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Abstract

Cannabis sativa L. is one of the oldest domesticated crops. Hemp-type cultivars, which predominantly produce non-
intoxicating cannabidiol (CBD), have been selected for their fast growth, seed, and fibre production, while drug-type
chemovars were bred for high accumulation of tetrahydrocannabinol (THC). We investigated how the generation of
CBD-dominant chemovars by introgression of hemp- into drug-type Cannabis impacted plant performance. The THC-
dominant chemovar showed superior sink strength, higher flower biomass, and demand-driven control of nutrient
uptake. By contrast, the CBD-dominant chemovar hyperaccumulated phosphate in sink organs leading to reduced
carbon and nitrogen assimilation in leaves, which limited flower biomass and cannabinoid yield. RNA-seq analyses
determined organ- and chemovar-specific differences in expression of genes associated with nitrate and phosphate
homeostasis as well as growth-regulating transcription factors that were correlated with measured traits. Among
these were genes positively selected for during Cannabis domestication encoding an inhibitor of the phosphate star-
vation response, SPX DOMAIN GENES3, nitrate reductase, and two nitrate transporters. Altered nutrient sensing, ac-
quisition, or distribution are likely a consequence of adaption to growth on marginal, low-nutrient-input lands in hemp.
Our data provide evidence that such ancestral traits may become detrimental for female flower development and
consequently overall CBD yield in protected cropping environments.

Keywords: Cannabinoids, Cannabis sativa, drug-type, flower development, hemp, hemp-type, medicinal Cannabis, nitrate,
nutrient acquisition, nutrient assimilation, phosphate, RNA-seq, source-sink relations, transcriptional regulation.
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Introduction

Cannabis sativa L. (hereafter Cannabis) is an ancient crop
that has been cultivated in Asia for more than 12 000 years.
Cannabis varieties commonly referred to as hemp-type are
primarily used for fibre and seed, while drug-type (medic-
inal) Cannabis varieties are valued for their accumulation of
secondary metabolites in female flowers (Clarke and Merlin,
2016). Medicinal use of Cannabis is largely based on the sub-
stantial production of secondary metabolites of the cannab-
inoid family, the most abundant being cannabidiol (CBD),
and A’-tetrahydrocannabinol (THC), as well as other phenolic
meroterpenoids. Research interest, whilst inhibited by the
plant’s illegal status in many jurisdictions around the world, has
increased with the discovery of the endocannabinoid system in
humans about 32 years ago (Lu and Mackie, 2016). The inter-
action of phytocannabinoids with human cannabinoid recep-
tors has opened new avenues for drug discovery and led to a
re-evaluation of Cannabis use in therapeutics (UNODC, 2023).

Hemp-type Cannabis not only features high stem elongation
rates and very active cell wall metabolism to produce strong
bast fibres, but has also been selected for its seed oil rich in
polyunsaturated fatty acids, and for its persistence on marginal
lands with low nitrogen input (Struik ef al., 2000; Tang et al.,
2017). In addition, hemp-type cultivars can contain high levels
of CBD, which is recognized for its non-intoxicating phar-
macological properties (Russo and Marcu, 2017). The ability
of hemp roots to forage for scarce nutrients make it highly
nutrient efficient, while its capacity to exclude or redistribute
certain soil contaminants, such as heavy metals and sodium,
away from growing organs has also fostered its use in phy-
toremediation (Linger et al., 2002; Husain et al., 2019; Adesina
et al.,2020). CBD is often extracted as a by-product from the
chaff of hemp fibre or seed crops and hence the quality of
CBD-containing products (oil, seeds) varies greatly with soil
and seasonal factors as they frequently contain traces of heavy
metals (arsenic, cadmium, lead) (Gardener et al., 2022). THC-
dominant drug-type Cannabis varieties are in many ways the
polar opposite of hemp-types: they were selected for a com-
pact stature, early flowering, and compound racemose fe-
male inflorescences with high glandular trichome density and
flower biomass production. Their substantial flower value has
led to a selection of high-yielding genotypes and beneficial
anatomy for protected cropping environments (Barcaccia et al.,
2020; Danziger and Bernstein, 2021; Ingvardsen and Brinch-
Pedersen, 2023).

