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Abstract

In cannabis seedlings, the initiation of solitary flowers is photoperiod-independent. However, when cannabis reaches the adult stage,
short-day photoperiod (SD) triggers branching of the shoot apex and a reduction in internode length, leading to development of a
condensed inflorescence. We demonstrate that SD affects cannabis plants in two distinct phases: the first includes rapid elongation of
the internodes and main stem, and occurring from Day 5 to Day 10 of plant cultivation under SD; in the second phase, elongation of newly
developed internodes ceases, and a condensed inflorescence is formed. Exposure of plants to alternating photoperiods revealed that
inflorescence onset requires at least three consecutive days of SD, and SD is consistently required throughout inflorescence maturation
to supportits typical condensed architecture. This photoperiod-dependent morphogenesis was associated with a decrease in gibberellin
(GA4) and auxin levels in the shoot apex. Reverting the plants to a long-day photoperiod (LD) increased GA4 and auxin levels, leading to
inflorescence disassembly, internode elongation, and subsequent resumption of LD growth patterns. Similar developmental patterns
were observed under SD following the application of exogenous GA (and not auxin), which also impeded inflorescence development.
Nevertheless, additional studies will help to further evaluate auxin’s role in these developmental changes. We propose a crucial role for
GA in sexual reproduction and inflorescence development in female cannabis by mediating photoperiod signaling in the inflorescence

tissues.

Introduction

Cannabis sativa L. is cultivated globally for medicinal and indus-
trial purposes, e.g. as a fiber source and for seed-oil production,
medicinal uses, and recreational consumption [1-4]. Plant flow-
ering and inflorescence development affect various aspects of
cannabis production. For instance, the timing and development
of the inflorescence are crucial in hemp cultivation as it directly
influences fiber yield and quality, which peak just after flow-
ering [5]. For seed-oil production, the number of seeds derived
from inflorescence architecture is a major determinant of yield,
whereas in medical or recreational cannabis, the primary product
is the inflorescence itself, which accumulates therapeutic com-
pounds such as cannabinoids, terpenes, and flavonoids (1, 6, 7].
Therefore, understanding reproductive development and identi-
fying factors that regulate plant architecture and inflorescence
formation will contribute to cannabis production, breeding, and
propagation [6, 8-11].

In cannabis propagated from seeds, reproductive development
consists of two stages. Following the juvenile-to-adulate transi-
tion, solitary axillary flowers are initiated under a long-day pho-
toperiod (LD). This morphogenetic change is governed by internal
signals and preceded by dramatic reproduction-related transcrip-
tional changes in flowering-related genes [8, 10, 12]. Later, in
adult plants, each of the newly developed phytomers contains

a solitary flower regardless of photoperiod length. Once plants
are exposed to a short-day photoperiod (SD), the architecture of
female cannabis plants changes, while the basic phytomer struc-
ture is maintained [8, 10]. Development of the condensed inflo-
rescence is an outcome of major structural changes in the shoot
apex, including intense branching, reduced number of leaflets,
and shortening of the petioles and nodes, which result in clus-
tering of the solitary flowers [8, 10].

Gibberellins (GAs) regulate numerous aspects of plant repro-
ductive development and their effect can be either promotive,
non-existent, or inhibitory [13-15]. One of the most pronounced
reproduction-related functions of GAs is flower induction in Ara-
bidopsis under non-inductive SD conditions, as was demonstrated
in Arabidopsis mutant late-flowering phenotypes with reduced
active GA levels, or defective GA signaling [16]. In contrast, GAs
have opposite effects on flower transition in some plant species,
and exogenous-GA application delayed flowering time in tomato,
Fuchsia and Pisum sativum [17-19]. GA is also the primary regulator
of bolting—the process of stem elongation before or during flower
and inflorescence development, in many plant species. During
bolting, GA levels and signaling are stimulated by external signals,
such as LD, that lead to elongation of growing internodes via
enhanced cell elongation due to relaxation of the cell wall [15].
However, in some rosette species, application of GA promotes
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humidity for 17 days. The samples were cured for 2 months in
sealed plastic bags that were mixed and opened once daily for
15 min as is customary in the cannabis industry. For cannabinoid
analysis the dried inflorescences were extracted as is described
by Danziger and Bernstein [49], and cannabinoid concentrations
in the extracts were analyzed as is described by Saloner and Bern-
stein [50]. In short, the dried inflorescence samples were ground
manually to a homogeneous mixture, and for each sample, 50 mg
of the ground plant tissue was placed in a 50-ml centrifuge tube,
with 10 ml ethanol ABS A R. (Gadot-Group, Netanya, Israel). The
tubes were shaken for 1 h at room temperature and then cen-
trifuged for 15 min at 5000 rpm (Megafuge 16 centrifuge, Thermo-
Scientific, Waltham, MA, USA). The resulting supernatant was
filtered through a 0.22-pm PVD filter (Bar-Naor Ltd., Ramat Gan,
Israel) and then analyzed by HPLC (Jasco 2000 Plus series HPLC
system) to determine cannabinoid concentrations.

