Manipulating the Gibberellin Pathway Alters Harvest Index and
Cannabinoid Content in Cannabis sativa L.

Lennard Garcia-de Heer, Matthew Nolan, Jos Mieog, Qi Guo, Nicolas Dimopoulos, Lei Liu, Xuan
Chen, Tobias Kretzschmar

920z AInr 2z uo1senb Aq £9021/28/701Bead/dod/ce01 01 /10p/ajonie-aoueApe/dod/woo dnooiwspese/:sdiy wol) papeojumod



Manipulating the Gibberellin Pathway Alters Harvest Index and Cannabinoid Content in Cannabis sativa
L.

Running head: Manipulation of gibberellins in Cannabis sativa L.

Corresponding Author: T Kretzschmar; Faculty of Science and Engineering/Southern Cross University/ 1
Military Rd Lismore/ NSW/ 2480/ Australia/ tobias.kretzschmar@scu.edu.au

Subject areas — Growth and development, Regulation of gene expression
Black and white figures: 2

Colour figures: 5

Tables: 0

Supplementary Figures: 8

Supplementary Tables: 16

© The Author(s) 2026. Published by Oxford University Press on behalf of the Japanese Society
of Plant Physiologists. This is an Open Access article distributed under the terms of the
Creative Commons Attribution-NonCommercial License
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use,
distribution, and reproduction in any medium, provided the original work is properly cited. For
commercial re-use, please contact reprints@oup.com for reprints and translation rights for
reprints. All other permissions can be obtained through our RightsLink service via the
Permissions link on the article page on our site—for further information please contact
journals.permissions@oup.com.

920z AInr 2z uo1senb Aq £9021/28/701Bead/dod/ce01 01 /10p/ajonie-aoueApe/dod/woo dnooiwspese/:sdiy wol) papeojumod



Manipulating the Gibberellin Pathway Alters Harvest Index and Cannabinoid Content in Cannabis sativa
L.

Running head: Manipulation of gibberellins in Cannabis sativa L.

Lennard Garcia-de Heer!, Matthew Nolan?, Jos Mieog?, Qi Guo?, Nicolas Dimopoulos?, Lei Liut, Xuan Chen?,
Tobias Kretzschmar®*

Faculty of Science and Engineering, Southern Cross University, Lismore, NSW 2480, Australia

2Industrial Crops Research Institute, Yunnan Academy of Agricultural Sciences, Kunming 650205, Chira

* Corresponding Author: tobias.kretzschmar@scu.edu.au

Lennard Garcia-de Heer: l.garcia-de.heer.12@student.scu.edu.au

0009-0009-2929-3357

Matthew Nolan: m.nolan.14@student.scu.edu.au

0009-0000-1314-0297

Jos Mieog: jos.mieog@scu.edu.au
0000-0002-2153-8956

Qi Guo: gi.guo@scu.edu.au

0000-0002-3528-2533

Nicolas Dimopoulos: nicolas.dimopoulos@scu‘edu:au

0000-0002-5352-5674

Lei Liu: ben.liu@scu.edu.au

0000-0002-3710-7042
Xuan Chen: chenxuan9239@163.com

0009-0004-4333-1376

Tobias Kretzschmar: tobias.kretzschmar@scu.edu.au

0000-0002-8227-0746

Abstract
Cannabis sativa is a multi-purpose crop with a wide range of industrial and medicinal end uses. Despite its long

history of cultivation, it has not received the same breeding efforts as many other crops due to regulatory
barriers. In particular, it bypassed the Green Revolution, which improved harvest indices of crops via
developing semi-dwarf varieties by manipulating endogenous gibberellin signalling pathways. We chemically
manipulated gibberellin signalling through the exogenous application of gibberellic acid and the gibberellin
biosynthesis inhibitor paclobutrazol. We used multi-omic analysis to determine the effect of these applications

on the proteome, transcriptome and secondary metabolite accumulation to assess the potential of gibberellin
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modulation for improved C. sativa end uses. Paclobutrazol treatments resulted in a semi-dwarf phenotype with
an improved high harvest index and enhanced cannabinoid accumulation. Differentially expressed gene and
weighted gene co-expression network analysis revealed the importance of source/sink dynamics for harvest
index, with the increased expression of sucrose synthases and sugar transporters key to the phenotypic changes
induced by gibberellin modulation. At the same time, the availability of hexanoate precursors via the
degradation of long-chain fatty acids emerged as a likely constraint on cannabinoid accumulation. This study
provides a basis for exploring the manipulation of gibberellin pathways in C. sativa varieties and their relevance
to cannabinoid production.
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Abbreviations
ABA — Abscisic acid

CBCA- cannabichromenic acid

CBDA - cannabidiolic acid

CBDVA - Cannabidivarinic acid
CBGA - cannabigerolic acid

DAP — differentially abundant proteins
DEG - differentially expressed genes
GA — gibberellins

GA; — gibberellic acid

GAZ3 — Experimental treatment group
GAox — Gibberellin oxidase

JA — jasmonates

PBZ — paclobutrazol

SWATH - sequential window,acquisition of all theoretical mass spectra

THCA — tetrahydrocannabinolic acid

Introduction
Cannabis sativa is a predominantly dioecious species with a long history of human cultivation for diverse

products (Garcia-de Heer et al., 2024; McPartland et al., 2019). These include psychoactive cannabinoids from
female flowers for recreational and therapeutic use, seeds rich in polyunsaturated fatty acids for consumption,
bast fibre for textiles, and, more recently, hurd for construction and biofuel (Schluttenhofer & Yuan, 2017). The
psychoactive properties of the female flowers prompted nearly a century of prohibition (Johnson, 2019).
Glandular trichomes on female flowers store a wide array of bioactive terpenoids and cannabinoids. Terpenoids
are synthesised via the plastidial 2-C-methyl-D-erythritol 4-phosphate (MEP) or the cytosolic mevalonic acid
(MVA) pathways. Cannabinoids arise from condensation of MEP pathway-derived geranyl diphosphate (GPP)
and olivetolic acid (OLA), produced through the cytosolic polyketide pathway, to form the fundamental

cannabinoid cannabigerolic acid (CBGA), before being cyclised by terminal synthases to produce the end

3
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product cannabinoids such as tetrahydrocannabinolic acid (THCA) and cannabidiolic acid (CBDA) (Andre et
al., 2016). Recognition of cannabinoid therapeutic potential has eased regulatory barriers, fuelling rapid growth
of the medicinal cannabis industry. However, prolonged prohibition limited advances in breeding and
production that have transformed yields in other crops over the past century (Pingali, 2012). Given high demand
for its products and substantial genetic diversity, C. sativa is well placed to apply modern agricultural

innovations to accelerate the improvement of this ancient crop (McPartland & Small, 2020).

The yield gains of the 1960s ‘Green Revolution’ arose from newly available agrochemicals and the introduction
of high-yielding semi-dwarf rice and wheat (Hazell, 2009). Semi-dwarf varieties are more resistant to lodging;
decreasing yield loss and altered resource partitioning, increasing harvest index (HI) by directing biomass from
vegetative tissue to reproductive organs. Semi-dwarfism is now a key agronomic trait in many crops(Merikawa
et al., 2007; Robinson, 2011). Although high-HI semi-dwarf (HHISD) wheat and rice were bred independently,
both arose from altered gibberellin (GA) signalling (Hedden, 2003). HHISD C. sativa varieties have-been
proposed to boost seed and cannabinoid yields (Small, 2018), whereas low-HI forms may-benefit fibre and hurd
production. Manipulating GA signalling is therefore a logical breeding target. While the genetic basis of HI is
well defined in cereals, its application to an emerging multi-purpose crop such.as C. sativa remains largely

unexplored.

GA s are diterpenoid carboxylic acids with diverse functions in higherplants, including seed germination,
maturation, flowering, and reproductive development (Hedden’& Spensel, 2015). GAs act by removing growth-
limiting factors, most notably promoting cell elongation to.increase jinternode length, and act antagonistically
with jasmonates (JA) or abscisic acid (ABA) across a-wide range of physiological processes (Depuydt &
Hardtke, 2011). Stress conditions can further modulate this erosstalk, including reductions in GA biosynthesis
via interactions with JA and ABA signalling pathways (Song et al., 2014; Weiss & Ori, 2007). These stress
hormones have also been shown to have-a-positive effect on cannabinoid content in C. sativa via upregulating
biosynthesis and increasing trichome density (Mansouri, Asrar, & Szopa, 2009; Welling et al., 2023).

