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A B S T R A C T

Gibberellic acid (GA3) is inhibitory to floral development of in vitro cannabis plants and inhibiting
GA3 biosynthesis promotes floral development. As such, paclobutrazol (PBZ), a potent GA3
biosynthesis inhibitor may be useful for increasing floral biomass and expediting development,
but due to health concerns, its use is prohibited in cannabis production. The present study was
conducted to compare the use of PBZ with tannic acid (TA), a natural compound with potential
GA3 inhibiting characteristics. Results confirmed that PBZ significantly affected the number of
flowers, percentage of flowering plantlet, and flower appearance time. Treatment using PBZ at a
concentration of 10 μM resulted in the greatest number of flowers (7.95) compared to other
treatments. Moreover, this compound at concentrations of 5 and 10 μM yielded the highest
percentage of flowering plantlets, at 75 % and 70 %, respectively. Flowers also appeared 7–15
days sooner than other treatments. Additionally, the energy transfer efficiency in the photosyn-
thetic system and chlorophyll concentration in plants treated with PBZ were considerably higher
than those under other treatments. Under the PBZ treatment, the length of internode was
significantly reduced. In contrast, TA generally had the opposite effect of PBZ, suggesting that it
does not act as a GA3 inhibitor in this context. Furthermore, positive effects of TA at a concen-
tration of 10 μM were observed on total leaf area (840.08 mm2) and stem length (40.09 mm). The
highest number of leaves (12.5) was found in the presence of TA at a concentration of 100 μM. TA
at its highest concentration (1000 μM) had an inverse effect on cannabis growth and flowering
but was likely due to toxicity rather than any inhibitory effects. Consequently, the obtained re-
sults confirm the importance of growth regulators and natural compounds on plant growth and
can broaden our understanding for future research and achievement of objectives.

1. Introduction

Cannabis sativa is a member of the Cannabaceae family that is cultivated in many parts of the world for a wide variety of
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applications such as producing oil, fiber, seeds, and its medicinal properties [1,2]. Accordingly, an exponential rise in demand for
cannabis products can be seen across the globe [3]. Nonetheless, the long history of the prohibition of cannabis cultivation has
restricted research on this multi-purpose species and biotechnological methods in this area are still in their early stages [4]. However,
the past decade has witnessed a significant increase in cannabis tissue culture research, which is confirmed by the high number of
academic publications on this topic [5–7]. Although, it should be noted that considerable challenges still remain with respect to studies
on tissue culture of cannabis [6,8].

Tissue culture is a simple but effective technique for growing and manipulating plants in a controlled and aseptic environment. As a
result, it is a very useful and practical method for understanding various aspects of developmental biology and improving plant
breeding in many species [9]. This technique offers several advantages, including reduced space requirements, sterile cultivation in
preventing pests, diseases, and pathogens transmission, and highly efficient production and storage of mature plants safe from
weather, pests, and disease [10]. From a breeding perspective, in some species in vitro techniques can be used to reduce generation
time, thereby increasing genetic gains over time. However, in vitro breeding strategies can be complicated by challenges in the in-
duction and development of flowers in vitro. While some species flower readily in vitro, others do not and some reports of a decrease in
the quality of flowers grown in in vitro have been reported and in vitro breeding is not always possible [11]. In the case of cannabis,
flowers develop in response to short days in a tissue culture environment [12] as would be expected based on standard growth re-
sponses for the species, making the possibility of in vitro breeding realistic. Additionally, flowering in cannabis can generally be
classified into three groups: early, medium, and late flowering [13]. However, the developing inflorescences tended to be less robust
than those produced in a normal setting and their fertility and ability to produce seed are unknown.

