 1.33 mm for landrace ‘H1’ was recorded
under HW treatment.
3.2.4. Seed vigour index
The results revealed that control recorded higher SVI compared

with the applied dormancy breaking treatments. Control recorded
higher SVI of 42.53, 35.21, and 31.20 for landrace ‘B1’, ‘K1’, and ‘L2’,
respectively. The lowest SVI means of 0.12 and 0.06 were recorded
under HNO3 treatment in landrace ‘B1’ and ‘K1’, respectively. The
lowest SVI mean for ‘L2’ of 0.10 was recorded under HCL treatment,
as shown in Fig. 5. Compared to the control, KNO3 and prechilling
treatment recorded higher SVI means of 36.89 and 32.73 for landrace
‘H1’, respectively. For landrace ‘L1’, KNO3 and GA3 treatment recorded
higher SVI means compared to the control of 24.47 and 23.64, respec-
tively. The lowest SVI means of 0.04 and 0.00 were recorded for land-
race ‘H1’ and ‘L1’, respectively, under HW treatment.
Fig. 4. Effect of eight different seed dormancy-breaking treatments on the radicle len

95
3.3. Germination and seedling growth under tunnel conditions

The landraces, pre-treatments, and their interactions showed sig-
nificant differences (p < 0.001) in germination percentage, germina-
tion rate index, seedling length, and seed vigour index under tunnel
conditions, as shown in Table 3.
3.3.1. Seed germination
The results revealed that the applied seed dormancy breaking

treatments such as HCL, HNO3 and H2SO4 completely inhibited
the germination of all the cannabis genotypes and, therefore,
their analyzed data was excluded. HW also hindered the germina-
tion of all the cannabis genotypes compared to control, with com-
plete inhibition in ‘H1’ and ‘L2’, as shown in Fig. 6. Compared to
control, prechilling treatment recorded significantly higher germi-
nation of 65.56 % in ‘H1’, The results also reveal that there was
gth among five (5) cannabis landraces under laboratory conditions (p < 0.001).



Fig. 5. Effect of eight different seed dormancy-breaking treatments on seed vigour index among five (5) cannabis landraces under laboratory conditions (p < 0.001).

Table 3
Analysis of variance (ANOVA) table for seed germination percentage (GP), germination rate index (GRI), seedling length (SL), and seed vigour index (SVI) of cannabis landraces sub-
jected to various dormancy breaking pre-treatments under tunnel conditions.

Mean square

Source df Mean square for GP df GRI SL SVI

Landrace 4 3435.74** 4 1687.08** 3387.3** 11,019.6**
Treatment 7 21,623.90** 4 3943.95** 39,655.0** 32,001.3**
Landrace*Treatment 28 16,667.41** 16 214.97** 1133.1** 1218.4**

ns - not significant (p > 0.05); *significant (p < 0.05); **highly significant (p < 0.001).

Fig. 6. Effect of eight different seed dormancy-breaking treatments on germination percentage among five (5) cannabis landrace under tunnel conditions (p < 0.001).

S. Langa, L.S. Magwaza, A. Mditshwa et al. South African Journal of Botany 165 (2024) 91�100
no significant difference between control and treatments such
GA3, KNO3 and prechilling in ‘B1’, ‘K1’, ‘L2’, and ‘L1’. Similarly,
there was no significant difference between control and treat-
ments such GA3 and KNO3. However, KNO3 recorded higher ger-
mination of 40 % in ‘H1’ compared to 36.67 % of control. GA3,
KNO3 and prechilling recorded higher germination of 91.11, 87.78
96
and 90.00 % in ‘B1’ compared to 86.67 % of control. GA3 and
KNO3 recorded higher germination of 80.00 and 95.56 % in ‘K1’
compared to 78.89 % of control. GA3 and KNO3 also recorded
higher germination of 81.11 and 71.11 % in ‘L2’ compared to
66.67 % of control. GA3 also recorded higher germination of
95.56 % in ‘L1’ compared to 93.33 % of control.