GA biosynthesis begins with geranylgeranyl diphosphate (GGPP), which is predominantly derived from the
plastidial MEP pathway (Kasahara et al., 2002). GGPP is cyclised by ent-copalyl diphosphate synthase (CPS) to
ent-copalyl diphosphate (CPP), then converted to ent-kaurene by ent-kaurene synthase (KS) (Lemke et al.,
2020). Oxidation-by.ent-kaurene oxidase (KO) and ent-kaurenoic acid oxidase (KAO) produces GA12 (Helliwell
etal., 2001). Active GAs arise via branching steps catalysed by 2-oxoglutarate-dependent dioxygenases GA 3-
oxidase (GA30x), GA 13-oxidase (GA130x), and GA 20-oxidase (GA200x), with GA200x representing the
rate-limiting.step (Hedden, 2020). GA homeostasis is tightly regulated transcriptionally and through
deactivation by GA 2-oxidase (GA20x) enzymes (Hedden, 2020).

Although biosynthesis is tissue-specific, long-distance GA transport is common, mediating systemic effects
(Rizza & Jones, 2019). Signalling involves bioactive GA binding to the nuclear GA receptor GID1, inducing a
conformational change that facilitates ubiquitin-mediated degradation of DELLA proteins (Yano et al., 2015).
DELLAs, nuclear GRAS-family transcription regulators, are negative master regulators of GA signalling,
repressing growth by inhibiting DNA binding of diverse transcription factors. Their degradation removes this

repression, promoting growth. Through extensive protein interactions, DELLAs integrate GA with other
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hormonal and developmental pathways, positioning them as central regulators in plant growth and stress
responses (Daviere & Achard, 2016).

HHISD varieties of the Green Revolution modulated GA signalling in several ways. Multiple HHISD rice
varieties were developed independently but always involved deactivation of GA200x, reducing endogenous GA
(Hedden, 2003). Of the two rice genes encoding GA200x, OsGA200x2 (sd1) was the breeding target, as
disruption of OsGA200x1 caused severe developmental defects (Sasaki et al., 2002). In wheat, HHISDs arose
from reduced height (Rht) mutations producing GA-insensitive varieties. Rht encodes a GRAS protein with a
signalling-domain mutation that prevents GA-induced degradation, blocking downstream responses (Peng et al.,
1999). Although not exploited during the Green Revolution, upregulating GA20x enzymes offers an alternative

strategy, inactivating GA and lowering its levels in crops (Hedden & Sponsel, 2015).

While genetic approaches are the most scalable means of manipulating GA levels, chemical treatments.can
induce transient GA-related phenotypes (Xiang et al., 2017). Gibberellic acid (GAs), though-a'minor
endogenous GA, is widely available and more potent than the abundant GA; and GA4 (Hedden"& Sponsel,
2015). High GA3 concentrations can trigger sex reversal in C. sativa, inducing male flowers on genetically
female plants (Galoch, 1978). Conversely, the triazole-type growth regulator Paclobutrazol (PBZ) reduces GA
availability by reducing biosynthesis through ent-kaurene oxidase (KO) inhibition’(Desta & Amare, 2021),
simultaneously increasing chlorophyll and abscisic acid levels. PBZ has been applied across crops to enhance
yield, stress resistance, and reduce plant height (Orozco-Meléndez'et.al.,/2022). Both compounds are potent GA
modulators, enabling the manipulation of GA-related traits.and the identification of candidate gene targets
(Khurshid et al., 1997; Spitzer & Bilovsky, 2017; Sun‘etal., 2021; Xiang et al., 2017). In C. sativa, PBZ has
been found in commercial fertigation additives todncrease yield (Stone, 2014), while GA3 can reduce flower
biomass and cannabinoid content (Mansouri, Asrar, & Mehrabani, 2009), though mechanistic studies remain

limited to hormone pathway expression (Oultram.et al., 2024).

Here, we explored a HI focused Green Revolution-style approach in C. sativa by applying foliar GA; and PBZ
to female clones at flowering onset<Using a multi-omics framework, including targeted cannabinoid and
terpenoid quantification, SWATH MS/MS proteomics, and comparative RNA-sequencing, we assessed
physiological and metabalic responses. Particular attention was given to PBZ’s reported upregulation of defence
pathways and secendary'metabolism, providing insights into potential source-sink trade-offs influencing

cannabinoid accumulation and highlighting GA-related breeding targets for crop improvement.

Results

Manipulation of the gibberellin pathway greatly affects C. sativa phenotype and harvest index

GA:zand PBZ applications substantially altered the phenotypes of treated female IPK_CAN_57 clones (Figure
1) (Supplementary Tables S3 and S4). GAs-treated plants were, on average 31.2% taller than Control plants,
whereas PBZ were 66.8% shorter (p<0.001) (Figure 2). This corresponded to PBZ treatment also resulting in
shorter branches (p<0.001) and fewer nodes (p<0.001), whereas there was no significant difference in the stem

diameter between any of the groups (p=0.15).

Treatments caused significant alterations in resource allocation, with PBZ-treated plants having a mean harvest
index of 53.5%, Control 31.3% and GAs-treated 10.7% (p<0.001), despite total biomass not changing
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significantly (p=0.92). This coincided with a higher mean total fresh flower weight in PBZ-treated plants of
58.3g, to the 11.3g of the GAs-treated plants, although neither was significantly different to the Control of 34.69g
(p=0.78 and p=0.84 respectively) (Figure 2). No difference in the size of individual flowers was observed
(p=0.97) (Supplementary Figure S1), indicating the differences in flower weight were due to the increase in

number of flowers produced per plant (Figure 2).

Inhibition of the gibberellin pathway increases cannabinoid accumulation but not terpenoid.

In addition to the significant phenotypic changes, manipulation of the gibberellin pathway instigated significant
changes in the accumulation of secondary metabolites (Figure 3) (Supplementary Table S5). PBZ treatment
significantly increased the concentrations of all cannabinoids measured except for CBGA (p=0.10), whereas
GA; treatment did not significantly alter cannabinoid content (Figure 3A). This resulted in the mean
concentration of total cannabinoids in PBZ-treated plants to be 84.9mg g, whereas Control and GAs-treated
where 47.5mg g* and 40.9mg g, respectively, correlating to a 78.6% increase in concentration for.PBZ flowers
compared to Control (p<0.001). No statistical difference in cannabinoid content was found between GAs-treated
and Control (p=0.55). Conversely, total terpenoid accumulation was not significantly affected by either
treatment (p=0.35) (Figure 3B). The increase in cannabinoid content in PBZ-treated plants coincided with a
5.1% increase in trichome head size (Figure 2), compared to Control (p=0.04), while no difference was observed
between Control and GAs-treated trichomes (p=0.73) (Supplementary Table S6). The harvested and dried
flowers of PBZ-treated plants contained 0.25ppm PBZ as a residue (Supplementary Figure S2).

Proteome quantification indicates the greatest differences.mid-waythrough flowering.

The proteomes from flower tissue quantifying 2075 unique proteins of the three treatment groups were
compared in triplicate (n=3) at 7, 21 and 35 into the flowering photoperiod using a principle component analysis
to better quantify the impact of the treatments‘acrossithe'whole six-week flowering period (Figure 4A-C). Early
in flowering (day 7) PC1 separated all treatments; although the PBZ and control groups showed some
similarities in PC2 (Figure 4A). At mid-flowing stage (day 21) the greatest difference in proteomes was
observed, with Control and GA3(separated by PC1, and Control and PBZ separated by PC2 (Figure 4B). Late in
the flowering period (day 35);ithe preteomes of both GA3; (GA3) and PBZ treatment groups shared similarities,
while Control was separate (Figure 4C). As such, differences in the proteome on day 21 of flowering were
considered more likely.drivers of the observed phenotypic alterations between treatments. A logzfold change> 1
cut-off, and an adjusted p/value of 0.01 used to define differentially abundant proteins (DAP), yielding 311
DAPs in PBZ v €ontrol, 301 in GA3 v Control and 390 in PBZ v GA3 on day 21 (Supplementary Table S7).
DAPs.at multiple time points were then identified (Supplementary Figure S2A).