Centuries of selection have led to a notable popula-
tion divergence between the two main genetic groups, and
genome-wide analysis of Cannabis germplasm has identi-
fied genes associated with traits differentiating hemp- from
drug-type chemovars (Ren et al., 2021). Genes encoding
strigolactone and brassinosteriod signalling components that
suppress branching, as well as cellulose and lignin biosyn-
thetic genes for fibre production have undergone positive

selection in hemp-types, while genes associated with flower
(JOINTLESS, SQUAMOSA PROMOTER BINDING
PROTEIN-LIKE1, EMBRYONIC FLOWERT) and root
(SCARECROW-LIKE1, ZINC FINGER PROTEINT) de-
velopment, hormone synthesis (AMINOCYCLOPROPANE
CARBOXYLASE OXIDASES5, CYTOKININ OXIDASES,
GIBBERELLIN  2-OXIDASEY9, JASMONIC  ACID
CARBOXYL METHYLTRANSFERASE), as well as nitrate
(NITRATE TRANSPORTER1.5, NRT1.8) and amino acid
transport (AMINO ACID PERMEASE1, AAP3) were prom-
inent selection targets in drug-types (Ren ef al., 2021). These
findings demonstrate that human selection has resulted in two
very distinct genetic groups within Cannabis that differ sub-
stantially in their physiology with respect to nutrient acqui-
sition, light response, and the regulation of organ growth and
development.

As with other plants, substantial variation in growth condi-
tions used for the growth of hemp- or drug-type Cannabis
with respect to light, temperature, day length, or cultivation
spaces (field, glasshouse, controlled environments) are expected
to determine genotype-specific nutrient requirements, their
optimization, and impact on yield (Backer ef al.,2019; Jin et al.,
2019). For the production of highly regulated phytoceuticals
such as cannabinoids, protected cropping systems are ideally
suited as they allow for controlled nutrient supply avoiding
heavy metals or sodium accumulation, while also allowing inte-
grated pest management and thus avoiding the introduction of
unwanted chemical residue or toxins (Stone, 2014). Phosphate
(P;) supply has positive correlations with both dry matter and
cannabinoid content (Coffman and Gentner, 1977). However,
recent studies also suggest that increased P; supply negatively
affects cannabinoid concentration while improving flower bi-
omass production (Bevan et al., 2021; Shiponi and Bernstein,
2021). Nitrogen (N) has a lesser impact on these agronomic
traits in the greenhouse (Coffman and Gentner, 1977), while
in more controlled environments increased N input led to
higher flower biomass but lower cannabinoid concentration
(Bevan et al., 2021; Saloner and Bernstein, 2021). In drug-type
Cannabis, low N shifts carbon metabolism towards amino acid
and polyamine synthesis (Song ef al., 2023) whereas in hemp-
type cultivars, it has been suggested that low N supply benefits
both fibre quality and the phenylpropanoid pathway (Landi
et al.,2019).

With CBD gaining approval from national drug agencies for
the treatment of drug-resistant seizures (Farrelly ef al., 2021),
CBD-dominant drug-types are highly sought after by certified
growers as they suit indoor cultivation due to their compact
stature and higher flower yield per square metre of growing
space. To generate drug-types with the desired cannabinoid
profiles, plant breeders have crossed CBD-dominant hemp-
type with THC-dominant drug-types, and the resulting high-
yielding feminized CBD-dominant progeny have retained
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about 90% of the genes from drug-type Cannabis (Grassa et al.,
2021). However, the gene introgression from hemp-type and
the high heterozygosity of Cannabis more generally (Barcaccia
et al., 2020) have resulted in mosaic genomes in these che-
movars with some gene compositions leading to undesirable
traits impeding reproducible product quality and quantity
(Ingvardsen and Brinch-Pedersen, 2023). To enable the use of
modern breeding techniques such as marker-assisted breeding
or genome editing, causal relationships between trait combina-
tions and underlying genes need to be established for effective
selection of desired genotypes, and these need to be evaluated
in the context of both complex genetic architecture due to the
dioecious reproduction of Cannabis and the growth environ-
ment (Ingvardsen and Brinch-Pedersen, 2023).

In this study, we compared the performance of female
plants of a CBD-dominant with a THC-dominant drug-type
Cannabis chemovar in a controlled-environment glasshouse.
Quantification of biomass and biochemical composition
(nutrients, cannabinoids, anthocyanins, chlorophyll, total pro-
tein, and starch) in eight organs (root, basal/youngest inter-
nodes, old/mature fan leaves, high/low order reduced leaves,
inflorescence) at flower maturity reveal chemovar-specific dif-
ferences in metabolite distribution and sink—source allocation
between the two Cannabis chemovars. These traits were cor-
related to gene expression patterns determined by RINA-seq
analyses using weighted gene co-expression network analysis
(WGCNA).The results uncover the potential consequences of
hemp trait introgression into drug-type Cannabis and identify
gene targets that determine desirable traits with potential for
improving the growth performance of Cannabis chemovars.