Phytohormone analysis

The plants cultivated under LD for 3 weeks were randomly divided
into six groups of 50 plants. Each group was exposed to different
photoperiod regimes: SD for 4, 6, 9, and 19 days; or 12 days of SD
followed by 7 days of LD; and continuous LD as a control. Four
biological replicates were collected from each plant treatment
group. Every replicate was a mix of apical meristems from 5 to
15 plants with a total weight of 200 mg. For each sample, shoot
apex (10 mm) with removed leaves was collected, weighed, and
immediately frozen in liquid nitrogen and stored at —80°C. Extrac-
tion of plant hormones and LC-MS-MS analyses were conducted
according to Sood et al. [51] using a UPLC-Triple Quadrupole-MS
(Waters Xevo TQ MS) and a Waters Acquity UPLC BEH C18 1.7 um
2.1 x 100 mm column with a VanGuard precolumn (BEH C18
1.7 pm 2.1 x 5 mm).

Exogenous application of PGRs

Plants were cultivated for 60 days under LD condition (as
described in plant materials and growth conditions section).
Then, the plants were randomly divided into four groups of four
plants each. The groups were treated as follows: sprayed until
run-off with the synthetic auxin 2,4-dichlorophenoxyacetic acid
(2,4-D, Citrus Fix, AMVAC, Los Angeles, CA, USA) and 0.1% (v/v)
of the surfactant BB5, or drenched with 250 ml of a 100 ppm
GAs (Giberllon, Gadot Agro, Kidron, Israel) solution, or treated
with a mixture of both treatments. A control group was sprayed
with distilled water containing 0.1% BB5. At the time of PGR
application, the photoperiod was adjusted to SD conditions
(Table S1). All samples were analyzed 44 days after application
of PGRs.

Statistical analyses

All statistical analyses were performed utilizing GraphPad-Prism
8.0.2 software. Specific statistical tests and the number of biolog-
ical replicates used are described within the corresponding figure
legends.

Acknowledgements

The plant material (rooted cuttings) was supplied by Canndoc
Ltd, a certified commercial cultivation producer in Israel. We are
grateful for the cooperation and advice of Neri Barak, the founder
and president of Canndoc Ltd. This work was supported by the
Chief Scientist of the Israeli Ministry of Agriculture and Rural
Development grant 20-01-0177.

Alteretal. | 9

Author contributions

H.A.,, RK.G, and B.SR. wrote the original draft. HA., N.B,, RK.G.,
and B.S.R. planned the experiments. H.A. and Y.S. carried out the
experiments. A.S., M.CW.,, and ES. conducted and analyzed the
endogenous hormone analyses. Y.S. conducted the cannabinoid
analysis. A.S., RK.G, N.B,, and B.S.R. finalized the manuscript.

Data availability

All created data are presented in this article and in the supple-
mentary materials.

Conflict of interest statement

The authors declare no conflicts of interest.

Supplementary Data

Supplementary data is available at Horticulture Research online.