Since plant breeding programs are considered long, complicated processes, it generally requires several years for desirable out-
comes to be achieved. Due to the iterative process, shortening the time required for each cycle can have a significant impact on the rate
of genetic gains. This issue is economically significant as a shorter time required for the plant breeding program means reduced
production costs which leads to a reduction in the price of the final products for consumers [14]. Accordingly, it is essential to shorten
the production period while accelerating breeding programs and raising the level of precision, to increase the efficiency of plant
products. One of the strategies proposed for shortening growth cycles is using in vitro culture techniques [15]. It is a suitable strategy
for growing plants in artificial environments and providing conditions optimized for flower generation and growth in plants. Given the
recent reports, several successful in vitro protocols have been proposed by breeders, for plants such as pea (Pisum sativum L.) [16], lentil
(Lens culinarisMedikus.) [17], chickpea (Cicer arietinum L.) [18], bean (Phaseolus vulgaris L.) [19], and broad bean (Vicia faba L.) [20].

By managing and optimizing these factors in line with increasing plant growth, researchers can alter the period required for plant
growth in each stage (vegetative or reproductive). As chemical messengers, plant growth regulators play an important role in driving
plant growth which can affect different aspects of growth including cell division, elongation, and differentiation [21]. Several growth
regulators, inhibitors, and additives have been introduced that significantly affect plant growth. For instance, triazoles are a class of
inhibitor are regarded as protective against plant stress, due to their innate ability to induce abiotic stress tolerance through increasing
enzymes and antioxidants in plants experiencing stress [22]. Specifically, paclobutrazol (PBZ) is an inhibitor of GA3 biosynthesis,
which prevents the oxidation of ent-kaurene into ent-kauronoic acid through deactivating the oxygenase associated with P450 cy-
tochrome [23,24]. It is also reported that PBZ affects the synthesis and natural catabolism of abscisic acid [25]. Ultimately, the effects
of PBZ on both synthesis and catabolism processes result in an increase in the concentration of abscisic acid in leaves.

GA3 has been documented to impact floral development in plants, but the effects are highly species specific [26]. For example,
application of GA3 can either inhibit or promote flowering depending on the plant species, as well as impacting sex determination of
flowers in somemonoecious and dioecious plants [27]. In the case of cannabis, GA3 has been found to induce male flower development
in genetically female plants [28]. Further, the GA3 biosynthesis inhibitor PBZ, has been found in illicit cannabis samples where it is
used to promote earlier and heavier flowering [29]. Subsequent research studying in vitro flower development has verified that GA3
inhibits flower development in cannabis while PBZ promoted flowering [30].

Tannins are a class of polyphenols that occur in nature and can easily be extracted from plants [31]. Tannic acid (TA) is a natural
tannin and a derivative of phenolics belonging to the gallotannin class of compounds [32]. This organic acid can be extensively found
in plants, such as in the leaves and skins of many species such as tea (Camellia sinensis L.) [33]. Tannins are generally thought to inhibit
plant growth enzymes and proteins [34]. In relation to this inhibitory role, tannin’s non-specific binding with GA3 or some GA3-sti-
mulated growth mediators has been reported [34]. It has also been reported that GA3 or the system on which GA3 operates is very
sensitive to tannins. Remarkably, at high concentrations they can inhibit gibberellin activity and prevent growth, but in low con-
centrations they can have the opposite effect [35]. Based on these observations, tannins may represent a less toxic natural alternative to
PBZ that can manipulate the GA3response in cannabis to impact floral development.

The present study was conducted to compare the effects of PBZ and TA on in vitro flower development in cannabis to evaluate the
potential of TA as an alternative to PBZ. To this aim, tissue culture was employed to enhance cannabis growth and reduce its growth
cycle, while producing flowers in high percentages. This was done to find the best treatment for in vitro growth optimization and flower
generation of cannabis. Both the chemical and the natural compounds were expected to contribute to achieving reduced growth cycle
and flower appearance in the shortest possible time; a comparison between these compounds was carried out throughout this growth
process.
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2. Materials and method