Fig. 7. Effect of eight different seed dormancy-breaking treatments on germination rate index among five (5) cannabis landraces under tunnel conditions (p < 0.001).
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3.3.2. Germination rate index
The results revealed that the germination rate index varied in

genotypes with the applied seed dormancy breaking treatments.
However, the germination rate index recorded for all cannabis geno-
types was significantly lower under HW compared to control, as
shown in Fig. 7. GA3, KNO3 and prechilling recorded a higher germi-
nation rate index in ‘H1’ of 15.8, 24.35 and 21.93 %/day, respectively,
compared to 13.49 %/day recorded for control. GA3 and KNO3

recorded a higher germination rate index of 57.22 and 47.97 %/day in
‘B1’, respectively, compared to 40.03 %/day recorded for control. GA3

and KNO3 also recorded a higher germination rate index of 58.16 and
64.49 %/day in ‘K1’, respectively, compared to 44.59 %/day recorded
for control. Furthermore, GA3 and KNO3 also recorded a higher ger-
mination rate index of 45.55 and 43.10 %/day in ‘L1’, respectively,
compared to 39.70 %/day recorded for control. GA3 and prechilling
Fig. 8. Effect of eight different seed dormancy-breaking treatments on the radicle l
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recorded a higher germination rate index of 42.63 and 27.74 %/day in
‘L2’, respectively, compared to 26.53 %/day recorded for control.

3.3.3. Seedling length
The results revealed that seedling under GA3, KNO3 and prechil-

ling recorded longer length in ‘H1’, ‘B1’, ‘K1’ and ‘L2’ compared to
control, as shown in Fig. 8. GA3, KNO3 and prechilling recorded a
seedling length of 138.0, 160.9 and 176.6 mm in ‘H1’, respectively,
and control recorded 111.2 mm. GA3, KNO3 and prechilling recorded
a seedling length of 148.4, 157.3 and 208.7 mm in ‘B1’, respectively,
and control recorded 138.5 mm. GA3, KNO3 and prechilling recorded
a seedling length of 154.6, 150.7 and 161.7 mm in ‘K1’, respectively,
and control recorded 144.0 mm. GA3, KNO3 and prechilling recorded
a seedling length of 138.3, 140.2 and 142.2 mm in ‘L2’, respectively,
and control recorded 130.5 mm. The results also revealed that
ength among five (5) cannabis landraces under tunnel conditions (p < 0.001).



Fig. 9. Effect of eight different seed dormancy-breaking treatments on seed vigour index among five (5) cannabis landraces under tunnel conditions (p < 0.001).
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seedlings under GA3 and prechilling had longer length of 133.2 and
151.7 mm in ‘L1’, respectively, compared to 110.8 mm recorded for
control.

3.3.4. Seed vigour index
The results revealed that seed vigour index was higher in ‘B1’ and

‘K1’ under GA3, KNO3 and prechilling compared to control, as shown
in Fig. 9. GA3, KNO3 and prechilling recorded a higher seed vigour
index of 135.23, 138.28 and 188.18 in ‘B1’, respectively, and control
recorded 120.17. GA3, KNO3 and prechilling recorded a higher seed
vigour index of 124.11, 144.21 and 121.96 in ‘K1’, respectively, and
control recorded 113.53. The results also revealed that seed vigour
index was higher in ‘L2’ and ‘L1’ under GA3 and prechilling compared
to control. GA3 and prechilling recorded a seed vigour index of
112.41 and 100.81 in ‘L2’, respectively, and control recorded 87.63.
GA3 and prechilling recorded a seed vigour index of 127.33 and
126.19 in ‘L1’, respectively, and control recorded 103.44. Further-
more, the results revealed that KNO3 and prechilling a higher seed
vigour index of 63.24 and 116.13 in ‘H1’, respectively, compared to

4. Discussion

Generally, germination percentage, germination rate index, seedling
length and seed vigour index varied among cannabis genotypes with
the applied treatments under both laboratory and tunnel conditions.
Amongst the cannabis genotypes, ‘B1’ generally had higher germination
percentage, seedling length and seed vigour under both tunnel and lab-
oratory conditions. On the other hand, ‘H1’ and ‘L1’ generally had poor
germination performance compared to other genotypes under tunnel
and laboratory conditions, respectively. The results revealed some
degree of correlation in germination and seedling growth performance
with the viability of the seeds of the cannabis genotypes. This follows
that ‘B1’ had second highest seed viability percentage, while ‘H1’ had
the lowest and ‘L1’ had the second lowest seed viability percentage.
These findings were expected as it is known that viable seed indicates
its capability to germinate and produce a normal seedlingwhen it is not
dormant (Quintana et al., 2023).