References

1. Andre CM, Hausman J-F, Guerriero G. Cannabis sativa: the plant
of the thousand and one molecules. Front Plant Sci. 2016;7:19
2. Hussain T, Jeena G, Pitakbut T. et al. Cannabis sativa research
trends, challenges, and new-age perspectives. iScience. 2021;24:
103391
3. Bonini SA, Premoli M, Tambaro S. et al. Cannabis sativa: a compre-
hensive ethnopharmacological review of a medicinal plant with
a long history. ] Ethnopharmacol. 2018;227:300-15
4. Fordjour E, Manful CF, Sey AA. et al. Cannabis: a multifaceted
plant with endless potentials. Front Pharmacol. 2023;14:1200269
5. Salentijn EMJ, Petit ], Trindade LM. The complex interactions
between flowering behavior and fiber quality in hemp. Front
Plant Sci. 2019;10:614
6. Zhang M, Anderson SL, Brym ZT. et al. Photoperiodic flowering
response of essential oil, grain, and fiber hemp (Cannabis sativa
L.) cultivars. Front Plant Sci. 2021;12:694153
7. Naim-Feil E, Breen EJ, Pembleton LW. et al. Empirical evaluation
of inflorescences’ morphological attributes for yield optimiza-
tion of medicinal cannabis cultivars. Front Plant Sci. 2022;13:1-16
8. Spitzer-Rimon B, Duchin S, Bernstein N. et al. Architecture and
florogenesis in female Cannabis sativa plants. Front Plant Sci.
2019;10:350
9. Hesami M, Pepe M, Alizadeh M. et al. Recent advances in
cannabis biotechnology. Ind Crop Prod. 2020;158:113026
10. HesamiM, Pepe M, Jones AMP. Morphological characterization of
Cannabis sativa L. throughout its complete life cycle. Plan Theory.
2023;12:3646
11. Melzer R, McCabe PF, Schilling S. Evolution, genetics and bio-
chemistry of plant cannabinoid synthesis: a challenge for
biotechnology in the years ahead. Curr Opin Biotechnol. 2022;75:
102684
12. Spitzer-Rimon B, Shafran-Tomer H, Gottlieb GH. et al. Non-
photoperiodic transition of female cannabis seedlings from
juvenile to adult reproductive stage. Plant Reprod. 2022;35:265-77
13. Plackett ARG, Wilson ZA. Gibberellins and plant reproduction.
Annu Plant Rev Online. 2017;49:323-58
14. Ravid ], Spitzer-Rimon B, Takebayashi Y. et al. GA as a regulatory
link between the showy floral traits color and scent. New Phytol.
2017;215:411-22

920 Arenugad || uo 1senb Aq 2zz81.2/SyZorUN/ L L/L L/B[0IE/Y/W0d dno olwapeoe//:sd)y Wolj papeojumoq


https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhae245#supplementary-data
https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhae245#supplementary-data

10

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

| Horticulture Research, 2024, 11: uhae245

Hedden P, Sponsel V. A century of gibberellin research. J Plant
Growth Regul. 2015;34:740-60

Bao S,Hua C, Shen L. et al. New insights into gibberellin signaling
in regulating flowering in Arabidopsis. J Integr Plant Biol. 2020;62:
118-31

Silva GFF, Silva EM, Correa JPO. et al. Tomato floral induction and
flower development are orchestrated by the interplay between
gibberellin and two unrelated microRNA-controlled modules.
New Phytol. 2019;221:1328-44

King RW, Ben-Tal Y. A florigenic effect of sucrose in Fuchsia
hybrida is blocked by gibberellin-induced assimilate competi-
tion. Plant Physiol. 2001;125:488-96

Reinecke DM, Wickramarathna AD, Ozga JA. et al. Gibberellin 3-
oxidase gene expression patterns influence gibberellin biosyn-
thesis, growth, and development in pea. Plant Physiol. 2013;163:
929-45

Awale P, McSteen P. Hormonal regulation of inflorescence
and intercalary meristems in grasses. Curr Opin Plant Biol.
2023;76:102451

FlajSman M, Slapnik M, MurovecJ. Production of feminized seeds
of high CBD Cannabis sativa L. by manipulation of sex expression
and its application to breeding. Front Plant Sci. 2021;12:718092
Baiton A. Novel Strategies for Sustainable Rapid Breeding of Cannabis
Sativa L. 2024. Master’s thesis, University of Guelph. https://hdl.
handle.net/10214/28115 (8 February 2024, date last accessed).
Freytes SN, Canelo M, Cerdan PD. Regulation of flowering time:
when and where? Curr Opin Plant Biol. 2021;63:102049

Osnato M, Cota I, Nebhnani P. et al. Photoperiod control of plant
growth: flowering time genes beyond flowering. Front Plant Sci.
2022;12:805635

Nomoto Y, Kubozono S, Yamashino T. et al. Circadian clock- and
PIF4-controlled plant growth: a coincidence mechanism directly
integrates a hormone signaling network into the photoperiodic
control of plant architectures in Arabidopsis thaliana. Plant Cell
Physiol. 2012;53:1950-64

Gendron JM, Staiger D. New horizons in plant photoperiodism.
Annu Rev Plant Biol. 2023:74:481-509

Khosa J, Bellinazzo F, Kamenetsky Goldstein R. et al. PEBP pro-
teins: the conductors of dual reproduction in plants with vege-
tative storage organs. ] Exp Bot. 2021;72:2845-56

Lee R, Baldwin S, Kenel F. et al. FLOWERING LOCUS T genes
control onion bulb formation and flowering. Nat Commun.
2013;4:2884

Chen L,Du Y, Lu Q. et al. The photoperiod-insensitive allele Ppd-
Dla promotes earlier flowering in Rht12 dwarf plants of bread
wheat. Front Plant Sci. 2018;9:1312

Chen C, Huang W, Hou K. et al. Bolting, an important process
in plant development, two types in plants. J Plant Biol. 2019;62:
161-9

