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Abstract

Cannabis sativa is a multipurpose dioecious species whose crop performance is governed by
sex expression. Although sex is genetically determined by an X/Y chromosome system,
plants can develop flowers of the opposite sex through sex reversion, commonly induced
by manipulating endogenous hormone levels using plant growth regulators (PGRs). Here,
we evaluated the effectiveness of PGRs that promote or inhibit major hormone pathways
implicated in plant sex expression. Male and female clones from two accessions were treated
with foliar applications of nine PGRs and four combinatory treatments to assess sex- and
genotype-specific responses. Floral biomass and the proportion of each sex were recorded
at harvest to assess treatment effectiveness. Ethylene emerged as the primary regulator
of chemically modulated sex reversion in C. sativa, with its inhibition by silver thiosulfate
inducing strong female-to-male reversion and its promotion by ethephon inducing equally
strong male-to-female reversion in the inflorescences. Gibberellin promotion on its own
resulted in female-to-male reversion at the axial nodes only, while its inhibition showed
no reciprocal effects. The combination of silver thiosulfate and gibberellic acid resulted
in the most complete female-to-male reversion, and all sex-reverted flowers were fertile.
Together, the results indicated that flowers at axial nodes and at the terminal ends of
inflorescences are under different hormonal control. Cytokinins, auxins, and jasmonates
were found to exert minimal influence on sex reversion. All treatments exhibited pleiotropic
effects, particularly gibberellic acid and paclobutrazol, which altered resource allocation,
shifting biomass away from and towards floral tissue, respectively. These findings advance
our understanding of the hormonal regulation of sex expression in C. sativa and identify
optimized approaches for its manipulation.

Keywords: sex expression; plant hormones; plant growth regulators; dioecious; sex
chromosomes; fertility; sex reversion; foliar spray; flower development

1. Introduction
Cannabis sativa is a dioecious annual angiosperm (Cannabaceae) domesticated for

fiber, seed, and cannabinoid production [1–3]. Historical restrictions on cultivation have
limited the application of modern molecular breeding approaches compared to other
crop species, and the relatively recent relaxation of these restrictions have now created
significant opportunities for crop improvement [4,5]. Sex expression is a critical economic
trait in C. sativa, as its product value depends on sex ratios: males produce superior fiber,
whereas females generate high cannabinoid yields and a higher proportion is favored for
seed production [6,7]. Deviations from optimal sex ratios reduce yield and complicate
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harvest timing [8]. Consequently, gaining a deeper understanding of, and control over, sex
determination is essential for improving crop performance [5].

C. sativa exhibits a highly plastic morphology influenced by genetic and environmental
factors, including flowering phenotypes [9]. Age-dependent axial flowers (ADFs) form at
3–5 nodes, whereas a reduced photoperiod triggers a transition to reproductive develop-
ment, producing large photoperiod-dependent inflorescences (PDIs) [10,11]. ADFs and
PDIs have also been referred to as “botanical pistillate flowering” and “commercial pistillate
flowering”, respectively [12]. Males are typically taller, flower earlier, and form branched
cymose panicles that release pollen at anthesis [13,14]. Females develop compound racemes
with bract-enclosed flowers bearing exserted stigmas [15]. Sexes differ physiologically and
anatomically, notably in glandular trichome density, with females producing abundant
cannabinoid- and terpenoid-rich trichomes derived from MEP/MVA pathways [16,17],
while vascular differences contribute to superior male fiber quality [8,18].

Unisexual flowers, as seen in C. sativa, are rare among angiosperms, occurring in
approximately 10% of species [19]. C. sativa exhibits diverse sexual phenotypes, includ-
ing dioecy, bred monoecy, and occasional floral hermaphroditism, reflecting complex sex
determination and expression mechanisms [20–23]. The species is diploid (2n = 20), with
heteromorphic sex chromosomes: males are XY and females are XX [24,25]. The Y chro-
mosome is larger, resulting in a greater genome size in males [26]. Despite chromosomal
determination, C. sativa exhibits pronounced sexual phenotypic plasticity and readily un-
dergoes sex reversal (the development of flowers of the opposing sex to sex chromosome
make-up) in response to environmental, pathological, or experimental factors [27].

Hormones are widely recognized as central regulators of sex differentiation and ex-
pression in plants, providing a mechanistic interface between environmental cues and
underlying genetic controls [27], and most major plant hormone classes have been shown
to influence sex differentiation or fertility to varying degrees [28]. Plant growth regulators
(PGRs), which modulate endogenous hormone signaling, have therefore been extensively
used to investigate and manipulate sex expression, offering both practical control and
insight into regulatory mechanisms [27]. In C. sativa, numerous studies have demonstrated
that chemical treatments can induce sex reversal using a range of compounds and applica-
tion methods (summarized in Supplementary Table S1). The majority of these studies have
focused on PGRs targeting gibberellin (GA) and ethylene pathways, two hormone classes
long implicated in plant sex determination [29]. In C. sativa, these hormones reportedly act
antagonistically: GA promotes male flower development in female plants, whereas ethy-
lene promotes female flower development in males [30]. More recent studies have begun to
identify the central role ethylene has in C. sativa sex reversion and sex determination more
broadly [31–34].