Under the laboratory conditions, H2SO4, KNO3, and GA3 generally
proved highly effective in breaking the seed dormancy of cannabis
landraces, while prechilling, HNO3, HCL, and HW proved ineffective.
These results were then validated under tunnel conditions which
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simulated field conditions. Under the tunnel conditions, KNO3, GA3

and prechilling proved highly effective in breaking the seed dor-
mancy of cannabis genotypes, while H2SO4, HNO3, HCL, and HW
proved ineffective. Notably, prechilling performance proved effective
in breaking the seed dormancy of cannabis landraces under tunnel
conditions but was ineffective under laboratory conditions. Specifi-
cally, prechilling was generally most effective treatment in enhancing
seed germination and seedling length under tunnel conditions and
ultimately, seed vigour index. Such findings about the cannabis geno-
types and applied treatments were expected as previous studies sug-
gests that these germination and seedling growth parameters varies
with environmental conditions, in response to pre-treatments (Gol-
mohammadzadeh et al., 2015; Kildisheva et al., 2020; Islam et al.,
2021; Flores-S�anchez et al., 2022). The tunnel findings corroborate
with Elias et al. (2020), who achieved dormancy breaking through
wet prechilling at 10 °C in ‘Merlot’ and ‘Berry Blossom’ hemp varie-
ties, although the tunnel study used dry prechilling. Whereas the lab-
oratory findings are in contradiction with both Elias et al. (2020) and
findings of the current study. It is worth highlighting that dry prechil-
ling is associated with not providing enough moisture like wet pre-
chilling does to activate the hydrolytic enzymes in preparation of
seeds for germination once they are moved to favourable conditions
(Amini et al., 2015).

Furthermore, the seedling length and seed vigour index was gen-
erally higher under control compared to the applied pre-treatments
under laboratory conditions. The findings of the laboratory study are
in contrast with the findings of Aliloo and Darabinejad (2013), who
reported that prechilling, KNO3 and GA3 pre-treatments recorded
higher seedling length and seed vigour in Heliotropium europaeum
compared to control. However, Aliloo and Darabinejad (2013) used
1.5 % KNO3 for 1 h and GA3 at a concentration of 250 mg per litre for
12 h. Thus, besides pre-treatment concentration and duration of seed
contact, the findings of the laboratory study on the seedling length
and seed vigour lower than control were associated with the fact that
species response to pre-treatments may vary with the growth stage
(Golmohammadzadeh et al., 2015; Kildisheva et al., 2020; Islam et al.,
2021). However, the tunnel results revealed that prechilling, KNO3

and GA3 generally improved the seedling length and see vigour index
of the cannabis landraces compared to control. Thus, the findings of
the current study under tunnel conditions agree with the findings by
Aliloo and Darabinejad (2013), however, in contradiction with the
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laboratory findings as prechilling, GA3 and KNO3 improved seedling
length and seed vigour index in cannabis genotypes. The differing
findings between the laboratory and tunnel studies may indicate that
the cannabis thrived under tunnel conditions because it simulated
the actual growth environment of the cannabis genotypes.

The complete germination inhibition of H2SO4, HNO3, HCL in all can-
nabis genotypes under tunnel conditionswas associatedwith high con-
centrations which could have been corrosive and extended seed
soaking duration resulting into seed and embryo damage; and ulti-
mately inhibiting germination (Maesaroh and Demirba�g, 2020). H2SO4

having been effective in breaking seed dormancy through germination
and germination rate index under laboratory conditions revealed that it
oxidized the seed coats, resulting in softening and rupture of the seed
coats (Zare et al., 2011;Mensahand Ekeke, 2016). Thereafter, the germi-
nation process in the seed was initiated, and eventually, protrusion of
the radical and subsequent germination (Zare et al., 2011; Rasebeka
et al., 2014;Mensah and Ekeke, 2016). However, the results under simi-
lar conditions proved that H2SO4was not effective in producing healthy
and vigorous quality seedlings. This is evident in the poor seedling
length and seed vigour index revealed under laboratory conditions.
Poor seed vigour index was associated with seeds unable to germinate
under the tunnel conditions.