Materials and methods

Plant material and growth conditions

Two drug-type Cannabis sativa L. chemovars with contrasting cannabi-
noid profiles were selected for this study: the CBD-dominant chemovar
‘Cannatonic’, which is assumed to be a hybrid derived from a cross be-
tween ‘MK Ultra’ and ‘G13 Haze’, and the THC-dominant chemovar
‘Northern Lights’, which is labelled as a hybrid of landraces ‘Afghani’ and
“Thai’ (Rahn et al., 2016).

Clonal material was derived from nodal cuttings of mother plants.
The bases of cuttings were dipped into auxin-enriched gel (Purple
Clonex Rooting Hormone Gel, Yates). Cuttings were then transferred
into moist propagation cubes (EasyPlug, Goirle, Netherlands) in trays
with humidity lids and grown in a controlled environment growth
room with 18 h light, a light intensity of 200 pmol m ™2 s™!, tempera-
tures of 24 °C (day) and 21 °C (night), and 55% relative humidity.
After 2 weeks, rooted cuttings were transferred to 500 ml rectangular
pots containing a coconut coir—perlite blend (70:30 (v/v), Nutrifield,
Sunshine West, VIC, Australia). Clones were grown in a climate-
controlled glasshouse [18 h light, with an average light intensity of 216
pmol m 25”7, temperatures of 28 °C (day) and 22 °C (night), and 55%
relative humidity]. Pots were watered daily as required and fertilized
every third day with vegetative nutrient mix (1.25 ml each of GP3
Grow, GP3 Micro, and 1.0 ml of GP3 Bloom stock solutions per litre of’
water, EC 1.2, pH 6.0, Green Planet Nutrients/EasyGrow, Epping,VIC,
Australia). After 2 weeks, established plants were transterred to 2.5 litre

spiral pots (Garden City Plastics, Dandenong South, Australia) with the
same substrate. Two weeks later plants were transferred to a flowering
compartment [12 h light, with an average light intensity of 216 pmol
m %5, temperatures of 30 °C (day) and 25 °C (night), and 55% relative
humidity]. Nutrient mixes were changed to transition bloom (0.75 ml
each of GP3 Grow, GP3 Micro and GP3 Bloom stock solutions per
litre of water, EC 1.6, pH 6.0, Green Planet Nutrients/EasyGrow) for
1 week, then early bloom for 4 weeks (0.25 ml of GP3 Grow, 1.0 ml
of GP3 Micro, and 1.5 ml of GP3 Bloom stock solutions per litre of
water, EC 1.8, pH 6.0, Green Planet Nutrients/EasyGrow), and late
bloom (1.0 ml of GP3 Micro and 2.0 ml of GP3 Bloom stock solutions
per litre of water, EC 1.8, pH 6.0, Green Planet Nutrients/EasyGrow)
for another 4 weeks. Twenty-four hours prior to harvest, plants were
flushed with water (pH 6.0).

Plant material harvest and processing

At full female flower maturity (brown curly stigmas and swollen carpels;
Punja and Holmes, 2020), three representative clones of each chemovar
were selected for full destructive harvest. Each plant was separated into fe-
male flower (FF), higher order reduced (or so-called ‘sugar’) leaves (RL1),
lower (second to fourth) order reduced leaves (RL2), youngest and oldest
fully expanded fan leaf pair (YL/OL), youngest and oldest stem inter-
nodes (YS/OS), and lateral roots (LR) (Spitzer-Rimon et al., 2019). For
root harvest, root balls were carefully removed from pots and loose sub-
strate removed. Roots were then placed on a large plastic mesh and the
growth substrate was washed away. Roots were dried between paper tow-
els. Samples of harvested organs were patted dry, wrapped in aluminium
foil, snap-frozen in liquid nitrogen, and stored at —80 °C.

Frozen samples were transferred into 15 ml polycarbonate vials
with silicone lined caps (OPS Diagnostics, Lebanon, NJ, USA). Prior
to transfer, stems were broken down between sheets of aluminium foil
under liquid nitrogen using a hammer. One 1 cm diameter metal ball was
added to each vial, and frozen samples were ground in a Geno/Grinder
automated tissue homogenizer (SPEX SamplePrep, Metuchen, NJ, USA)
for 2 X 30 s at 1000 rpm. Ground samples were transferred into 50 ml
tubes, snap-frozen in liquid nitrogen, and stored at —80 °C.