Other hormone classes, including cytokinins, auxins, and abscisic acid (ABA), have
also been examined. Cytokinins and auxins have been reported to exert feminizing effects
on male C. sativa plants [35], while ABA appears to primarily suppress the effects of other
exogenously applied PGRs rather than inducing sex reversal independently [30]. These
responses are not conserved across species; for example, the cytokinin zeatin induces
masculinization in Mercurialis annua [36]. The induction of male flowers on genetically
female C. sativa plants, followed by crossing or selfing, yields 100% female progeny and
underpins the commercial production of feminized seed [37,38]. In contrast, the fertility of
ethylene-induced female flowers on male plants has only recently been reported [39].

Whether auxins, cytokinins, ethylene, and gibberellins directly regulate sex expression
in C. sativa or act indirectly through hormonal cross-talk with ethylene remains poorly
understood, although the inhibition of individual pathways is often assumed to elicit
opposing effects. Experimental outcomes are further confounded by variations in PGR de-
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livery methods and developmental timing. Foliar application after visual sex determination
is most common, producing strong, localized effects lasting approximately 4–6 weeks [40].
In contrast, systemic approaches, including seed soaking, root immersion, and apical wick-
ing, have generated hermaphroditic flowers and intersex phenotypes [30,41,42]. Early
seedling treatments reportedly lacked the transient response observed in mature plants,
suggesting strong developmental effects [10]. Notably, gibberellic acid (GA3) seed pretreat-
ment reportedly increased female frequency, opposing its masculinizing effects in mature
plants [42].

Although these studies have clearly demonstrated that sex reversal in C. sativa can be
induced throughout development using various plant growth regulators (PGRs), the inter-
actions among hormone classes regulating sex expression remain poorly understood. In
particular, it is unclear whether a single primary hormone pathway governs sex determina-
tion or whether individual hormone classes act through distinct mechanisms. Collectively,
methodological heterogeneity, genetic variability, and limited direct comparisons have
obscured identification of the most influential hormonal pathways and optimal treatment
strategies. The effects of PGR application on fertility also require clarification. While
silver thiosulfate (STS)-induced pollen and ethephon (ETH)-induced ovaries are known
to be viable, the hormonal regulation of ovule fertility and pollen viability have not been
investigated, despite their potential value for breeding programs [37,43]. A systematic
comparative evaluation of sex reversion techniques in C. sativa is therefore required.

This study systematically examines the hormonal control of sex expression by applying
nine different compounds that stimulate or inhibit major hormone pathways, individually
and in combination, via foliar sprays (Table 1). Treatments were repeated on four geno-
types (n = 6), male and female clones from a high-CBD drug-type accession from Syria
(Syr_M, Syr_F), and a hempseed accession from Romania (Rom_M, Rom_F). By controlling
for genotype and treatment methodology, this approach enables a direct comparison of
hormonal effects and advances the understanding of scalable sex manipulation strategies.

Table 1. Summary of experimental treatments. First treatment began 6 days before changing
the photoperiod from 18:6 to 12:12 to induce flowering. Compounds used in treatments include
de-ionized water (control), gibberellic acid (GA3), paclobutrazol (PBZ), ethephon (ETH), silver
thiosulfate (STS), methyl jasmonate (MeJ), diethyl dithiocarbamate (DIECA), indole acetic acid (IAA),
phenoxyphenyl boronic acid (POBA), and 6-benzylamino purine (BAP). Refer to Supplementary
Table S2 for regimes tested in initial dosage trials. ↑ and ↓ refers to promotion and inhibition of the
pathway, respectively.

Plant Growth Regulator Major Effect on
Hormone Pathway

Concentration
[mM]

Number of
Applications

De-ionized water (control) NA NA 5
Gibberellic acid (GA3) ↑ Gibberellins 0.58 5
Paclobutrazol (PBZ) ↓ Gibberellins 0.14 3

Ethephon (ETH) ↑ Ethylene 4.3 2
Silver thiosulfate (STS) ↓ Ethylene 6 3

Methyl jasmonate (MeJ) ↑ Jasmonates 0.2 5
Diethyl dithiocarbamate (DIECA) ↓ Jasmonates 50 4

Indole acetic acid (IAA) ↑ Auxins 1.1 3
Phenoxyphenyl boronic acid (POBA) ↓ Auxins 0.02 5

6-benzylamino purine (BAP) ↑ Cytokinins 0.2 3

DIECA & STS ↓ Jasmonates +
↓ Ethylene 50 and 6 4 and 3

DIECA & ETH ↓ Jasmonates +
↑ Ethylene 100 and 4.3 4 and 2

PBZ & ETH ↓ Gibberellins +
↑ Ethylene 0.14 and 4.3 3 and 2

GA3 & STS ↑ Gibberellins +
↓ Ethylene 0.58 and 6 5 and 3
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2. Results
2.1. Establishment of Treatment Regimes

As the majority of the PGRs used in this study had either not been used on C. sativa
or not used as a foliar spray, initial small-scale dosage trials were undertaken on either
the Rom_F or Rom_M clone to determine the most appropriate treatment methodology
(Supplementary Table S2). A matrix of three concentrations and up to three applications
were tested if PGRs had not been used as a foliar spray in Cannabis, while PGRs with
clear literature precedence (i.e., STS and ETH) required reduced treatment optimization. In
these initial dosage trials, where sex reversion did not occur, the strongest dosage that did
not result in major detrimental effects was chosen for the subsequent comparisons across
genotypes (Table 1).