2.1. Plant materials, culture medium, and growth conditions

A clonal cultivar of Cannabis sativa L. cv. Roto, established and maintained in tissue culture was used for this study. The plants
considered in this experiment were subcultured using nodal explants; each subsample included three nodes with no leaves. Effort was
taken to select unifrom explants from the middle nodes of the plants. The culture medium used was composed of full strength DKW
salts and vitamins (Phytotech, Kansas, US), 3 % sucrose, 0.6 % agar (Thermo-Fisher Scientific, Waltham, MA), and a pH of 5.8 [36].
The treatments used in this experiment included TA as a natural compound and PBZ as the chemical compound (Phytotech, Kansas,
USA). In addition to using a control treatment, TA was employed at three levels of 10, 100, and 1000 μM, while PBZ was used at two
levels of 5 and 10 μM. TA and PBZ’s molecular masses were used to create the stock solutions (water solvent). Equal volumes of both
stock solutions were prepared to a volume of 300 mL and prepared to different concentrations for both treatments. TA, unlike PBZ,
cannot be autoclaved due to its heat sensitivity, so it was filter sterilized and added to the media after it was autoclaved and cooled to
approximately 60◦. Forty ml of each media was placed in each Magenta GA7 vessel (Fisher Scientific, NJ, USA). Each vessel contained
four explants; For vegetative growth (two week), they were illuminated using full spectrum LED lighting (Intravision Spectra Blades,
including 75% Red (R) (600–700 nm), 19 % Green (G) (500–600 nm) and 6% Blue (B) (400–500 nm)) with a long photoperiod of 16:8
(light:dark) and an intensity of 25 μmol/m2/s, within the growth chamber with a temperature of 25 ± 2◦C (Fig. S1a). After two weeks,
to induce flowering (five weeks), the plants were illuminated via a mixture of 75 % R (600–700 nm), 12.5 % B (400–500 nm), and 12.5
% White (400–700 nm) lights with a photoperiod of 12:12 [12] (light: dark) and an intensity of 100 ± 10 μmol/m2/s (Fig. S1b).

2.2. Data collection and experimental design

The time of the appearance of the first flower was evaluated through daily visual inspections of all plants. We did assess flowering at
a stage where plants were fully developed and ready for pollination. After 50 days, the plants were taken out of the vessels for final data
collection. Morphological traits collected included the lengths of root and stem, number of leaves and nodes, length of internode,
percentage of flowering plantlet, the number of flowers per plant, the fresh weight of the plantlet (shoot and root part), and the total
leaf area. All the plants in the vessel were removed and placed on sterile paper for measurements. The roots were separated from the
stems. The leaves were detached and counted. Additionally, the number of nodes on the stemwas counted. To count the female flowers
in the cannabis plant, the number of flowers in each inflorescence was carefully counted and then the total number was calculated for
the whole plant. Female flowers were identified using maturity criteria, such as emergence of styles and full flower development.

Image processing techniques were used to measure the lengths of stem and root, length of internode and the total leaf area. Photos
of the grown plantlets were captured using an iPhone 13, capable of autofocus from a vertical distance of 25 cm. It should be noted that
different studies have confirmed the reliability of cellphones in capturing images for examining morphological traits in plants [37–40].
Next, the captured photos were processed using ImageJ I.50i Software (National Institute of Mental Health). The image processing
steps were as follows: (a) setting the scale and acquiring the image; (b) RGB (red, green, and blue) color cropping and filtering; (c)
producing a grayscale image; (d) developing a binary image; (e) eliminating noise from the binary image and filling in any gaps; and (f)
measuring the traits. Specifically, for total leaf area analysis, first, the leaves were detached and then arranged flat on sterile paper
before photographing.

The CCM-300 (Hoskin, Canada) device was used to examine photosynthetic traits including the efficiency of energy transfer in the
photosynthetic system or CFR (Chlorophyll-Fluorescence Ratio F735/F700) and chlorophyll concentration (mg/m2). For this purpose,
we selected three fresh green leaves from different parts of the stem (top, middle, and bottom).