However, HCL, HW, and HNO3 results were expected because they
have beenpreviously reported as ineffective in breaking seed dormancy
(Kambizi et al., 2006; Bhardwaj et al., 2016). For H2SO4, the findings of
the current study are in contradiction with Ansari et al. (2016), who
reported that scarification of the seed coat with 95 % H2SO4 stimulated
the germination of Malva sylvestris seeds. As a result, germination of
88 % was recorded under acid scarification, and no germination was
recorded under control (Ansari et al., 2016). Mensah and Ekeke (2016)
also reported that H2SO4 enhanced the germination of Senna obtusifolia
to 100 % against intact seeds that did not germinate.

On the other hand, KNO3 is well-known as a compound that pro-
motes the germination of photo-dormant seeds (Rouhi et al., 2013).
“KNO3 increases ambient oxygen levels by reducing the amount of oxy-
gen available for the tricarboxylic acid (TCA) cycle” (Rouhi et al., 2013),
which is a criticalmetabolic pathway for germination as it unifies carbo-
hydrate, fat, and protein metabolism (Zhang et al., 2017). “KNO3 is
related to the activity of the enzyme nitrate reductase in the production
of nitrite/nitric oxide (NO)” (Lara et al., 2014). “NO breaks a seed dor-
mancy through the interaction with phytochrome signaling pathways,
ethylene biosynthesis and interplays with reactive oxygen species”
(Lara et al., 2014). Hence, it was effective in breaking the seed dormancy
of cannabis landraces. However, the results of the current study con-
trast the findings by Mensah and Ekeke (2016), who reported that
KNO3 was ineffective in breaking seed dormancy and promoting seed
germination of Senna obtusifolia species (Mensah and Ekeke, 2016).

For GA3, the results of the current study were associated with the
fact that “GA3 acts as a natural plant growth regulator, releasing the
seeds from dormancy by promoting protein synthesis, elongation of
coleoptiles, and production of ethylene” (Camara et al., 2018; Polaiah
et al., 2020). Similar results have been previously reported on plants
such as Papaver rhoeas L. and Papaver dubium L. where GA3 promoted
germination when exogenously applied in these plants (Golmoham-
madzadeh et al., 2015). GA3 being effective in breaking seed dor-
mancy may also be associated with that both with abscisic acid (ABA)
are key for inducing, maintaining, and releasing seed dormancy
(Longo et al., 2020). These hormones are known to act antagonisti-
cally; ABA promotes dormancy during seed maturation and inhibits
seed germination, whereas GA promotes seed germination (Longo
et al., 2020; Yan and Chen, 2020). Thus, the seed dormancy gets
released when the ABA/GA ratio is low, and eventually, germination
commences (Yang et al., 2020).

Therefore, taking into consideration that tunnel conditions simulate
the actual cannabis growing conditions, the summary of findings is that
GA3, KNO3 and prechilling were the most effective pre-treatments to
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improve the germination and seedling growth of cannabis genotypes.
Also taking into consideration of the pre-treatments that improved the
germination, it was found that the seed coat of the cannabis genotypes
had no effect on germination as the pre-treatments that were effective
are associated with breaking physiological dormancy. Notably, prechil-
ling is known to induce cold environmental conditions that leads to
increased synthesis of GA3 in the embryo and thereby aiding seed ger-
mination. Thus, the physiological dormancy in cannabis genotypes was
largely associatedwith ABA/GA ratio.

5. Conclusions

The current study revealed the significancy of adequate growing
conditions in cannabis genotypes for assessing their germination and
seedling growth studies. The current study concluded that using pre-
chilling, GA3, and KNO3 pre-treatments enhanced the germination
capacity and seedling growth of cannabis landraces, and alleviated
seed dormancy. However, the effect on the germination of cannabis
varied with landrace, treatment, and seed viability. It was concluded
that the physiological state of the embryo caused dormancy in canna-
bis landraces, ABA/GA3 levels, and possibly a decreased gas perme-
ability of the seed coat was the major barrier to cannabis seed
germination. This is because the pre-treatments prechilling and GA3

are associated with the increased synthesis of GA3 which “promotes
protein synthesis, elongation of coleoptiles, and production of ethyl-
ene”. On the other hand, KNO3 is associated with the increased ambi-
ent oxygen levels; oxygen is associated with metabolism reactivation
during seed imbibition. Prechilling is known to induce cold environ-
mental conditions that leads to increased synthesis of GA3 in the
embryo and thereby aiding seed germination. The current study,
therefore, recommends further investigation of the effect of growth
hormones or chemicals at different concentrations and duration of
seed exposure on seed reserve mobilization during germination of
cannabis seeds of known ABA/GA3 ratio.
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