2.2. Effect on Flower Type and Genotype Specificity

The hormone treatments had comparable effects in both genotypes tested but markedly
different effects depending on the sex. In treatments where sex reversion did occur, the
inflorescence structure was not altered, with female plants exhibiting compound racemes
and males cymose panicles as expected for each sex (Figure 1). The single treatments
of paclobutrazol (PBZ), methyl jasmonate (MeJ), diethyl dithiocarbamate (DIECA), phe-
noxyphenyl boronic acid (POBA), and 6-benzylamino purine (BAP) had no direct effects on
sex expression and did not instigate the reversion of sexual phenotypes in any of the tested
genotypes (Figure 2), whereas gibberellic acid (GA3), ethephon (ETH), silver thiosulfate
(STS), indole acetic acid (IAA), and their combination induced sex reversion in either males
or females of the genotypes trialed (Figure 2).

Figure 1. Inflorescence structure is unaffected by sex reversion. An untreated Syr_M clone (A) and an
ethephon (ETH)-treated Syr_M clone showing male and female flowers (B) both exhibiting panicle
inflorescences. An untreated Rom_F clone (C) and a silver thiosulfate (STS)-treated Rom_F clone
with male flowers (D) both exhibiting a compound raceme inflorescence. Photos taken 21 days after
reducing the photoperiod to 12:12.
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Figure 2. Effectiveness of treatments’ capacity to induce sex reversal. Modeled proportions of
same sex, opposite sex and intermediate inflorescences of total floral biomass for experimental
treatments. * Signifies meaningful difference from control. Compounds used in treatments include
de-ionized water (control), gibberellic acid (GA3), paclobutrazol (PBZ), ethephon (ETH), silver
thiosulfate (STS), methyl jasmonate (MeJ), diethyl dithiocarbamate (DIECA), indole acetic acid (IAA),
phenoxyphenyl boronic acid (POBA), and 6-benzylamino purine (BAP). Refer to Supplementary
Table S3 for individual posterior distributions and 95% HPDIs (highest posterior density intervals).

The trends among the treatments that induced opposite flowers and hermaphroditic
inflorescences were mostly consistent in both accessions. However, the Syrian_F accession
was more amenable to the female-to-male sex reversion, while the Rom_M was the most
amenable to male-to-female sex reversion (Figure 2).

2.3. Reversion of XX Female to Male Phenotype

The growth of male flowers on female plants was instigated in both female genotypes
through GA3 and STS treatments (Figure 2). STS treatment had a larger effect than GA3,
resulting in a greater probability of producing male flowers. STS produced a maximum
effect in Syr_F, with a probability of 0.99 (95% CI 0.991–0.993) of producing male flowers,
while the GA3 treatment had a probability of only 0.001 (95% 0.0006–0.0013) in Rom_F
(Supplementary Table S3). It was observed that STS treatments caused the reversion of PDIs
to male flowers while ADFs remained female, whereas GA3 treatments only instigated
sex reversion of ADFs at axial positions, while PDIs remained female (Figure 3). Thus, the
combination of these compounds had a complementary effect, resulting in the treatment
using these compounds in combination having the greatest effect on sex reversion, with
median probabilities of 0.86 (95% CI 0.854–0.877) and 0.99 (95% CI 0.997–0.998) for Rom_F
and Syr_F accessions, respectively.
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Figure 3. Difference in location of male flowers in GA3 and STS treatments on Syr_F. (A) Control,
showing no male flowers. (B) Gibberellic acid (GA3); male flowers circled in red at axial nodes typical
of ADF, while racemose inflorescence remained female. (C) Silver thiosulfate (STS); male flowers
throughout racemose inflorescence typical of PDI, while ADFs at axial nodes remained female. Photos
taken 21 days after reducing the photoperiod to 12:12.

While the DIECA treatment did not affect flower sex in females by itself, it reduced the
probability of male flowers and increased the probability of hermaphrodite inflorescences
when applied with STS (Figure 2). This was most apparent in Rom_F, with the median
probability of opposite flowers being produced dropping from 0.63 (95% CI 0.625–0.645) to
0.04 (95% CI 0.042–0.048), and hermaphroditic inflorescences increasing from 0.35 (95% CI
0.346–0.366) to 0.94 (95% CI 0.937–0.944).

2.4. Reversion of XY Male to Female Phenotype

In both male genotypes, only treatments of ETH or ETH in combination (treatments
DIECA and ETH, and PBZ and ETH) were able to instigate the development of female
flowers (Figure 2). ETH treatment of Rom_M resulted in the greatest probability of produc-
ing female flowers, with a median probability of 0.65 (95% CI 0.634–0.668). IAA did also
influence sex expression, however, with a small probability that hermaphroditic flowers
were produced after treating male genotypes (Figure 2). All observed female and interme-
diate flowers were of the PDF type, whilst all ADFs appeared resistant to PGR treatments
and remained male.

The combination of ETH and PBZ on male plants increased the probability of pro-
ducing hermaphroditic flowers at the expense of both male and female flowers compared
to the single ETH treatment (Figure 2). When DIECA and ETH were applied together,
however, there was a substantial increase in the likelihood of male flowers at the expense
of female and hermaphroditic flowers for Syr_M compared to ETH alone. The probability
of hermaphroditic inflorescences decreased from 0.66 (95% CI 0.648–0.682) to 0.30 (95% CI
0.287–0.308) in Syr_M, while it slightly increased from 0.34 (95% CI 0.328–0.362) to 0.47
(95% CI 0.447–0.485) in Rom_M.