2.3. Statistical analyses

The experiment was conducted based on a Complete Randomized Design (CRD) involving five replicates and four observations per
replicate. In addition, trait analysis (ANOVA) and mean comparison (the LSD test) (p ≤ 0.05,0.01) were carried out using the All-in-
One package [41] in the R Software (Ver. 4.3.1) and the SAS Software (Ver. 9.3). The mean comparison charts were drawn using
Microsoft Excel.

3. Results

3.1. Effects of TA and PBZ on growth and flowering

Examinations and analysis of variance of the data collected in this study showed that the application of PBZ and TA in parameters
including the number of nodes and leaves, percentage of flowering plantlet, stem length, length of internode, total leaf area, chlo-
rophyll concentration and the CFR were significant (p≤ 0.01). Moreover, parameters such as the number of flowers and the shoot fresh
weight were significant (p ≤ 0.05). However, neither compound had a significant effect on root length or Total Fresh Weight and its
root.

The mean comparison chart (Fig. S2a) demonstrates the lowest number of nodes (3) on the TA treatment at its highest concen-
tration (1000 μM), however, this appeared to be due to toxic effects of TA rather than an inhibitory response based on the overall
reduction of growth. Regarding the number of leaves (Fig. S2b), the obtained results showed that the lowest number (2.75) belonged to
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the TA treatment at a concentration of 1000 μM; the highest number of leaves (12.5) also resulted from the TA treatment, albeit at a
concentration of 10 μM.

The highest number of flowers was observed in PBZ treatment at a concentration of 10 μM which, compared to the control
treatment, showed a 59.74 % increase (Fig. 1a). Also, the highest percentage of flowering plantlet was observed in PBZ treatment at
concentrations of 5 and 10 μM, with 80 % and 75 %, respectively (Fig. 1b). In contrast, increasing TA concentrations up to 100 μM
decreased the number of flowers. In other words, the application of TA at high concentrations has no positive effects on percentage of
plants flowering since the lowest percentage of flowering plantlet (10 %) belonged to TA treatment at concentrations of 100 and 1000
μM (Fig. 1b).

The results of the mean comparison did not show any significant difference between treatments for shoot fresh weight, total
plantlet, root, and root length (Fig. S3).

The highest stem length (40.09mm)was observed in TA treatment at a concentration of 10 μM; however, in the TA concentration of
1000 μM, a 69 % reduction in stem length was seen (Fig. 2a). The longest length of internode recorded (5.84 mm) was found in the
plantlet treated via TA at a concentration of 10 μM, which was a 38.69 % increase compared to the control treatment. Meanwhile, the
application of PBZ (10 μM) led to the shortest length between nodes (1.2 mm) (Fig. 2b).

According to the results of mean comparison, the highest total leaf area (840.08 mm2) was observed in the TA treatment (10 μM).
Moreover, the lowest one was found in TA treatment (1000 μM), as 31.77 mm2 (Fig. 3a).

The highest energy transfer efficiency (CFR) in the photosynthetic system was found to be 1.41, in PBZ treatment applied at two
concentration levels (Fig. 3b); however, in TA at (100 μM), this value reduced by 24.64 %. In addition, no significant differences were
observed between the control treatment and TA at 10 μM (The TA treatment at a concentration of 1000 μM was removed from this
analysis, as the number of leaves in the plant was not sufficient for analysis using the intended device).

The highest chlorophyll concentration was obtained in the PBZ (5 μM) treatment as 506.35 mg/m2, which was significantly
different from the control treatment. In addition, this value reduced by 41 % in the TA (100 μM) (Fig. 3c) (The TA1000 treatment was
removed from this analysis, as the number of leaves in the examined plant was not sufficient for conducting analysis using the intended
device).

To examine the process of the onset of flowering, percentage of flowering plantlet (the number of plants in which flowers were
observed) were monitored periodically (Fig. 4). The trend chart showed that flowers appeared in plants in the PBZ treatment when the
photoperiod (12:12) changed, specifically, on the 21st day following subculture; this was 1–2 weeks earlier compared to plants in other
treatments. By the end of the 4th week that is, the 28th day, the first flower was seen in cannabis plantlets in the TA treatment at its
lowest concentration (10 μM); accordingly, raising the concentration of treatment led to a one-week delay in flower appearance.
Additionally, no differences were observed between the control treatment and TA at a concentration 10 μM, in terms of the flowering
time. Fig. 5(a–f) represents an image of plants affected by each treatment at the end of the experiment (day 50). Additionally, the
plantlet configuration has been included in the supplementary material (Fig. S4).