Biochemical analyses

One aliquot (50-70 mg) of the ground bulk sample was extracted with
10 volumes of 1% (v/v) acetic acid at 4 °C in the dark. Fresh extracts
were used to determine anthocyanin concentration using the pH dif-
ferential method (Wrolstad et al., 2005). Free phosphate was measured
using the ammonium molybdate assay described earlier (Jost ef al., 2015).
Sulfate ions were quantified from the same extract measuring turbidity
after barium chloride precipitation (Coutinho, 1996).

Another tissue aliquot was extracted with 10 volumes at 80 °C in
ultra-pure water for 20 min, with supernatant from a 10 min centrifuga-
tion at 11 000 g at 4 °C used for colorimetric assays to determine nitrate
(Hachiya and Okamoto, 2017) and ammonium (Vega-Mas et al., 2015).

Chlorophyll, protein, and starch were determined successively from a
third tissue aliquot. First, chlorophyll was determined in the supernatant
after a 30 min extraction in 10 volumes of 80% (v/v) ethanol in 10 mM
MES buffer pH 5.9 at 70 °C and a 10 min centrifugation at 11 000 g
at 4 °C (Lichtenthaler, 1987). Subsequently, protein was determined in
the supernatant at 595 nm using Coomassie Plus Protein Assay Reagent
(Thermo Fisher Scientific, Scoresby,VIC, Australia) resulting from 30 min
resuspension of the leftover pellet in 0.1 M NaOH at 80 °C and centrif-
ugation as above. The remaining pellet was neutralized in 0.5 M HCl in
0.1 M sodium acetate buffer pH 4.9, and the suspension used for O/N
starch hydrolysis at 37 °C. Starch-derived glucose was quantified in a
coupled enzymatic assay using the NADH released by ATP-dependent
hexokinase as described (Cross et al., 2006).
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Elemental composition was quantified using inductively coupled
plasma mass spectrometry (ICP-MS) of another aliquot following
aqua regia-based acid digest of 10 mg dried sample for 3 h at 70 °C as
described (Yi et al.,2021).

Total carbon and nitrogen were determined in 2 mg of dried sample
upon 1000 °C combustion followed by chemiluminescence analysis of
nitrous oxide in a 2400 Series II CHNS/O Analyser (Perkin Elmer, Glen
Waverley, VIC, Australia). For both elemental composition and C/N
analyses, NIST1573A tomato leaf (Sigma-Aldrich) was used as reference
material.

Cannabinoids were determined from 10 mg of fresh-frozen sample
after extraction in 1 ml HPLC-grade methanol spiked with 0.5 ppm
triple-deuterated cannabidiol-D3 (Cerilliant) as internal standard.
Following incubation in a ThermoMixer (Eppendorf, Macquarie
Park, NSW, Australia) at 25 °C and 1800 rpm for 20 min, samples
were centrifuged for 15 min at 10 800 ¢, at room temperature.
Supernatants were filtered through a 0.2 pm Titan3 polytetrafluor-
octhylene filter (Thermo Fisher Scientific) and diluted 1:200 in
methanol. Reference standards of cannabidiolic acid (CBDA), CBD,
A°-tetrahydrocannabinolic acid A (THCA), and THC (Cerilliant,
Round Rock, TX, USA) ranged in concentration from 0.001 to
10 ppm. Diluted and undiluted samples and standards were run on
a Vanquish Flex UHPLC system (Thermo Fisher Scientific) with
a photodiode array detector coupled to an Orbitrap ID-X Tribrid
high resolution mass spectrometer (Thermo Fisher Scientific).
Chromatographic separation was carried out on a reverse phase C18
column as described (Lu ef al., 2023). Positive ion polarity tandem
mass spectrometry was carried out using the full scan MS and targeted
MS2 acquisition modes with the ID-X Orbitrap mass resolution set
at 60 000 and 15 000, respectively. The mass spectrometer made use of
a heated electrospray ionization probe with the electrospray voltage
set at 3.5 kV, ion transfer tube temperature at 325 °C, vaporize tem-
perature at 350 °C, and S-lens RF level at 35%, as described (Welling
et al., 2021). Xcalibur (v4.6) software (Thermo Fisher Scientific) was
used for data acquisition. All peak areas were normalized against the
internal standard. To avoid peak saturation, the acid form of CBD
was quantified using the 1:200 dilutions of all organs of the CBD-
dominant chemovar—apart from old stem and fine roots. For both
chemovars, 1:200 dilutions of all organs apart from old stem and fine
roots were used to quantify acid forms of THC. For neutral canna-
binoids, undiluted samples were used to determine peak areas. The
slope of the linear range of each standard curve was used to calculate
cannabinoid concentration in umol g ' fresh weight (FW).