2.5. Fertility of Reverted Flowers

Syrian pollen was not assessed due to its low germination rates in the control (1.2%)
and previous breeding experiments showing that it produces poor-quality pollen (unpub-
lished data). No difference in pollen viability was observed in the treatments that caused
the development of male flowers in Rom_F (Figure 4). On the other hand, there was a great
variation in pollen viability in Rom_M, with the PBZ&ETH treatment having the highest
viability, at 17.8% (95% CI 14.3–21.8), although the majority of treatments reduced pollen vi-
ability compared to the control (Figure 4). Interestingly, the single or combined application
of masculinizing compounds (GA3 and STS) caused strong decreases in pollen viability in
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Rom_M, as did the single ETH treatment, while adding PBZ to the ETH treatment restored
the pollen fertility (Figure 4). Fertilized female flowers were observed in all ETH treatments
of Rom_M and Syr_M.

Figure 4. Effect of treatments on pollen viability. Modeled proportion of viable pollen from the
Rom accession. Pollen was considered viable if a pollen tube was observed after 18 h of incubation
in pollen media. * Signifies meaningful difference from control. Compounds used in treatments
include de-ionized water (control), gibberellic acid (GA3), paclobutrazol (PBZ), ethephon (ETH), silver
thiosulfate (STS), methyl jasmonate (MeJ), diethyl dithiocarbamate (DIECA), indole acetic acid (IAA),
phenoxyphenyl boronic acid (POBA), and 6-benzylamino purine (BAP). Refer to Supplementary
Table S3 for individual posterior distributions and 95% HPDIs (highest posterior density intervals).

2.6. Pleiotropic Effects

All 13 treatments produced distinct phenotypes, with some morphological changes
not associated with sex expression. These pleiotropic effects are summarized in Table 2, and
combination treatments exhibited a mix of these phenotypes. However, the most distinct of
these changes were on plant height, with GA3 treatments increasing height in all genotypes,
whereas PBZ, ETH and MeJ had dwarfing effects, albeit the effect of MeJ was very short-
lived, and the heights of this treatment group recovered quickly (Supplementary Table S4).
Additionally, some treatments produced fairly phytotoxic effects, with DIECA causing
peripheral leaf burn, IAA causing swollen stems and BAP causing dieback of shoots.

Table 2. Summary of pleiotropic effects of treatments. Compounds used in treatments include
de-ionized water (control), gibberellic acid (GA3), paclobutrazol (PBZ), ethephon (ETH), silver
thiosulfate (STS), methyl jasmonate (MeJ), diethyl dithiocarbamate (DIECA), indole acetic acid (IAA),
phenoxyphenyl boronic acid (POBA), and 6-benzylamino purine (BAP).

Treatment Pleiotropic Effects on Morphology

GA3 Larger and paler leaves, thicker stems, longer internode length
PBZ Darker leaves, short internode length, reduced leaf senescence
ETH Short internode length
STS Signs of phytotoxicity at site of application
MeJ Darker leaves, reduced leaf senescence

DIECA Mottled leaf color, signs of phytotoxicity at site of application
IAA Thick gnarled stems, reduced branching

POBA Increased branching
BAP Shoot tip necrosis

2.7. Flower Developmental Timelines and Biomass

In both accessions, the female’s floral development was slower, reaching anthesis
5 days later than the males, resulting in a later harvest. Rom_F and Syr_F both had larger
biomasses compared to their male counterparts (Figure 5). No treatment meaningfully
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increased total aboveground biomass, and, in general, the biomass of male plants was more
consistent among treatments, with no treatment meaningfully altering total biomass in
either Rom_M or Syr_M (Figure 5). The total biomass of Rom_F was the most labile, with
all treatments reducing total biomass except for GA3, PBZ and MeJ (Figure 5), whereas BAP
reduced total biomass compared to the control in Syr_F from 74.5 g (95% CI 56.61–92.56) to
14.7 g (95% CI 0.0–30.61).

Figure 5. Effect of treatments on total biomass (g). Modelled total aboveground biomass in grams.
Error bars are shown as 95% CI range. * Signifies meaningful difference from control. Compounds
used in treatments include de-ionized water (control), gibberellic acid (GA3), paclobutrazol (PBZ),
ethephon (ETH), silver thiosulfate (STS), methyl jasmonate (MeJ), diethyl dithiocarbamate (DIECA),
indole acetic acid (IAA), phenoxyphenyl boronic acid (POBA), and 6-benzylamino purine (BAP).
Refer to Supplementary Table S3 for individual posterior distributions and 95% HPDIs (highest
posterior density intervals).