The proteomes at day 21 indicated changes in primary metabolism with downregulation of key proteins in the
glycolysis and citric acid cycles in GAs-treated plants and up-regulation in PBZ-treated plants. Additionally,
PBZ plants showed increased lipoxygenase (LOX) abundance which is associated with the breakdown of long-

chain fatty acids (Supplementary Table S8).
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Effect of GA pathway modulation on gene expression in floral tissue.
Single-end reads were generated from biological quadruplicates (n=4) 21 days into flowering, resulting in 361
million clean reads, 92.2% of which were mapped to the CBDRX reference genome with an average of 30.1

million reads per sample (Grassa et al., 2021) (Supplementary Table S9).

Differential gene expression analysis

The hierarchical clustering of RNA-seq data further supported proteomic PCAs (Figure 4D-E), with the samples
from Day 7 of flowering showing mixed clustering of treatments (Figure 4D), whereas with samples from Day
21 (Figure 4E), each treatment grouped separately. Again, this indicates that this mid-flowering timepoint was
key, and the majority of further analysis was focused on Day 21. Differential gene expression analysis was then
performed with pairwise comparisons of each treatment, a log.fold change> 1 cut-off, and an adjusted. p'value’of
0.01 used to define differentially expressed genes (DEG), yielding 612 DEGs in PBZ v Control; 1993 in GA3 v
Control and 1435 in PBZ v GA3 (Supplementary Table S10). DEGs in both time points were compared further
to identify key genes (Supplementary Figure S3B).

Arabidopsis Gene Identifiers (AGIs) were assigned to DEG transcripts for gene ontology-(GO) enrichment
analysis (Supplementary Table S11). Many of the most significantly enriched biological process gene ontology
terms involving the GA3 group were associated with photosynthesis and primary metabolism (G0O:0015979,
G0:0019684, GO:0006091, GO:0015977), whereas the Control vs PBZ comparison had more enriched terms
associated with cell wall development and hormone signalling (G0:0010410, GO:0010383, GO:0009694,
G0:0009739) (Supplementary Figure S4). All three comparisons shared enriched terms associated with the
oxylipin pathway and sugar transport (GO:0006631, G0:0031408, GO:0005985). KEGG mapping
(Supplementary Figure S5), additionally showed changes to'photosynthetic and carbon fixation pathways
(csav00195, csav00710) for GA3 plants and the fattysacid pathway (csav00591) for PBZ plants.

DEGs within pathways of interest were“analysed 1o isolate the key drivers of the change in phenotypes of the
experimental groups. These included changes’in energy flow (source/sink dynamics, photosynthesis, and
primary metabolism), hormone’signalling (gibberellin, jasmonate, and abscisic acid), and secondary metabolite
biosynthesis (fatty acid, MEP, hexanoate, and cannabinoid) (Figure 5, Supplementary Table S12).

Weighted gene co-expression.network analysis (WGCNA)

WGCNA was used tofurther understand GA pathway manipulation on cannabinoid biosynthesis and phenotypic
traits. Weighted.co-expression network construction identified 40 modules (Supplementary Figure S6). To
identify modules with strong associations with traits of interest module eigengenes were correlated with
cannabinoid content (mg/g) (Figure 6A), and agronomic traits (Figure 6B). Eigengenes from the dark olive
green.module strongly correlated with all measured cannabinoids (r = 0.82 — 0.87, p<0.01) except CBGA (r =
0.43). In contrast, eigengenes from the magenta module showed strong correlations to both harvest index (r =
0.81, p<0.01) and flower weight (r = 0.67, p<0.01), and strong negative correlations with height (r = -0.74,
p<0.01) and node number (r = -0.74, p<0.01). Genes that show a high degree of within-module connectivity are
considered to have greater biological importance (Pei et al., 2017). Network plots show the top 20 most
connected genes in the dark olive green (Figure 6C) and magenta (Figure 6D) modules (Supplementary Table

S13). Five of the top seven hub genes in the dark olive green module highly correlated with cannabinoid content
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code for cellulose synthases, and a gene that encodes in LOX11 of the oxylipin pathway was also in the top 15
most connected genes within this module (Figure 6C). In contrast, the top hub genes in the magenta module,
highly correlated with harvest index, a measure of source/sink dynamics, are sucrose synthases, which catalyse
the breakdown of sucrose into fructose and glucose (Figure 6D). Additionally, individual transcript trait
correlations were performed (Supplementary Table S14), and transcript module membership summarised

(Supplementary Table S15)

Comparison of proteomic and transcriptomic datasets.

The PCA of the proteomes and hierarchical clustering of the transcriptomes both showed the greatest differences
in treatments mid-way through flowering (Figures 4B and 4E), highlighting the congruence of the two different
-omics datasets. Additionally, this mid-flowering timepoint has been linked to the phase of active secretion,of
secondary metabolites into trichomes' storage cavities (Nolan, et al., 2025), which is therefore, key to
understanding differences in cannabinoid productivity. Day 21 also resulted in a greater number of.DEGs than
day 7 in all comparisons (Supplementary Figure S3B).

Pathway enrichment analysis was performed on the AGls of reciprocal best-hit BLASTSs of differentially
abundant proteins (DAPs). Allowing for the comparison with the transcriptomic-derived enrichments, and many
of the most enriched GO terms and KEGG pathways in each possible comparison were shared across datasets
(Supplementary Figures S4 and S5). A correlation of protein normalised area and transcript normalised counts
was then performed on matches between the proteomic and transcriptomic datasets with a positive relationship
in all treatment groups (Supplementary Figure S7). This strongly grounded both datasets and supported the
biological significance of the shared terms (Supplementary Figures S4 and S5), given proteomic and
transcriptomic datasets can have little to no correlation due to post-transcriptional, post-translational and protein
degradation regulation (Haider & Pal, 2013; Maieret al., 2009; Vogel & Marcotte, 2012a). Thus, the correlation
yet, independence of both transcriptomics and proteomics effectively validates both techniques (X. Wang et al.,

2014). Further fine-scale analysis and interpretation focused on the transcriptome due to the greater resolution.

Identification of gibberellin oxidase'genes.

Due to their importance in gibberellin biosynthesis and impact on Green Revolution breeding practices, a
genome-wide identification of.gibberellin oxidase (GAox) proteins was undertaken. To confirm and identify all
C. sativa GAox genes,'aBIASTP (E-value of %) search using known Arabidopsis thaliana and Oryza sativa
(rice) GAox proteins (Han & Zhu, 2011; Zhang et al., 2022). This analysis was complemented by screening for
conserved.domain _profiles including 20G-Fell_Oxy (PF03171) and DIOX_N (PF14226), as described by
(zZhang et al., 2022). A total of 28 C. sativa GAox genes were identified and catalogued (Supplementary Table
S16). To understand evolutionary relationships among these proteins, a phylogenetic tree was constructed using
61 GAox protein sequences from C. sativa, Rice and Arabidopsis (Figure 7). The C. sativa GAox proteins
clustered with their counterparts from Arabidopsis and rice within distinct subfamilies, showing conserved motif
characteristics of GAox proteins (Supplementary Figure S8). Additionally, treatment with GA3; and PBZ
significantly altered the expression of many of the identified GAox genes in this study (Figure 6). These
expression changes aligned with observed variations in HI and cannabinoid accumulation (Figures 2 and 3),

highlighting a potential regulatory role of GAox in these traits.
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Discussion

GA pathways influence the yield of major C. sativa products.

Despite demonstrated efficacy in other crops and potential value for HHISD, GA modulation remains
underexplored in C. sativa (Small, 2018). We assessed the effects of GA3 and the biosynthesis inhibitor PBZ
using morphological, chemotype, proteomic, and transcriptomic analyses, building on prior studies of GA-
induced phenotypic responses (Garcia-de Heer et al., 2026; Hahm et al., 2023; Mansouri, Asrar, & Mehrabani,
2009; Oultram et al., 2024).