3.2. Correlation between the traits in TA and PBZ treatments

This section presents an examination of correlation results between different parameters. As can be seen in Fig. 6, a positive and
significant correlation (r = 0.96) at 1 % probability level was observed between the number of nodes and the number of leaves. There
was also a positive relation between the number of nodes, and root length and CFR value with correlation coefficients of 0.93 and 0.92
(p ≤ 0.01), respectively. The number of nodes also had a positive relation with total leaf area (r= 0.90) and chlorophyll concentration
(r= 0.84) (p≤ 0.05). The number of leaves parameter had a positive correlation with other traits; however, such a correlation was not
found to be significant. For example, the lowest correlation value (r= 0.11) was found between the number of nodes and the length of
internode.

A positive and significant correlation was found between the number of leaves and root length (r = 0.91). In other words, the

Fig. 1. Number of Flowers (a) and percentage of flowering plantlet (b) Mean comparison (LSD, P ≤ 0.05 and 0.01 respectively) of in vitro Cannabis
sativa L. cv. Roto after application of TA and PBZ treatments. Different letters indicate significant differences between treatments by LSD test.
(TA10): Tannic Acid 10 μM, (TA100): Tannic Acid 100 μM, (TA1000): Tannic Acid 1000 μM, (PBZ5): Paclobutrazol 5 μM, (PBZ10): Paclobutrazol
10 μM.
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increase in root length led to an increase in the number of leaves. The number of leaves was found to have positive correlations with
other traits as well. The number of flowers had no significant relations with any of the other traits; its only positive correlation per-
tained to the chlorophyll concentration value (r= 0.81), at 5 % probability level. Conversely, the number of flowers was found to have
negative correlations with stem length and length of internode; and it had a positive correlation with total leaf area with a low co-
efficient (r= 0.020). A positive and significant correlation (r= 0.83) was observed between stem length and total leaf area. Root length
was found to be positively and significantly correlated with total leaf area (r= 0.96) and CFR value (r= 0.85). The parameter of length
of internode was found to have a negative and insignificant relation with CFR and the concentration of chlorophyll in cannabis
plantlets. Furthermore, the CFR value showed a positive, significant correlation with chlorophyll concentration (r = 0.98).

4. Discussion

The main purpose behind examining TA and PBZ, was to compare their effects on optimizing the growth conditions of in vitro
cannabis plantlets and gain deeper insight into the developmental biology of cannabis. Results confirmed previous studies that showed
that PBZ considerably affected parameters such as increasing the number of flowers, percentage of flowering plantlet, and the
appearance time of flowers [30]. The onset of the florigenic stage and the appearance of flowers are considered important stages in a
plant’s life cycle, and the timing of these stages is of utmost importance. Studies conducted with a focus on physiological and genetic
aspects demonstrate the complexity of mechanisms involved in these transitions, and the involvement of changes in apical meristem
from the vegetative stage into the reproductive stage [42]. The ability of explants to flower in vitro and the quality of the flowers
produced, depends on a variety of factors such as chemical and natural materials, growth regulators, and other unknown factors [43].