2.8. Reproductive Resource Allocation

Reproductive resource allocation (RRA) was calculated by dividing the total floral
biomass by the total aboveground biomass as a measure of harvest index and total repro-
ductive capacity. Despite having lower total biomasses, male plants of both accessions had
a higher RRA than females, except where treatments induced sex reversion in the males
(treatments ETH, DIECA and ETH, and PBZ and ETH) and in the GA3&STS combination
treatment (Figure 6). Additionally, where sex reversion occurred, the transition from the
female to male phenotype via STS application increased RRA, whereas the change from
male to female flowers via ETH reduced overall RRA.
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Figure 6. Effect of treatments on reproductive resource allocation (RRA). Modelled RRA calculated
as the proportion of total biomass in male or female flowers. Median with posterior distributions
in black. * Signifies meaningful difference from control. Compounds used in treatments include
de-ionized water (control), gibberellic acid (GA3), paclobutrazol (PBZ), ethephon (ETH), silver
thiosulfate (STS), methyl jasmonate (MeJ), diethyl dithiocarbamate (DIECA), indole acetic acid (IAA),
phenoxyphenyl boronic acid (POBA), and 6-benzylamino purine (BAP). Refer to Supplementary
Table S3 for individual posterior distributions and 95% HPDIs (highest posterior density intervals).

The gibberellin pathway strongly influenced resource allocation in all genotypes, with
its promotion via GA3 treatment greatly reducing RRA and its inhibition by PBZ increasing
RRA when compared to the control (Figure 6). GA3’s effect on RRA was most pronounced
in Syr_F, causing the RRA to drop from 0.3 (95% CI 0.296–0.305) for the control to 0.23 (95%
CI 0.223–0.248) when treated with GA3, whereas the largest increase in RRA was for the
PBZ&ETH dual application in Rom_F, increasing RRA from 0.17 (95% CI 0.173–0.179) for
the control to 0.31 (95% CI 0.311–0.319).

3. Discussion
3.1. Pathways for Female-to-Male Sex Reversion

The instigation of female-to-male sex reversion, resulting in fertile pollen, was possible
via the manipulation of two hormone pathways: the promotion of the gibberellin pathway
via GA3 application, and the inhibition of the ethylene pathway via STS (Figure 2). Female-
to-male sex reversion is more studied in C. sativa due to its use in creating feminized seed,
and STS is currently the most common PGR treatment used to do this [38]. The results in this
study align with previously reported effects of these compounds in C. sativa [31,37,43,44].
GA3 and STS have also been shown to instigate the development of male flowers in
gynoecious Cucumis sativus [45], suggesting similar convergent or conserved mechanisms.

Because GA3 reversed the ADFs and STS reversed the PDI flowers, the combination
of STS and GA3 resulted in the most complete female-to-male sex reversion of 86 to 100%.
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This is, to our knowledge, the first example in C. sativa of multiple PGRs instigating
a more complete sex reversal. However, GA3 treatment also resulted in a lower RRA
(Figure 6). Therefore, using only STS would be a more appropriate treatment to instigate
male-to-female sex reversion in Syr_F, where conversion was already near-complete for this
treatment, whereas the combination may be advantageous for treating Rom_F, where STS
alone resulted in a large proportion of hermaphroditic flowers, highlighting the variability
of genotypes’ responses to PGR treatment. Moreover, the ability to induce complete sex
reversion can be highly valuable from a research/breeding perspective.

3.2. Pathways for Male-to-Female Sex Reversion

Of all the treatments tested, only the promotion of the ethylene pathway via the
application of ETH was able to induce male-to-female sex reversion in PDIs (Figure 2). This
confirms previous work in C. sativa, where the stimulation of the ethylene pathway resulted
in the feminization of males [40,46–48]. A similar effect has been reported in Curcurbita
moschate, where the application of ETH stimulated female flower formation [49].

Interestingly, despite gibberellin pathway promotion in females resulting in male ADF,
its inhibition via PBZ application did not produce female ADF on male plants (Figure 2).
However, the dual application of PBZ and ETH reduced the likelihood of producing male
flowers on male genotypes to a greater degree than just ETH on its own, indicating that
PBZ did have a feminizing effect on PDIs when applied in combination with ETH.

Female flowers are C. sativa’s highest-value product, being the site of therapeutically
important cannabinoid biosynthesis [16]. As such, a greater understanding of the under-
lying molecular networks of female flower formation has direct economic implications.
While the female-to-male sex reversion in an XX background has been investigated more
thoroughly [31,33], the underlying molecular changes in ETH treatments have only recently
been investigated [32,34] and represent a unique opportunity for understanding female
flower formation. The observed seed setting in this study indicates that fertility is main-
tained in the ETH-induced female flowers despite the plants being XY. The potential for
XY plants to set seed via ETH treatment was explored in a previous study [39], where the
shorter developmental timeline was found to be advantageous in an inbreeding context,
and opens the possibility of better targeting male-specific traits in breeding programs.