Modern agronomic practices favour high-density planting, making tolerance to crowding a key trait (Tang et al.,
2018). GA inhibition decreases both height and branching in C. sativa (Figure 2), enabling higher planting
density. Shorter plants also reduce lodging and facilitate integration with existing agricultural machinery;=such
as combine harvesters for semi-dwarf grains or automation in multi-level hydroponic systems. PBZ-treated
plants produced more flowers (Figure 2), potentially enhancing seed yield when pollination occursy-consistent
with previous reports in in vitro-grown C. sativa supplemented with PBZ (Ajdanian et al:;.2024). Conversely,
GA; induced taller plants while reducing the harvest index, which may benefit fibre preduction by yielding
longer fibres and finer yarns (Westerhuis et al., 2019). GA inhibition also increased.cannabinoid content, with
clear applications in medical and recreational contexts (Figure 3). However, it needs to be noted that this study
was conducted using a single high-CBD landrace, and the magnitudelof phenotypic and chemotypic responses
to GAs and PBZ treatments may differ compared to modern drug-type and-industrial cultivars due to breeding
selection, which could have affecting the GA pathway either directly or indirectly (Ren et al., 2021).

The diverse end uses of C. sativa complicate variety development, as reproductive (flower and seed) and
vegetative (fibre and hurd) tissues produce distinet products. Breeding strategies that influence traits across
multiple product types are therefore advantageous. This’study indicates GA modulation provides a versatile tool
for tailoring C. sativa morphology and chemistry:for diverse agronomic and industrial objectives. However,
further validation in seed and fibre contexts is/needed. Additionally, PBZ residues in flowers exceed Food
Standards Australia and New Zealand-limits (0.01 ppm) (Food Standards Australia New Zealand, 2024)
(Supplementary Figure S2);1imiting its use to research, although alternative inhibitors, withholding periods or

genetic approaches maysbe mare suitable for production.

Modulation of GA"pathway affects green revolution genes in C. sativa.

GA signalling and biosynthesis are tightly regulated to maintain homeostasis within the plant (Hedden, 2020),
with GAz and PBZ treatments having been shown to increase and decrease internal GA concentrations
respectively*in‘wheat and rice (Nagar et al., 2021; H. Wu et al., 2019). Accordingly, GAs treatment was
expected to suppress biosynthesis and perception while enhancing metabolism, with PBZ producing the
opposite effect. These patterns, previously reported in rice and apple (Fan et al., 2018; Xiang et al., 2017) were
largely confirmed in this study (Figure 5). An exception was a GA20x gene (LOC115710658) that increased in
PBZ-treated plants (Figure 5), contrary to expectations. This may reflect an annotation error in the CBDrX
genome, although phylogenetic and motif analyses still group it with GA20x enzymes (Figure 7, Supplementary

Figure S8), warranting further validation.
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Early GA biosynthesis enzyme genes KS (LOC115712980) and KAO (LOC115710887) were significantly
responsive to GA and PBZ treatment (Figure 6), but knockouts of these genes induce extreme dwarfism and
sterility, limiting their breeding utility (Hedden, 2003). Downstream, GA200x genes, particularly GA200x2,
have been central to achieving high harvest index in rice, while GA200x1 primarily influences floral
development and grain filling (Hedden, 2003). In C. sativa, GA200x1 (LOC115712114) and GA200x2
(LOC115715725) were differentially expressed between treatments (Figure 5) and strongly negatively
correlated with HI (r = -0.77 and -0.92, Supplementary Table S14), with GA3ox (LOC115705300) showing a
weaker correlation (r = -0.60). GA200x2 exhibited larger expression shifts, stronger trait correlations, and
consistent differential expression at both day 7 and 21 of flowering (Supplementary Figure S3), consistent:with
previous work in rice (Cheng et al., 2022), potentially identifying it as the most promising target for GA

pathway modulation in C. sativa.

GA catabolic enzymes influence GA signalling (Rieu et al., 2008). Expression of one of these enzymes, GA20x,
increased after GA3 treatment (Figure 5), consistent with observations in Phaseolus coccineus (Thomas et al.,
1999). In rice and Poplar hybrids, GA2ox upregulation or overexpression reduces.height and internode length
(Busov et al., 2003; Chu et al., 2019). However, in C. sativa, stable transgenic.protocels remain challenging,

making such an approach less feasible (Mohammad et al., 2024)..

Determining the applicability of a wheat-type Rht focussed GA modulation\in C. sativa is less clear from this
study. The approach has proven effective in other cereal crops because those species have a single Rht/GAI-type
protein (whereas Arabidopsis has multiple), while to our knewledge;the number in C. sativa has yet to be
determined (Hedden, 2003). DELLA proteins were absent from the SWATH proteomic library, and no DELLA-
encoding genes were differentially expressed (Supplementary Table S10). GA3 treatment reduced expression of
the GA receptor homologue GID1, associated'with DELLA degradation (Figure 5), suggesting that altering
receptor expression and DELLA degradation could provide an alternative route for GA modulation in C. sativa
(Dill et al., 2001).

GAox genes have been identified in‘various species, but their identity in C. sativa was incomplete. We identified
28 proteins (Supplementary, Table S16), compared with 20 in Zea mays (Zhang et al., 2022), 38 in Solanum
tuberosum (Chauhan.gt al., 2023), and 24 in Vitis vinifera (He et al., 2019). All 28 proteins clustered with Rice
and Arabidopsis reference proteins (Figure 7) and showed conserved motifs (Supplementary Figure S8). Fifteen
were found expressed in developing female flowers and responsive to GA3 and/or PBZ treatment (Figure 5),

supporting their identification and providing a foundation for their continued study in C. sativa.

Gibberellins alter source/sink dynamics, a key driver of changes to harvest index and floral yield in C. sativa.
HI has driven some of the largest yield gains in modern agriculture, valued for its stability across environments
and genotypes (Unkovich et al., 2010). As an integrative trait, HI represents the efficiency of photosynthate
allocation from generation in source tissues (leaves), transport (through the phloem), to sinks (flowers, seeds,
roots, and trichomes) (Smith et al., 2018). Photo-assimilate unloading in sink tissue, not source production or
transport, is the rate-limiting step (Patrick & Slewinski, 2013), and unloading restrictions can suppress

photosynthesis itself (White et al., 2016). Accordingly, our transcriptomic and proteomic analyses focused on
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floral sink tissue. The marked PBZ-induced HI increase (Figure 2) thereby reflects amplified sink strength,

enhancing sugar utilisation and yield potential.

Sink strength integrates sink size and activity (Smith et al., 2018), with GAs treatment decreasing flower yield
and PBZ treatment increasing it (Figure 2), reflecting changes to sink size. Sink activity depends on phloem
unloading, largely mediated by sucrose synthases (SUS), SWEET transporters, and hexose symporters (Osorio et
al., 2014). Two SUS transcripts (LOC115705430, LOC115705483) were magenta module hub genes highly
correlated with HI (Figures 6B, 6D) and upregulated in PBZ plants (Figure 5), coinciding with reduced SUS2
protein (AOA7J6F7C7) in GA3 plants and increased galactosyltransferase (AOA803QB26) in PBZ plants
(Supplementary Table S8). Several sugar transporters and SWEET homologues (LOC115716757,
LOC115710321, LOC115722728, LOC115707412) were downregulated in GA3 plants or upregulated in.RBZ
plants (Figure 6). Overexpression of SUS in tomato increases fruit yield (Micallef et al., 1995), while
SWEET11/12 knockouts in Arabidopsis reduce sugar export and photosynthesis (L. Chen et al., 2012),

supporting PBZ-induced enhancement of sink activity.