Of the common plant growth regulators used in plant cultivation, growth inhibitors, particularly PBZ, limit vegetative growth and
subsequently induce flowering in several species, as example mango (Mangifera indica L.) in vivo condition [44], spraying PBZ on Lilium
[45], peach (Prunus Persica L.) [46], apple (Malus domestica L.), and pear (Pyrus communis L.) [47]. Notably, PBZ reduces vegetative
growth speed by blocking growth at early stages. In turn, this leads to the accumulation of carbohydrates and a reduction in the total
amount of nitrogen in the stem. It also contributes to flowering in plants by altering the C:N ratio [48]. Important factors in flowering
induction include photosynthetic material input, energy flow, and the distribution of absorbed materials. Therefore, the application of
PBZ leads to the onset of flowering in some plants by reducing the gibberellin levels while raising the levels of auxins and cytokinins at
the tip of aerial organs [49]. Since plant growth is not regulated through a single, specific phytohormone, responses to PBZ stimulus in
flowering induction may also depend on its effects on growth regulators other than gibberellins. There are reports in this regard in
which the isoprenoid pathway related to gibberellin biosynthesis regulate the biosynthesis pathway of other phytohormones such as

Fig. 2. Stem Length (a) and length of Internode (b) Mean comparison (LSD, P ≤ 0.01) of in vitro Cannabis sativa L. cv. Roto after application of TA
and PBZ treatments. Different letters indicate significant differences between treatments by LSD test. (TA10): Tannic Acid 10 μM, (TA100): Tannic
Acid 100 μM, (TA1000): Tannic Acid 1000 μM, (PBZ5): Paclobutrazol 5 μM, (PBZ10): Paclobutrazol 10 μM.
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abscisic acid and cytokinins [50]. The positive effect of PBZ application on increasing flowering in citrus has also been confirmed [51].
Furthermore, it is reported that PBZ application significantly increased the number of flower buds and also led to a 22-day earlier
flowering in Mango (Mangifera indica L.) while reducing the number of vegetative branches [52]. Additionally, it has been observed
that using PBZ significantly decreases the length of internode [53,54]. In a study in vivo condition, the effect of PBZ on the sunflower
plant (Helianthus annuus L.) was investigated, which showed the impact of PBZ treatment on the shortening of plants and the increase
of the amount of chlorophyll [55].

These results confirm the findings of the previous studies evaluating PBZ in cannabis that demonstrate it significantly promotes
floral development [30]. In this experiment, a seven-day long difference was observed between TA and PBZ treatments regarding the
appearance of flowers; accordingly, the early flowering in this case can be the result of PBZ application caused by the premature
growth of stem and increase in photosynthesis speed [56]. As seen in the results obtained from this experiment, the efficiency of energy
transfer in the photosynthetic system (CFR) followed by the concentration of chlorophyll in plants treated via PBZ was at its highest,

Fig. 3. Total Leaf Area (a), CFR (b), and Chlorophyll Concentration (c) Mean comparison (LSD, P ≤ 0.01) of in vitro Cannabis sativa L. cv. Roto after
application of TA and PBZ treatments. Different letters indicate significant differences between treatments by LSD test. (TA10): Tannic Acid 10 μM,
(TA100): Tannic Acid 100 μM, (TA1000): Tannic Acid 1000 μM, (PBZ5): Paclobutrazol 5 μM, (PBZ10): Paclobutrazol 10 μM.

Fig. 4. Monitor of Flowering Time and percentage of flowering plantlet Based on the Day to flower emergence in in vitro Cannabis sativa L. cv. Roto.
All plants received a light treatment with a cycle 16:08 (light: dark) from the beginning of the subculture until the start of the 21st day. Afterward,
from the 21st day until the end of the harvesting period, they were under a light cycle 12:12 (light: dark). (TA10): Tannic Acid 10 μM, (TA100):
Tannic Acid 100 μM, (TA1000): Tannic Acid 1000 μM, (PBZ5): Paclobutrazol 5 μM, (PBZ10): Paclobutrazol 10 μM.
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Fig. 5. In vitro grown Plantlet of Cannabis sativa L. cv. Roto in different treatments at the end of the experiment (day 50) including: (a): Tannic Acid
10 μM, (b): Tannic Acid 100 μM, (c): Tannic Acid 1000 μM, (d): Paclobutrazol 5 μM, (e): Paclobutrazol 10 μM and (f): Control. (bar = 10 mm).