3.3. Hormonal Control of Sex Reversion

The results of this study suggest that sex expression in C. sativa is primarily controlled
by ethylene signaling. This was shown by the effective masculinization of female clones
through the inhibition of ethylene biosynthesis via STS treatment and the feminization
of male clones through the promotion of ethylene levels via ETH treatment (Figure 2).
Previous studies showed that many ethylene-related genes are on the X-chromosome [33],
creating the potential for dosage effects in the ethylene biosynthesis pathway with down-
stream effects on sex expression. However, sex-reverted flowers in both treatments only
occurred in PDIs. On the other hand, the promotion of the gibberellin pathway via GA3
treatment resulted in the reversal of female ADFs only and had a large impact on the overall
production of sex organs through alterations in RRA, resulting in a very different phenotype
to STS treatment (Figure 3). Previous studies have similarly described the formation of
male flowers in axial nodes as a result of GA3 treatment [30,50]. The finding that GA3
induced male flowers in female clones, whereas the reverse did not occur with PBZ, may
indicate that the masculinization observed with GA3 is at least partially due to its inhibition
of ethylene biosynthesis, as Dugardeyn et al. (2008) reported that gibberellins can impact
the availability of ethylene precursor 1-amino-cyclopopane-1-carboxylic acid (ACC) [51].
While reducing gibberellin availability, PBZ application in males did not increase ethylene
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levels and, therefore, did not instigate sex reversion (Figure 2). The ethylene and gibberellin
pathways are known to influence each other in a range of different processes such as
transition to flowering and seed dormancy, as ethylene has been shown to stabilize DELLA
proteins, the negative regulators of gibberellin signaling, against gibberellin-mediated
degradation [52]. However, the finding that STS alone was not able to reverse the sex of
ADFs, and that ABA is known to antagonize GA3 masculinization [30], suggests that their
reversal is not solely due to the GA3 effect on ethylene signaling. This indicates two distinct
regulatory pathways for ADF and PDI that could potentially mirror cucurbits, where sex
can be manipulated by altering ethylene levels using PGRs and GA3 [49], and the expres-
sion of ethylene biosynthesis genes determines sex [53]. The results of this study draw
many parallels between the control of sex expression in C. sativa and cucurbits, providing a
useful basis for further study into C. sativa sex expression.

3.4. Hormone Pathways Not Useful for Altering Sex Expression

In their review, Chandler et al. [28] provide evidence that most major hormone
classes affect sex expression and fertility in plants to some degree, and previous pub-
lications in C. sativa indicate that the modulation of auxins and cytokinins affects sex
expression [30,41,44]. However, this study demonstrates that the role of auxins and cy-
tokinins in C. sativa sex expression is minimal. While tissue-specific auxin biosynthesis has
been shown to be an important regulator of sex organ development in Arabidopsis, Maize
and Rice [28], the inhibition of IAA’s biosynthesis through POBA treatment in floral and
meristematic tissue had no measurable effect on sex expression. Apart from instigating the
formation of a very small number of intermediate inflorescences in the male genotypes
(Figure 2), this study found the foliar application of IAA ineffective for sex reversion,
contrasting with previous reports using root immersion of seedlings or wicking of the
apical bud of seed grown material post-flower induction [10,30,35].

Since IAA and ethylene are known to positively interact [54], the intermediate inflores-
cences observed in IAA-treated plants may be due to an increase in endogenous ethylene
levels. The ethylene pathway is strongly involved in the development and senescence of
plants, as well as sex expression in C. sativa, with Spitzer-Rimon et al. (2022) reporting
changes in the regulation of several ethylene-responsive factors during a female C. sativa’s
transition to sexual maturity [55]. Thus, the effect of age and developmental stage may
explain the differences between this study and the previously reported effects of these
compounds, and the response of C. sativa to PGR treatments across different stages of
development merits further research. Furthermore, the only observable impact of cytokinin
promotion via BAP application was the inhibition of flowering in Rom_M (Figure 2), despite
previously being reported to have a feminizing effect on male C. sativa [30].

Additionally, Adal et al. (2021) did find genes associated with multiple hormone
pathways differentially expressed after STS-induced sex reversal, with auxin, cytokinin
and gibberellin pathways being affected [31]. However, the results of this study would
suggest that these pathways have a minor effect on sex expression, and the alterations seen
in Adal et al. (2021) may reflect the STS treatment’s pleiotropic effects [31].

Although DIECA did not induce sex reversion in any of the genotypes, its combination
with either STS or ETH reduced the prevalence of opposite sex flowers and increased
intermediate flowers (Figure 2). This seemingly non-specific inhibition of sex reversion is
akin to the reported effect of ABA [30]. However, whether this effect is specifically due to
known interactions between jasmonate and ethylene signaling [56] or due to the jasmonate
pathway directly influencing sex expression requires further investigation.
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3.5. Pleiotropic Effects and Resource Allocation

Due to the wide-ranging effects of hormones on plant growth and development, most
of the compounds used in this study elicited phenotypic responses in the treated clones
outside of sex reversion (Table 2). Many reflected classical impacts of these pathways, such
as auxin’s role in apical dominance represented by increased branching in POBA-treated
plants [57] and the shortened internode length of ETH-treated plants [58], but also included
phytotoxic and necrotic effects. As a result, many of the treatments within this study altered
the resource allocation of the plants, while no treatments meaningfully increased the total
biomass compared to the control (Figure 5).

The male phenotypes had overall higher RRA than the females (Figure 6), which is
consistent with the higher energetic cost of producing ovules and seeds compared to pollen,
as males only need to exert energy while pollen are developing, while females require a
consistent energetic outlay to maintain the growing seed [59].

The main induced effect on resource allocation was linked to a manipulation of the
gibberellin pathway, showing an increase in RRA in response to PBZ and a decrease in re-
sponse to GA3 treatment. This was expected, as past increases in the harvest index, a major
driver of yield increases since the Green Revolution [60], have traditionally been achieved
through a manipulation of the gibberellin pathway. Breeding to increase the harvest index
has primarily been achieved by downregulation through the inactivation of gibberellin
biosynthesis enzyme gibberellin oxidases, whereas PBZ achieves downregulation through
the inhibition of kaurene oxidase, an enzyme from earlier in the biosynthetic pathway [61].
The inhibition of this oxidase via genetic means is likely problematic due to the impor-
tance of gibberellins in other biological processes such as seed germination [62], but the
application of PBZ during the onset of flowering has been postulated to increase RRA,
which could increase seed and cannabinoid yield in C. sativa, while GA3 application may
have application in fiber production contexts [63]. Our results support these postulations.
However, the strong negative effect of GA3 on the RRA reduces the scope of this compound
for applications such as feminized seed production.