SNF-related kinases (SnRKs) regulate plant energy balance, downregulating energy-consuming processes under
stress to redirect resources to tolerance (Crepin & Rolland, 2019). In this study, SnRKtranscripts were
upregulated in PBZ plants (LOC115722026, LOC115697460, LOC115707923) and downregulated in GA3
plants (LOC115711284, LOC115711285, LOC115725032), mirroring,SUS\expression patterns (Figure 5).
Coordinated SnRK and SUS expression has been linked to enhanced-sugar accumulation in Prunus persica fruit
(W. Yuetal., 2021). In C. sativa flowers, this likely increased sucrose concentration, boosting floral biomass
and energy availability for secondary metabolite biosynthesis. SnRK proteins have also been suggested to
facilitate sugar transfer from flowers into trichomes (Conneely et al., 2021). As metabolically active, non-
photosynthetic organs, trichomes act as a sink'withinithefloral sink, with secondary metabolites serving as a

final storage site for photosynthates.

Enhanced sink strength is also marked by increased respiratory metabolism and sugar catabolism (Fernie et al.,
2004). PBZ-treated plants upregulated pyruvate decarboxylase (PDC) (LOC115718871, LOC115697036) and
phosphoenolpyruvate carboxylase (PEPC) (LOC115704970, LOC115704928, LOC115704930) (Figure 5),
boosting glycolysis and TCA activity. As the TCA cycle drives ATP synthesis (Zhang & Fernie, 2023), PBZ
increases floral sinkscapacity and shifts HI toward flowers. Contrastingly, GAs treatment elevated citrate
synthase (CS) expression (Figure 5), which can redirect photosynthates, with its downregulation enhancing

secondary metabolite production in Arabidopsis (Fatland et al., 2005).

Pathway enrichment revealed photosynthesis and carbon fixation terms enriched in GAs-treated plants versus
Control and PBZ-treated (Supplementary Figures S4, S5), aligning with GAs application causing lighter leaves
and PBZ application darker leaves (Figure 1). PBZ increases chlorophyll in C. sativa plantlets (Ajdanian et al.,
2024), suggesting enhanced source strength. In GA3 flowers, chlorophyll-binding proteins (LOC115725330,
LOC115696956, LOC115720381) were upregulated (Figure 6), indicating a compensatory increase in floral
photosynthesis due to reduced sugar import. As floral tissue contributes little to total photosynthates (Osorio et
al., 2014), this response mirrors GAs induced leaf chlorophyll reduction previously reported in C. sativa
(Mansouri, Asrar, & Mehrabani, 2009).
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Overall, GA modulation strongly influenced source/sink dynamics in C. sativa, and these shifts were likely the
primary driver of the observed changes in HI in GAs and PBZ-treated plants. Key components of these
dynamics include SUS enzymes, SWEET transporters, and SnRK proteins, which appear to act as major
downstream targets of GA signalling. Their coordinated regulation enhances sink strength and carbohydrate
allocation to flowers and trichomes, identifying them as promising molecular targets for HI-focused breeding in

C. sativa.

The antagonistic relationship of GA with JA, ABA potentially influences phenotype and cannabinoid
content.

Like the PBZ treatment used in this study, exogenous JA and ABA application have been previously shown'to
enhance cannabinoid content in C. sativa (Mansouri, Asrar, & Szopa, 2009; Welling et al., 2023), potentially
through indirect mechanisms outside the cannabinoid biosynthetic pathway (Dimopoulos et al.,[2025). GA is
known to interact antagonistically with JA and ABA in multiple contexts (Song et al., 2014; Weiss.& Ori,
2007). For instance, GAs treatment was found to reduce endogenous ABA content in Rhynchostylis gigantea
(Phengphachanh et al., 2012), while PBZ treatment increased endogenous JA or ABAuin Ipomoea batatas,
Mangifera indica and Malus prunifolia (Opio et al., 2020; Si et al., 2023; Upreti et al;, 2013). The idea that
alterations in ABA and JA signalling contributed to the altered phenotypes caused by GA3; and PBZ treatments
in this study is consistent with the observed enrichment of JA and ABA signalling GO terms (Supplementary
Figure S4). Transcriptomic analysis revealed reduced expression. of ABA,insensitive 2 (LOC115702924) in PBZ
treated plants (Figure 5), which is a negative regulator of ABA signalling linked to fatty acid biosynthesis (M.
Chen et al., 2012), suggesting increased ABA sensitivity. The ABA receptor pyrabactin resistance 1-like 4
(PYL4) (LOC115698161) was upregulated and identifiedas ahub gene in the magenta module (Figure 6B).
PYL receptors activate SnRK2-mediated ABA signalling,’'which has been associated with enhanced stress

responses and altered secondary metabolism (Crepin & Rolland, 2019; Pri-Tal et al., 2024).

LOX enzymes of the fatty acid pathway, precursors for both JA and cannabinoids, were upregulated in PBZ and
GA;-treated plants compared to.Control (LOC115709296, LOC115722276, LOC115722275, LOC115719614,
LOC115720530), although generally.more strongly in PBZ treated plants (Figure 5). Downstream JA
biosynthetic enzymes AOC3(LOC115699327) and OPR2 (LOC115706393) were also upregulated in PBZ
plants, suggesting increased=JA biosynthetic activity (Figure 5). In contrast, the JA signalling repressor
jasmonate-zim domain 9 JAZ9 (LOC115714189) was upregulated in GAs-treated plants (Figure 5); JAZ proteins
are degraded when bioactive JA-lle binds, lifting gene repression (Pauwels & Goossens, 2011). Jasmonate
resistance.1 (JAR1) (LOC115705838), mediating JA-lle conjugation, was additionally differentially expressed
across both time points (Supplementary Figure S3, Table S6).

Additionally, the effect of JA and ABA on secondary metabolite biosynthesis can be synergistically improved
by’sucrose (Loreti et al., 2008), whereas high tissue glucose levels inhibit GA biosynthesis (Gibson, 2004).
Moreover, GA-ABA interactions are known to modulate sugar transport in Vitis vinifera (Murcia et al., 2018).
Thus, the potential alterations of floral sucrose levels instigated by GA modulation could compound the positive
effect of increased JA and ABA signalling on cannabinoid levels and underscore their potential roles in PBZ-

induced phenotypes.
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It is important to keep in mind that changes in transcript or protein abundance within a hormone pathway do not
necessarily correspond to predictable changes in hormone pool levels, as transcriptomic, proteomic, and
metabolomic outputs are often non-linearly coupled (Symons et al., 2008; Vogel & Marcotte, 2012b). As
hormone levels were not determined in the present study, the effects of the treatments on endogenous GA, JA
and ABA levels are therefore uncertain. However, this does not preclude inference of hormonal interactions,
also given that plant hormone responses are not solely determined by hormone abundance, as altered sensitivity
or downstream signalling can induce substantial phenotypic and physiological changes without major changes in
the underlying hormone pool (Weijers & Wagner, 2016). Taken together, the transcriptional patterns observed
in this study suggest that the altered cannabinoid accumulation and phenotypes in GAs and PBZ-treated plants

reflects interactions between GA, JA, and ABA signalling pathways.
Primary metabolism and fatty acid pathway (not terminal synthases) specify cannabinoid accumulation.

GA modulation strongly altered cannabinoid content in PBZ-treated plants but left terpenoidslevels unchanged
(Figure 3). This is consistent with the effects of GA3 application on C. sativa in previous studies (Mansouri,
Asrar, & Mehrabani, 2009; Oultram et al., 2024). Although, Hahm et. al. (2023) found that'the GA inhibitor
diniconazole did not affect cannabinoid levels, potentially due to differences in treatment, genotype, or
mechanisms between diniconazole and PBZ.

Despite both pathways drawing from GPP in the MEP pathway (Apicella et al., 2022), cannabinoid
accumulation appears regulated independently of the MEP pathway. Although 4-hydroxy-3-methylbut-2-enyl
diphosphate synthase (HDS) (LOC115720893), the MEP pathway’s rate-limiting enzyme (Yeo et al., 2022),
was upregulated in GAs-treated plants (Figure 5), this didwnot glevate cannabinoids or terpenoids (Figure 3),
reinforcing that alternative regulatory mechanismsidrive secondary metabolite accumulation outside the specific

terpenoid biosynthetic pathways.