RNA-seq analyses

Total RNA was extracted from three biological replicates using the
Spectrum Plant Total RNA kit (Sigma-Aldrich) according to the manu-
facturer’s protocol. Removal of genomic DNA was performed with an
On-Column DNase I (Sigma-Aldrich) digestion kit prior to RINA elu-
tion. RNA-seq libraries were generated with a TruSeq Stranded mRINA
Library Prep Kit and sequenced on a NextSeq500 instrument (both
[lumina) as 84 bp reads with an average quality score (Q30) of above
95% and an average of 25.3 million reads per sample. Quality control
was performed using FastQC software (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/). Transcript abundances as transcripts
per million (TPM) and estimated counts were quantified and summed
to the gene level by pseudo-aligning reads against a k-mer index built
from the transcript models for the Cannabis sativa CS10 reference ge-
nome (Grassa ef al., 2021) downloaded from the Ensembl Plants database
(https://plants.ensembl.org/Cannabis_sativa_female) using the kallisto
program with 100 bootstraps (Bray et al.,2016). Only genes with TPM>1
in at least one of the organs in each chemovar were retained for further
analysis.

Bioinformatic analyses

In addition to the CS10 genome annotation, transcripts were also func-
tionally categorized and annotated using the Mercator pipeline (Schwacke
et al., 2019). The WGCNA and associated analyses were performed with
log transtormed TPM values and the corresponding software package
for the R programming environment (Langfelder and Horvath, 2008),
using a soft thresholding power of 12, a signed-hybrid network type,
and Pearson’s correlation together with an automatic module detection
and dynamic tree-cutting algorithm. Gene ontology (GO) term enrich-
ment analyses were performed using the GO annotation of the CS10
genome assembly (GCA_900626175.2) downloaded from NCBI with
the clusterProfiler tool using the simplify function with the ‘Rel” op-
tion to remove redundancy (Wu et al., 2021). For sequence compari-
sons, Cannabis protein sequences were obtained for the CS10 genome
assembly (https://plants.ensembl.org/Cannabis_sativa_female) and used
for BLAST searches against Arabidopsis proteins annotated in TAIR
(https:/ /www.Arabidopsis.org/). BLAST hits with a cut-off of E<10™"
were retained for sequence alignments using the Clustal Omega algo-
rithm (Sievers et al.,2011). Subsequent tree reconstruction was performed
using the UPGMA method in the Geneious Prime (version 2020.2.5)
software (https://www.geneious.com/). Overlaps in gene lists were anal-
ysed and visualized by UpSet plots (Conway et al., 2017). Heatmaps were
generated with the ComplexHeatmaps package in R (Z. Gu et al., 2016).
For comparison of Cannabis transcription factor gene expression with
the Arabidopsis homologue(s), a Pearson correlation was calculated and
for one-to-many relationships averaged using Fisher’s z-transformation.
RNA-seq data for Arabidopsis gene expression in comparable organs
(root, stem, leaf, flower) was retrieved from a previous study (Mergner
et al.,2020).

Statistical analyses

The statistical analyses were performed using the R software environ-
ment (https://www.r-project.org/) by two-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test as indicated.

Results

Differences in cannabinoid concentration, growth habit,
and flower yield between a tetrahydrocannabinol- and
a cannabidiol-dominant chemovar