3.6. Genotype Effects

The treatments tested in this study had markedly different effects depending on the
plant’s sex and broadly similar effects when comparing the same sex of the two different
accessions. This is despite the accessions originating from diverse locations and having
different end uses. While the majority of previous research into C. sativa sex reversion
has used a single accession/population, this observation mirrors the differing degrees of
STS-induced masculinization reported by Lubell et al. (2018) and reinforces the importance
of genotype-specific PGR treatments when inducing sex reversion in C. sativa [37].

In terms of each accession’s capacity for sex reversion after PGR treatment, the Roma-
nian accession showed a greater propensity to stay/shift towards the female phenotype,
with a greater proportion of female flowers post-ETH treatment in Rom_M and a lower
proportion of male flowers post-STS treatment in Rom_F (Figure 2), whereas the Syrian
accession was the opposite (Figure 2). This indicates that there may be some underlying
differences in hormone transmission (particularly ethylene) between the accessions. Identi-
fying whether this is due to differences in the expression of biosynthesis genes or increased
sensitivity in signal perception and transduction would require further gene expression
studies. For example, the co-expression of copper transporters has been reported to in-
crease ethylene sensitivity and signal transduction by lowering ethylene receptor binding
restraints [64]. How potential differences in underlying hormone transmission relate to
monoecious sexual phenotypes in C. sativa requires further investigation [65].
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3.7. Conclusions

This study comprehensively compared the capacity of different PGRs to induce sex
reversion in C. sativa via foliar applications on male and female clones of two distinct
accessions. To our knowledge, this is the first study to consistently explore sex-specific
PGR effects on both sexes in multiple accessions. We used this methodology to optimally
harness the ability to induce sex reversion in C. sativa and to gain improved insight into each
hormone pathway’s effect on sex reversion on both male and female clones. The results
show that the most effective method to induce sex reversal is through the manipulation of
the ethylene pathway that allows for the formation of fully fertile flowers of the opposite
sex. Furthermore, we showed that the age-dependent axial flowers (ADFs) of female plants
can only be reversed via the gibberellic pathway, and that complete sexual reversal therefore
requires manipulation of both the ethylene and gibberellic pathways. The finding that the
sex determination of ADFs and photoperiod-dependent inflorescences (PDIs) is controlled
differently opens further possible inquiries into the underlying regulatory networks of
flower formation and sex expression.

4. Materials and Methods
4.1. Plant Materials

Cannabis cultivation, sampling, storage and processing were performed in strict ad-
herence to the obligations of the low-THC hemp license (no. 52204) issued to Southern
Cross University by the New South Wales Department of Primary Industries and Regional
Development (Australia). Cannabis germplasm (IPK_CAN_57) was obtained from the
Leibniz Institute of Plant Genetics and Crop Plant Research (Leibniz-Institut für Pflanzen-
genetik und Kulturpflanzenforschung (IPK), Seeland, Germany), imported under a federal
Office of Drug Control (ODC) license to import No. 1820928, and handled under the Food
and Agriculture Organization of the United Nations governed Standard Material Transfer
Agreement (sMTA).

Seeds from IPK_CAN_57 (a CBD-dominant drug-type accession from Syria named
“Syr”) and IPK_CAN_32 (a seed accession from Romania named “Rom”) were germinated
on paper towels at 26 ◦C for 5 days before germinated seeds were planted into hydroponic
media (70% coco coir, 30% perlite) supplemented with Osmocote Pro-3-4M (4.3 g/L) for a
further ten days. Sex was determined by visual inspection of ADFs before stock plants were
then selected from a single male and female from both lines, representing four genotypes
referred to as Rom_M, Rom_F, Syr_M, and Syr_F.

Stock plants were grown at 26 ◦C under LED lights (300–450 µmol/m2/s) with an
18:6 h photoperiod in hydroponic media (70% coco coir, 30% perlite, Garden Mediums
Pty. Ltd., Ballina, Australia) supplemented with Osmocote Pro-3-4M (4.3 g/L). Cuttings
were taken using Eazy Plug propagation trays and Clonex (3000 ppm), with an 18:6 h
photoperiod (100–150 µmol/m2/s), before being potted up after 10 days. Rooted cuttings
were grown vegetatively for four days at 26 ◦C under the same conditions as the stock
plants before experimental treatments began. Syr_F/M took longer to root and establish.
Thus, an extra 10 days were given in the vegetative stage.

4.2. Plant Growth Regulator Treatments

Nine plant growth regulators (PGRs) from five different hormone families, a control
and four two-way PGR combinations were selected for this trial (Table 1). PGRs were
sourced from Austratec Pty Ltd. (Melbourne, Australia)—gibberellic acid (GA3), paclobu-
trazol (PBZ), methyl jasmonate (MeJ), and phenoxyphenyl boronic acid (POBA)—or Sigma
Aldrich Australia Pty Ltd. (Sydney, Australia)—diethyl dithiocarbamate (DIECA), ethep-
hon (ETH), silver thiosulfate (STS), indole acetic acid (IAA), and 6-benzylaminopurine
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(BAP). Concentrated stock solutions were made by dissolving PGRs in water (ETH, STS),
ethanol (PBZ, MeJ, IAA), 0.1M NaOH (GA3, DIECA, BAP) or DMSO (POBA) before work-
ing solutions were made at the required concentrations with de-ionized water (Table 2).
Working solutions were supplemented with 0.1% Tween20. The control treatment contained
de-ionized water and 0.1% Tween20.