Both GA3 and PBZ treatments induced widespread changes in gene expression associated with the cannabinoid
pathway (Figure 6), yet these changes.did not consistently correlate with final cannabinoid concentrations
(Figure 3). In GAs-treated plants, cannabidiolic acid synthase (CBDAS) gene expression (LOC115697762) and
protein abundance (AOAOE3TIL8,"Supplementary Table S8) increased, consistent with previous studies
suggesting that increases‘interminal synthase abundance are not critical for cannabinoid accumulation (Apicella
etal., 2022; Yeo et al’;, 2022). Multiple aromatic prenyltransferase (APT) genes also showed increased
expressionin GAs-treated plants (Figure 6), catalysing the formation of CBGA, a theorised as rate-limiting step
(Sands etal., 2023), yet this did not alter CBGA or total cannabinoid content (Figure 3). Similarly, polyketide
synthase (PKS) (LOC115699293, LOC115700696) and olivetolic acid cyclase (OAC) (LOC115723434,
LOC115723437) transcripts were upregulated in GAs-treated plants (Figure 5) without increasing cannabinoids
(Figure 3). In contrast, upstream hexanoate pathway enzymes genes acyl-activating enzyme (AAE)
(LOC115695955) and aldehyde dehydrogenase (ALDH) (LOC115721408) were upregulated in PBZ-treated
plants, coinciding with increased cannabinoid content (Figure 5). AAE is notable for its high expression in
trichomes (Stout et al., 2012), consistent with increased primary metabolism during peak cannabinoid

biosynthesis in C. sativa trichomes (Nolan, Guo, Liu, et al., 2025).
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PBZ-treated plants had increased abundance of acetyl-CoA carboxylase proteins (AOA803PTH1 and
A0AB03QYKS, Supplementary Table S8), which carboxylate acetyl-CoA to form malonyl-CoA, required for
condensation with hexanoyl-CoA to produce olivetol, the cannabinoid precursor in the hexanoate pathway (Yeo
etal., 2022), and is the rate-limiting step of fatty acid biosynthesis (Y. Wang et al., 2022). Acetyl-CoA C-
acetyltransferase (ACAT) (A0A7J6DSS6) also increased across all time points in PBZ-treated plants
(Supplementary Table S8), enabling B-oxidation of long-chain fatty acids to saturated C18 fatty acids (Hiremath
et al., 2006). These saturated fatty acids are converted to linoleic acid C18:2, the LOX pathway precursor, by
fatty acid desaturase FAD2 (Dar et al., 2017). Welling et al. (2023) suggested increased desaturase expression
drives cannabinoid increases following methyl-jasmonate treatment, consistent with the decreased FAD2
expression in GAz and increased expression in PBZ-treated plants observed here (Figure 5). LOX proteins also
increased in PBZ-treated plants (Supplementary Table S8), and csLOX11 (LOC115723988) was-a hub'gene in
the cannabinoid-correlated dark olive-green module (Figure 7A). LOX catalyses one step of.the breakdown of
unsaturated C18 fatty acids to hexanal, increasing hexanoate precursor availability (Stout et-al., 2012). GA
pathway modulation mirrored these trends, with every hexanoate step from hexanal4o hexanoyl-CoA inhibited
by GAs treatment or induced by PBZ treatment (Figure 6), supporting prior findings that-hexanoic acid

application elevates cannabinoid content (Birenboim et al., 2024).

These findings suggest that PBZ boosts cannabinoid content by enhancingdong-chain fatty acid biosynthesis
and degradation, driving hexanoyl-CoA production via the hexanoate\pathway (Apicella et al., 2022). This
supports Stout et al.’s (2012) hypothesis that this pathway is the primary route for cannabinoid precursor
formation. In contrast, the broad upregulation of cannabinoid pathway genes in GAs plants supports previous
findings that the cannabinoid-specific enzymes play‘a minor role in final cannabinoid accumulation compared

with the availability of fundamental precursors:

Changes in cannabinoid accumulation.alters trichome morphology, not initiation

GAs promote trichome development in Arabidopsis (Perazza et al., 1998), yet GA; application reduces
cannabinoid accumulation in C..sativa (Mansouri, Asrar, & Mehrabani, 2009; Oultram et al., 2024). JA
stimulates trichome initiation“in multiple species (Li et al., 2021), including C. sativa and has been linked to
increased cannabinoid content,(Huang et al., 2024). Despite observed JA signalling changes (Figure 5),

trichome initiation gene.expression remained unchanged in this study (Supplementary Materials S12).

However, PBZ treatment resulted in slightly larger trichome heads (Figure 2), which correlated with increased
cannabinoid content (Figure 3), and are a target in modern drug-type breeding (Nolan, et al., 2025; Small &
Naraine, 2016)-’Although not seen here, GAs can reduce trichome size in C. sativa (Mansouri, Asrar, &
Mehrabani, 2009; Oultram et al., 2024). Cellulose synthase-like proteins were hub genes in the dark olive-green
module (Figure 7C) and altering cellulose synthase activity changes trichome phenotypes in Arabidopsis
(Bischoff et al., 2010). Cannabinoids accumulate in subcuticular trichome cavities, which expand through
extensive cell wall remodelling (Livingston et al., 2022; Tissier et al., 2017). Membrane-bound cellulose
synthases may support this expansion, yet it remains unclear whether increased cavity capacity drives higher

cannabinoid biosynthesis or results from it in PBZ-treated plants.
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Conclusion

Using a multi-omics approach, we explored how GA pathway modulation shapes C. sativa phenotypes. GAs
treatment promoted tall, low HI plants potentially suited to fibre and hurd production, whereas PBZ inhibition
generated HHISD plants with enhanced cannabinoid content for cannabinoid production. GA200x emerged as a
key nexus for GA-related traits. Altered SUS and SnRK expression suggested shifts in sugar transport and
source-sink dynamics associated with the observed phenotypic differences. In cannabinoid biosynthesis,
hexanoyl-CoA availability, rather than downstream enzyme activity, appeared limiting, potentially linked to
long-chain fatty acid metabolism, exemplified by increased FAD2 expression and ACAT abundance in PBZ-
treated plants. Collectively, these findings suggest that targeted manipulation of GA signalling may provide
opportunities to develop C. sativa varieties suited to different end uses and offer a framework for future
investigations into the relationships between hormone regulation, resource allocation, and cannabinoid

biosynthesis.

Materials and Methods

Plant production and treatments to modify gibberellin pathway

All work involving plant cultivation and material maintenance was conducted:under.,NSW Low-THC Industrial
Hemp Licence No. 52204 and complied with all relevant legislative and regulatory.requirements. C. sativa
germplasm (IPK_CAN_57) was obtained from the Leibniz Instituteof Plant Genetics and Crop Plant Research
(Leibniz-Institut fir Pflanzengenetik und Kulturpflanzenforschung (IRK), 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 dioecious, CBD-dominant (chemotype Ill; THC <1.0%) drug-type hemp landrace
were germinated, and seedlings with 2—4 truedeaves were sexed under a 12:12 photoperiod, before a single

female was selected for revegetation as,a'motherplant.

On Day 1, cuttings were taken from this‘mother and rooted in propagation trays (EazyPlug) for 14 days under
LED lights (18:6 photoperiod, 100<150 umol m=2s™, 26 °C). Eighteen clones were potted in a hydroponic mix
(70% coco coir, 30% perlite; 2L=pot) supplemented with Osmocote Pro-3-4M (4.3 g L") and grown for 12 days
under vegetative conditions (18:6 photoperiod, 300-500 umol m™2s™, 26 °C).