Mutasa-Gottgens E, Hedden P. Gibberellin as a factor in floral
regulatory networks. J Exp Bot. 2009;60:1979-89

Hall J, Bhattarai SP, Midmore DJ. Review of flowering control in
industrial hemp.] Nat Fibers. 2012;9:23-36

Petit J, Salentijn EMJ, Paulo M-J. et al. Genetic architecture
of flowering time and sex determination in hemp (Cannabis

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

sativa L.): a genome-wide association study. Front Plant Sci.
2020;11:569958

Monthony AS, Bagheri S, Zheng Y. et al. Flower power: floral
reversion as a viable alternative to nodal micropropagation in
Cannabis sativa. In Vitro Cell Dev Biol Plant. 2021;57:1018-30
Barbier FF, Dun EA, Kerr SC. et al. An update on the signals
controlling shoot branching. Trends Plant Sci. 2019;24:220-36
Beveridge CA, Rameau C, Wijerathna-Yapa A. Lessons from a
century of apical dominance research.] Exp Bot. 2023;74:3903-22
Mazzoni-Putman SM, Brumos J, Zhao C. et al. Auxin interactions
with other hormones in plant development. Cold Spring Harb
Perspect Biol. 2021;13:2039990

McKim SM. Moving on up - controlling internode growth. New
Phytol. 2020;226:672-8

Wu K, Li L, Gage DA. et al. Molecular cloning and photoperiod-
regulated expression of gibberellin 20-oxidase from the long-day
plant spinach. Plant Physiol. 1996;110:547-54

Hahm S, Lee B, Bok G. et al. Diniconazole promotes the yield of
female hemp (Cannabis sativa) inflorescence and cannabinoids
in a vertical farming system. Agronomy. 2023;13:1497

Kumar S, Ghatty S, Satyanarayana J. et al. Paclobutrazol treat-
ment as a potential strategy for higher seed and oil yield in field-
grown Camelina sativa L. Crantz. BMC Res Notes. 2012;5:137

Li J, Wang X, Jiang R. et al. Phytohormone-based regulation of
trichome development. Front Plant Sci. 2021;12:734776

Mansouri H, Asrar Z, Mehrabani M. Effects of gibberellic
acid on primary terpenoids and delta-tetrahydrocannabinol in
Cannabis sativa at flowering stage. J Integr Plant Biol. 2009;51:
553-61

Keawmanee N, Ma G, Zhang L. et al. Exogenous gibberellin
induced regreening through the regulation of chlorophyll and
carotenoid metabolism in Valencia oranges. Plant Physiol Biochem.
2022;173:14-24

Sands LB, Haiden SR, Ma Y. et al. Hormonal control of promoter
activities of Cannabis sativa prenyltransferase 1 and 4 and sali-
cylic acid mediated regulation of cannabinoid biosynthesis. Sci
Rep. 2023;13:8620

Burgel L, Hartung J, Schibano D. et al. Impact of different phy-
tohormones on morphology, yield and cannabinoid content of
Cannabis sativa L. Plan Theory. 2020;9:725

Lalge AB, Mendel P, Vyhnanek T. et al. Effects of different mor-
phoregulators on growth and development of Cannabis sativa L.
MendelNet. 2016;23:726-30

Mendel P, Schiavo-Capri E, Bharat Lalge A. et al. Evaluation of
selected characteristics in industrial hemp after phytohormonal
treatment. Pak J Agri Sci. 2020;57:1-7

Danziger N, Bernstein N. Plant architecture manipulation
increases cannabinoid standardization in ‘drug-type’ medical
cannabis. Ind Crop Prod. 2021;167:113528

Saloner A, Bernstein N. Effect of potassium (K) supply
on cannabinoids, terpenoids and plant function in medical
cannabis. Agronomy. 2022;12:1242

Sood A, Shai D, Adamov Z. et al. Abscisic acid mediates the
reduction of petunia flower size at elevated temperatures due
to reduced cell division. Planta. 2021;255:1-14

920 Arenugad || uo 1senb Aq 2zz81.2/SyZorUN/ L L/L L/B[0IE/Y/W0d dno olwapeoe//:sd)y Wolj papeojumoq


https://hdl.handle.net/10214/28115
https://hdl.handle.net/10214/28115
https://hdl.handle.net/10214/28115
https://hdl.handle.net/10214/28115

	 Inflorescence development in female cannabis plants is mediated by photoperiod and gibberellin
	Introduction  
	Results
	Discussion
	Materials and methods
	Acknowledgements
	Author contributions
	Data availability
	Conflict of interest statement
	Supplementary Data