As most of the PGRs had not previously been applied to C. sativa or had not been eval-
uated as foliar applications, preliminary small-scale dose–response trials were conducted to
establish appropriate treatment conditions (Supplementary Table S2). In these preliminary
trials, up to three different concentrations in up to five applications were used on a single
clone to determine the most effective treatment strategy. Rom_F was used for GA3 and
POBA optimization, while Rom_M was used for PBZ, MeJ, DIECA, ETH, IAA and BAP
optimization. Where preliminary trials did not induce sex reversion, the highest dose that
did not produce substantial adverse effects was selected for subsequent experiments.

To compare treatments across the genotypes, six clones were allocated to each of
the fourteen treatments per genotype (n = 6); however, some losses were recorded
(Supplementary Table S5). The first treatment (Day 1) was applied 6 days before the light
regime was changed to induce flowering. Foliar treatments were applied at the end of
the light cycle, with exhaust fans switched off to allow maximum contact with the leaves.
Upon application, each plant was thoroughly coated until dripping (~10 mL). Flower-
ing was induced on Day 7 by introducing plants to a 12:12 h photoperiod under HPS
lights (1250 µmol/m2/s), and each treatment was isolated in individual growth chambers
during flowering.

4.3. Harvest Measurements

Harvest occurred when 50% of the male flowers reached anthesis. Aboveground
biomasses were separated into male, female, and intermediate inflorescences, as well as
non-reproductive biomass (stems and leaves). Inflorescences were deemed intermediate if
they contained either hermaphroditic flowers and/or a mix of male and female flowers.

Pollen samples were harvested from Rom_M and Rom_F treatments where male
flowers were produced. Three micro-centrifuge tubes (n = 3) containing pollen in liquid
germination media (17% sucrose, 30 mgL−1 Ca(NO3)2, 100 mgL−1 H3BO3, pH 6.4) as per
the methodology of DiMatteo and colleagues (2020) were incubated without the gelling
agent for 18 h at 26 ◦C per treatment. After this, 200 pollen grains per tube were scored for
germination, as signified by the appearance of a pollen tube.

4.4. Statistical Analysis

A Bayesian multinomial regression model was fitted in the brms package (v2.22.0) [66]
in R v4.2.2 [67]. A Bayesian analytical approach was used due to frequentist tests’ sen-
sitivities to small sample size and the potential for type II errors induced by post hoc
comparisons due to the large number of experimental treatments used in this study [68,69].

4.4.1. Flower Proportions

For each plant, the probabilities of a gram of floral biomass being (1) of the opposite
sex and (2) hermaphroditic were modelled, and each treatment and plant sex (male/female)
combination with a further interaction effect of accession (Rom/Syrian) and sex was
modelled separately. In brms syntax, the model formula was thus:

y | trials(N) ~ 0 + Treatment × Sex + Accession × Sex

where N is the total floral biomass of each plant. The accession and sex interaction was
included after seeing the plotted data.
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4.4.2. Pollen Viability

For each plant and each treatment and plant sex (male/female) combination, the
probabilities of a pollen grain being (1) viable/germinated were modelled. In brms syntax,
the model formula was thus:

y | trials(N) ~ 0 + Treatment × Sex

where N is the probability of a pollen grain being viable.

4.4.3. Reproductive Resource Allocation

For each plant, the probabilities of a gram of biomass being (1) floral and (2) vegetative
were modelled, and each treatment and plant sex (male/female) combination with a further
interaction effect of accession (Rom/Syrian) and sex was modelled separately. In brms
syntax, the model formula was thus:

y | trials(N) ~ 0 + Treatment × Sex + Accession × Sex

where N is the total biomass of each plant. The accession and sex interaction was included
after seeing the plotted data.

Student-t4(0, 3) priors were used for coefficients because this places most of the
prior mass near 0 and 1 on the probability scale, where most probabilities were ex-
pected to occur, and allows for some extreme values. Four chains of 2000 iterations
were run after warm-up periods of 2000 iterations. Predicted posterior distributions for
each “treatment × sex × accession” combination were summarized with medians and 95%
highest posterior density intervals (HPDIs), and were considered meaningful when they
did not overlap. Plots were generated using ggplot2 (v3.5.0) [70,71].

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/plants15091291/s1. References [72–77] are cited in the
supplementary materials.
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ADF Age-dependent flower
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DIECA Diethyl dithiocarbamate
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DIECA and ETH Diethyl dithiocarbamate and ethephon
DIECA and STS Diethyl dithiocarbamate and silver thiosulfate
ETH Ethephon
GA Gibberellins
GA3 Gibberellic acid
GA3&STS Gibberellic acid and silver thiosulfate
IAA Indole acetic acid
MeJ Methyl jasmonate
PBZ Paclobutrazol
PBZ&ETH Paclobutrazol and ethephon
PDI Photoperiod-dependent inflorescence
POBA Phenoxy phenylboronic acid
STS Silver thiosulfate
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