Fig. 6. Heat map Correlation (Pearson) obtained for studied morphological traits of in vitro grown plantlet of Cannabis sativa L. cv. Roto with
Treatments (Tannic Acid and Paclobutrazol). SL: Shoot Length, IL: Internode length, NN: Node Number, LN: Leaf Number, RL: Root Length, LA: Leaf
Area, FN: Flowers Number, CFR: Chlorophyll-Fluorescence Ratio F735/F700, CC: Chlorophyll Concentration.
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which is in line with the findings of Singh and Singh (2003). Also, the use of PBZ showed the highest amount of chlorophyll in rice
plants (Oryza sativa L.) [57,58]. Baiton et al. (2024) showed at 14 days, the in vitro cannabis seedlings treated with 1 μMand 10 μMPBZ
have 70.0 % and 85.0 % of their seedlings in the reproductive phase, respectively. Additionally, they noted a significant difference in
the percentage of flowering plantlet between the seedlings treated with PBZ and GA3, with only 45.8 % of the plants treated with 100
μM PBZ having flower seedlings, while none of the seedlings treated with 100 μM GA3 had flowers.

TA has been reported to have potential GA3 inhibitory activity [59] and was evaluated to determine if it could be used as a less toxic
alternative to promote flowering in cannabis. However, in this study, TA generally had the opposite effect of PBZ. Further, the re-
sponses observed here in response to TA were similar to what was observed in previous work in response to GA3 [39], although to a
lesser extent. Taken together, this suggests that TA is acting as a mild GA3 agonist rather than an inhibitor. However, it should be noted
that TA has previously been reported to have both antagonistic and agonistic properties in respect to GA3 responses depending on dose
[60], so the results of this study are not completely at odds with established literature. Therefore, examinations into the physiological
effects of phenolic compounds on plants have demonstrated that their application at low concentrations stimulates growth in plants.
When these compounds are used at high concentrations, they act as inhibitors and prevent plant growth [35,61]. This could potentially
be explained if TA has weak agonistic interactions with the receptor such that it would act as a competitive inhibitor and reduce the
GA3 response when large amounts of GA3 are present, while eliciting a weak GA3 response when low levels of GA3 are present. In this
experiment, no exogenous GA3 was applied, and TA seemed to elicit a weak GA3 response. While plants treated with 1000 μM TA
displayed reduced plant height, this appeared to be a result of toxicity rather than an inhibitory response based on the dramatic
reduction in plant fresh weight, leaf number, and other growth parameters that were not observed in response to PBZ.

5. Conclusion

In this study, we compared the effect of two potential GA3 inhibitors (TA and PBZ) on the flowering characteristics of cannabis
using an in vitro system. The main purpose behind this experiment was to evaluate the potential of TA as a natural alternative to PBZ to
enhance flowering in cannabis. Like previous results, this study confirmed that PBZ encourages floral development in cannabis,
resulting in the production of more flowers, sooner, and in a higher percentage of flowering plantlet, while also resulting in reduced
internode length and higher levels of chlorophyll. The highest number of flowers and percentage of flowering plantlet was observed in
PBZ which, compared to the control treatment, showed a 59.74 % increase. Despite our initial hypothesis that TA would have similar
effects and could serve as a less toxic natural alternative to PBZ, this was not the case. Instead, TA had the opposite effect and appeared
to elicit a mild GA3 response, with longer internodes, reduced chlorophyll content, and reduced floral development and growth. So,
increasing TA concentrations up to 100 μM decreased the number of flowers. On the contrary the highest number of leaves (12.5) was
found in the presence of TA at a concentration of 100 μM. Despite these findings, it is clear that GA3 metabolism plays a critical role in
the development of flowers in cannabis and serves as a good target for future work, including the development of alternative GA3
inhibitors to enhance floral development and as a breeding target. For example, optimizing flowering and its timing in cannabis not
only aids in achieving fast breeding but also opens up possibilities for floral reversion and even sex reversal. Although the conditions of
in vitro differ significantly from those of in vivo, planning for investigating the effects of these regulators under in vivo conditions can be
made for the future.
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