1M stock solutions of gibberellic acid (GA3) (Austratec Pty Ltd, Melbourne, Australia) and paclobutrazol (PBZ)
(Austratec’Pty Ltd, Melbourne, Australia) were made in 0.1 M NaOH and ethanol respectively, before diluted to
working cencentrations immediately before application. On Day 26, clones were assigned to treatments (n=6) of
200ppm.GAz (GA3), 50ppm PBZ (PBZ), or distilled water (Control) (Supplementary Table S1), and foliar
sprayed with solutions containing 0.1% Tween-20 (Austratec) until thoroughly coated. Treatments were
repeated on Day 28, coinciding with the transition to flowering conditions (12:12 photoperiod,

1000 pumol m2s7!, 26 °C), and Day 30. After 42 days of flowering (Day 70), plants were harvested and
agronomic traits recorded, including height, branch length, stem diameter, node count. Flowers were hand

trimmed to calculate flower yield, and harvest index,

Harvest index (%) = fresh flower weight(g) + total above ground biomass (g) % 100
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Apical buds were dried in darkness at 15 °C and 10% relative humidity for two weeks for secondary metabolite
analysis. Individual flowers were dissected for morphological measurements (n=60) (Supplementary Figure
S1A), and intact trichome heads were isolated by agitating ~1 g of dried flower in an ice/water slurry for 2 min,
filtered through 220, 125, and 25 pum sieves, and mounted on microscope slides for head diameter measurements

(n=180) (Supplementary Figure S1B).

Tissue sampling for secondary metabolite analysis, Protein extraction and RNA isolation

Apical shoot buds were collected from each clone weekly starting from Day 0 of flowering (Day 28 of the
experiment) to analyse phenotypic changes comprehensively using omics techniques. Samples for protein and
RNA were flash-frozen and stored at -80°C until required. RNA was purified from 50mg samples from day 7
and 21 of flowering as per the manufacturer's instructions (Qiagen RNeasy Mini Kit) for downstreamRNA

sequencing.

Protein extraction

The following method was adapted from Niu et al., (2018).

50-100mg of apical flower tissue was ground, and 2ml extraction solution (1% SDS,0.1 M tris-HCI (pH 6.8), 2
mM disodium ethylenediaminetetraacetate (NA2-EDTA), 20 mM dithiothreitol (DTT) and 2mM
phenylmethylsulfonyl fluoride (PMSF) added before centrifuging for-3 minutes (20 000 g). 750uL of the
supernatant was removed, the protein was precipitated with cold 20% TCA/acetone (1:1) solution, incubated on
ice for 5 minutes, and centrifuged again. After the supernatant was.discarded, the precipitate was washed with
1ml 90% methanol and centrifuged again before this washing step was repeated. Protein was then dried for 1-2
minutes using an aspiration machine until visibly dry. Samples from days 7, 21 and 35 of flowering were used

for proteome quantification.

Secondary metabolite analysis
The following method was adapted from Dimopoulos et al. (2024).

Chemicals and reagents

HPLC grade acetonitrile, methanol, ethanol and certified cannabinoid and terpenoid standards were purchased
from Sigma-Aldrich (Merk Pty. Ltd.) and UltraPure RNase-Free distilled water from ThermoFisher Scientific.
Standards were used to'create calibration curves with seven concentrations between 3.9ug/mL and 250ug/mL

(Supplementary Table S2).

Extraction procedure

Flower material (100mg) was pulverised in a mortar and pestle after being frozen in liquid nitrogen before
extraction of secondary metabolites using ethanol containing the internal standard tridecane (1mL, 0.22% v/v).
The solution was sonicated in a 30°C water bath for 30 minutes and left overnight at room temperature.
Solutions were centrifuged at 15,000rpm for 10 minutes after being vortexed briefly. An aliquot was then

transferred neat for terpene analysis and diluted 1:20 with ethanol for cannabinoid analysis.

GC-FID quantification of terpenes
An Agilent 6850 GC system fitted with a SGE BPXS5 capillary column (50m length, 220um ID, 1.00um film

thickness) was used to analyse terpenoids. Hydrogen was used as the carrier gas at a rate of 1.2mL/min. The
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injected volume was 1puL. The inlet temperature was at 280°C. The split ratio was 5:1. The oven temperature
was maintained at 50°C for 1 min, then raised to 300°C at 8°C/min, held at 300°C for 10mins. A Flame
lonisation Detector (FID) was used with the GC. The FID temperature was at 260°C, the hydrogen flow was
30.0mL/min and the air flow was 300.0mL/min. Raw data was processed using Agilent OpenLab software
(Version 2.7).

HPLC-UV quantification of cannabinoids

Samples were analysed for cannabinoid content on an Agilent 1260 Infinity Il HPLC system based on modified
conditions of Hewavitharana et al. (2022). An Agilent Poroshell C18, 2.7 um, 2.1x150mm column was used.
The column temperature was held at 30 °C. The injection volume was 1uL. The chromatographic analysis Was
performed using mobile phases containing MilliQ water with 0.1% (v/v) formic acid (mobile phase’A),
acetonitrile (mobile phase B), methanol (mobile phase C). The flow rate was 0.3 mL/min. A gradient elution
started with 35% A, 50% B, 15% C up to 0.5min, then gradually changed to 28% A, 60% B, 12%:.C.at 6min,
14% A, 80% B and 6% C at 11 min, 1% A and 99% B at 12 min, held 1% A and 99% B until 12.5 min. The
mobile phase was then returned to the starting composition of 35% A, 50% B, 15% Ctover 0.5 min, and re-
equilibrated for 5 min prior to the next injection. Raw data was processed using. Agilent OpenLab software
(Version 2.7) and used to quantify cannabichromenic acid (CBCA), cannabidiolic acid (CBDA),
cannabidivarinic acid (CBDVA), cannabigerolic acid (CBGA) and tetrahydrocannabinolic acid (THCA).

Proteome Analysis
Adapted from Guo et al., (2022), the protein was quantified.-from triplicates of each treatment using floral

samples (n=3) from day 7, 21 and 35 after flowering was induced using a SWATH MS/MS approach.

The samples were analysed using an Ekspert nano'L.C400-.uHPLC (SCIEX, Canada) coupled with a TripleTOF
6600 quadrupole time-of-flight (QTOF) mass analyser (SCIEX, Canada) equipped with a PicoView nanoflow
(New Obijective, USA) ion source. A trap column (5mm x 300 mm, C18 3 mm, SGE, Australia) and an
analytical column (75 mm x 150mm ChromXP C18 CL 3 mm, SCIEX, Canada) were utilised.

Peptide quantification was adapted from Dimopoulos et al., (2024) and used the same HPLC and mass
spectrometry conditions as the information-dependent acquisition (IDA) mode, with slight modifications. Data
acquisition was conductedsusing a SWATH approach, performing product ion MS/MS analysis across a m/z
range of 350 to/1,500::The product ion window was set to 6 Da, and collision energy ranged from 16 to 60V.
Spectral library generation was performed similarly to the original study. A total of 27 samples ((1 control +2
treatments) x 3 time points x 3 replicates) were searched collectively using the Paragon algorithm in
ProteinPilot software (Version 5.0.2, SCIEX). The search utilised a C. sativa database from Uniprot
(Downloaded Aug 2023), resulting in a final spectral library comprising 2281 distinct proteins with a critical
false discovery rate of 1%. Spectral alignment and targeted data extraction of SWATH-MS data were performed
using the SWATH Processing Micro App in PeakView (Version 1.2, SCIEX) with an extraction window of 25
minutes. Parameters included the selection of 15 peptides, 15 transitions, and a peptide confidence threshold of
95% with a critical false discovery rate of 1%. Additionally, shared peptides were excluded, and the extracted

ion chromatogram width was set at 50 ppm.
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RNA-seq, assembly and annotation

Quadruplicate samples (n=4) of each treatment group sampled at day 7 and 21 of flowering were sequenced
through a paid service at the Australian Genome Research Facility (AGRF) using the Illumina NovaSeq 6000
single-end (100bp) flow cell. CLC Genomics Workbench 11.0.1. using default settings was used to map and

process sample reads against the CBDrx reference genome (Grassa et al., 2021).

Statistical analysis and visualisations
All analysis was performed using R (version 4.2.1) (RStudio Team, 2020), Venn diagrams were created with
Venny (v2.1) (Oliveros, 2015).

Agronomic and Secondary metabolite analysis
ANOVAs and Tukey's post hoc analysis were performed, and figures produced using the ggplot2-package
(v3.5.0) (Wickham, 2016).

Proteomic analysis

The functional annotation of the identified C. sativa flower proteome was performed by aligning the protein
sequences against the UniProtkKB/SwissProt Arabidopsis database (updated as of October 2023) using BLASTP,
with an e-value cut-off of 105, Subsequently, the Arabidopsis thaliana genome accessions (AGIs)
corresponding to the best-matching proteins were extracted for subsequentbioinformatic analyses. Differential
analyses were conducted using a Student's t-test. Proteins exhibiting a p=value less than 0.05, along with an
average fold change (FC) greater than 1.0 were designated as differentially abundant proteins (DAPS) in this
study. The AGI identifiers of the identified DAPs were stbjected to Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways enrichment analysis using the ClusterProfiler package (v4.6.2) in R (Wu et al., 2021).
Welch's t-test was used to determine the significance difference between treatments and Control, with outliers

more than two standard deviations away from'the mean removed.

Transcriptomic analysis

Total counts were exported and transeripts with counts below 10 excluded, before being normalised using a
median of ratios method using,the DESEQ2 package (v1.38.3) (Love et al., 2014). Differential expression
analysis was performed on the three experimental groups to produce three pairwise comparisons. P-values were
adjusted using the Benjami=Hochberg method. A log, fold change>1 and an adjusted p-value of 0.01 cut-off

criteria were applied to identify differentially expressed genes (DEGS).

Raw reads were normalised using a variance stabilising transformation (Love et al., 2014). A power of 26 was
chosento ensure a scale-free topology model with a signed R? >0.85 and mean connectivity < 100. Before a
signed, weighted correlation networks were produced using the WGCNA package (v1.73) (Langfelder &
Horvath, 2008). The module eigengenes (MESs) is the first component of a PCA of each module and reflects the
common expression patterns of all the genes in the module. MEs were calculated, and Pearson's correlation

between MEs and traits of interest was used to probe relationships modules and traits.

KEGG and gene ontology (GO) pathway enrichment analysis was performed on DEGs using the clusterProfiler
package (v4.6.2) (Wu et al., 2021), with the CBDrx genome (KEGG) and the genome-wide annotation package
for Arabidopsis, org.At.tair.db (v3.16.0) to identify enriched biological processes, cellular components, and

molecular functions (Carlson, 2019). Arabidopsis homologues with corresponding Arabidopsis Gene Identifiers
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(AGI) were identified using mmseq?2 reciprocal best hits of the protein sequences. Reciprocal best hits using

BLASTnN of the mRNA sequences were used where no protein sequence hits occurred.

Identification of gibberellin oxidase proteins

Protein sequences from Oryza sativa (17) (Zhang et al., 2022) and Arabidopsis thaliana (16) (Han & Zhu, 2011)
were downloaded from the Uniprot database (https://www.uniprot.org, accessed on 22 December 2024) and
used as reference sequences to query the C. sativa protein dataset which was obtained from the NCBI CS10
genome assembly a BLASTP search (E-value of e1%) (Zhang et al., 2022) was conducted to identify candidate
C. sativa gibberellin oxidase (GAox) sequences. Candidate sequences were then screen to ensure they contained
conserved domain, specifically 20G-Fell_Oxy [PF03171] and DIOX_N [PF14226] obtained from the Pfam
database (database (http://pfam.xfam.org) resulting in 113 sequences. Multisequence alignments and
phylogenetic analyses were performed using MEGA11: Molecular Evolutionary Genetic Analysis version
11.0.13 (Tamura et al., 2021) to confirm the identity of candidate GAox sequences, before’unrooted
phylogenetic trees were generated using the neighbor-joining construction method with 1000 bootstrap
replicates to assess branch support. Sequences that did not cluster with known GAox groups from Arabidopsis
and Rice were excluded, yielding 28 putative C. sativa GAox sequences. Phylogenetic tree visualization was
performed using FigTree v1.4.3 (v3.62)(G. Yu et al., 2017). To further investigate conserved motifs, the 28 C.
sativa sequences, along with the reference sequences from Arabidopsis and rice; were submitted to the MEME

suite (v5.5.7) (https://meme-suite.org/meme/, accessed on 06 January\2025). The analysis was conducted with a

maximum of 15 motifs specified and default setting applied. Referto Supplementary Table S16 for putative
GAox nomenclature and sequences, and Supplementary Table S17 for EC numbers of these and all other

enzymes discussed throughout the manuscript.
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Figure Legends

Figure 1. Floral phenotype and plant stature of treated clones (n=6). Plants were treated with 200 ppm
gibberellic acid (GA3), distilled water (Control) or 50 ppm paclobutrazol (PBZ), on days 26, 28 and 30 of the
experiment. Treatments resulted in taller plants with smaller inflorescences for GA3, while PBZ reduced plant

height resulting in more compact inflorescences. Photos taken 28 days into the flowering period.
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Figure 2. Agronomic parameters of GA3, Control and PBZ treatment groups (n=6). Measured at_harvest
after 6 weeks of flowering (Day 70). Error bars represent standard deviation. ANOVA with Tukey-post‘hoc
analysis were performed to identify significantly different treatment groups (P<0.05) (Supplementary Tables S3,
S4 and S6).

Figure 3. Comparison of secondary metabolite profiles of GA3, Control and PBZ treatment groups (n=6).
Quantified from dried flower material collected,at harvest after 6 weeks of flowering (Day 70) of A) five most
abundant cannabinoids cannabichromenic acid (CBCA), cannabidiolic acid (CBDA), cannabidivarinic acid
(CBDVA), cannabigerolic acid (CBGA).and-tetrahydrocannabinolic acid and B) five most abundant terpenoids
B-caryophyllene, a-humulene, a-pinene, a-terpinene, and myrcene (THCA) (mg/g). Error bars represent
standard deviation. One-way. ANOVA with Tukey-post hoc analysis were performed with letters to identify

significantly differenttreatment'groups (Supplementary Table S5).

boy 7 b Day 21 c Day 35

Figure 4. Sample clustering in proteomic and transcriptomic data in GA3, Control and PBZ treatment
groups. A-C) Principal Component Analysis of floral proteomes at three time points 7 (A), 21 (B) and 35 (C)
days into flowering (n=3). D-E) Hierarchical cluster of transcript expression at two time points, 7 (D) and 21 (E)

days into flowering (n=4). Clear separation of treatment groups at day 21 in both —omics datasets led to the
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focus of this timepoint in further analysis. Refer to Supplementary Table S7 for protein abundance and Table S8

for DEG designations when p.adjust<0.01 and log2foldchange>1.

Figure 5. Heatmap profiles of DEGs of interest in energy flow, hormone.signalling and secondary
metabolite related pathways. Mean z-score of median of ratios normalised transcript counts are shown for
GAZ3, Control and PBZ treatment groups. All transcripts have mean normalised counts >50. Refer to

Supplementary Table S12 for sample z-scores and CBDRXx transcript | Ds.

Figure 6. Weighted correlation network analysis of floral transcriptomes 21 days into flowering. A)
Module — cannabinoid content (mg/g) associations. B) Module — agronomic trait associations. Rows refer to a
module eigengenes, and columns to individual morphological traits or cannabinoid content. Heatmap asterisks
refer to significance, p<0.001 = *** p<0.01 = **, p<0.05 = *. C) 20 most connected genes in the dark olive
green.module D) 20 most connected genes in the magenta module. CBDRx descriptions used as node labels, and
size based on gene within module connectivity. Refer to Supplementary Table S14 for individual trait

correlations, Supplementary Table S13 for top dark olive green and magenta transcripts.
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Figure 7. Phylogenetic analysis of putative GAox proteins in C sativa. A phylogenetic tree was constructed
using 16 Arabidopsis thaliana (red) and 17 Ozyra sativa (blue) seed sequences, with 28 putative Cannabis sativa
(green) proteins being identified (Supplementary Table S16). Branch colouring refers to sub-family designation,
with GA3ox (yellow), GA20x (green and blue), and GA200x (red). Seed sequences were used to BLASTP
query (E-value cut off of e-10) the C. sativa protein dataset, before sequences were screened to ensure they
contained 20G-Fell_Oxy (PF03171) and DIOX_N (PF14226) domains. Multi-sequence alignments and
phylogenetic trees of candidate proteins were performed to remove proteins that did not<«cluster with seed GAox

proteins. Refer to Supplementary Figure S8 for motif analysis.
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