To investigate how the introgression of hemp traits into the
genetic background of a high-performing drug-type chem-
ovar to achieve high CBD vyield affects growth performance
and nutrient use, we analysed two contrasting chemovars
with suitable pedigree: one THC-dominant and one CBD-
dominant drug-type Cannabis hybrid (from now on referred
to as THC- and CBD-dominant chemovars, respectively; see
‘Material and methods’ for details). Analyses were conducted
on eight organs of each chemovar at flower maturity: lateral
roots (LR), the oldest and youngest stem internodes (OS,YS);
the oldest and youngest fully expanded fan leaf pair (OL,YL),
lower (second to fourth) order reduced leaves (RL2), higher
order reduced (‘sugar’) leaves (RL1), and the female flower
(FF). As expected, THC and CBD concentrations determined
across organs of the two chemovars differed markedly. Floral
organs of the CBD-dominant chemovar contained an average
51 + 7 pumol total CBD g~' FW (Fig. 1A). This corresponds
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Fig. 1. Difference in flower biomass and cannabinoid profile between the two chemovars. Shown are total tetrahydrocannabinol (THC) and cannabidiol
(CBD) concentrations (A) and fresh and dry weights (B) for the indicated organs of the two chemovars at destructive harvest. Values are means +SE of
three plants per genotype as well as individual data points. Asterisks indicate statistically significant differences between organs across chemovars (two-
way ANOVA, Tukey post-hoc test; *P<0.05, **P<0.01, ***P<0.001). Abbreviations in (A): FF, female flower; LR, lateral roots; OL, YL; oldest and youngest
fully expanded fan leaf pair; OS, YS; oldest and youngest stem internodes; RL1, higher order reduced (‘sugar’) leaves; RL2, lower (second to fourth)
order reduced leaves. Abbreviations in (B): I, inflorescence; L, leaves; R, root; S, stem.

to 9 = 2% total CBD of flower dry weight (DW), with 98.7%
present in its acid (CBDA) form. Its flowers also contained
some THC (3.4 + 0.4 umol total THC g~' FW). Flowers of
the THC-dominant chemovar had an average of 59 + 10 pmol
total THC g{1 FW, which corresponds to 9 * 1% of flower
DW, with 99.9% present in its acid form (THCA). Its flowers
contained only trace amounts of total CBD (0.15 £+ 0.02 pmol
g ' FW). Across chemovars, reduced leaves had similar (CBD-
dominant chemovar) or higher (THC-dominant chemovar)
total cannabinoid concentration than the female flowers.

At final harvest when flowers had reached maturity, the
overall stature of the plants differed significantly, with the
THC-dominant chemovar being compact and erect with less
than 45° branching angles, while the CBD-dominant che-
movar had a weeping habit with greater than 70° branch-
ing angles (Supplementary Fig. S1A). Average plant height
was 55 £ 2 cm for the THC and 63 = 1 cm for the CBD-
dominant chemovar. The THC-dominant chemovar pro-
duced 8.3 £ 0.2 branches, and the CBD-dominant chemovar
11.8 £ 0.2. Racemose inflorescences were densely or loosely
stacked in the THC-dominant and CBD-dominant chemovar,

respectively (Supplementary Fig. S1B). Mature fan leaves of the
former were dark green, while those of the latter turned yellow
and purple, indicating early senescence presumably as a conse-
quence of nutrient stress (Supplementary Fig. S1C). The root
system featured more fine roots in the THC-dominant chem-
ovar, while the root structure in the CBD-dominant chemovar
was poorly developed (Supplementary Fig. S1D). Importantly,
biomass data revealed that the CBD-dominant chemovar was
sink-limited as it produced significantly higher leaf fresh and
dry matter, while the flower yield was 2-fold lower than in the
THC-dominant chemovar (Fig. 1B).

Given similar total cannabinoid concentrations in floral
organs of the two chemovars (Fig. 1A), differences in the
overall yield between them are due to the 2-fold difference in
flower biomass (Fig. 1B).

Primary metabolite profiles highlight differences in
resource allocation among chemovars

We next analysed biochemical compounds typically associated
with contrasting growth characteristics and biomass. Pigment
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analysis confirmed the visual differences in fan leaf colour
(Supplementary Fig. S1C), with an average 34% higher chlo-
rophyll content in the fan leaves of the THC-dominant chem-
ovar (Fig. 2).Young fully expanded and older fan leaves of the
CBD-dominant chemovar had high anthocyanin levels, while
there was none detected in those of the THC-dominant che-
movar (Fig. 2). The anthocyanin accumulation in young leaves
was accompanied by 2-fold higher starch levels indicating met-
abolic restrictions in carbon assimilation due to nutrient stress
(Fig. 2) (Jezek et al., 2023). Protein content was on average
46% higher in young and old fan leaves of the THC-dominant
chemovar, again supporting its superior performance com-
pared with the sink-limited CBD-dominant chemovar (Fig. 2)
(Sulpice et al., 2010).

Sink organs of the CBD-dominant chemovar
hyperaccumulate phosphate, which restricts nutrient
assimilation

Given the sink limitation of the CBD-dominant chemovar,
that is, higher resource investment into leaves and less into
flowers when compared with the THC-dominant chemovar,
we looked closely at assimilation of the macronutrients ni-
trogen (N) and phosphorus (P), as well as total carbon (C)
content. Apart from significant differences in starch accumu-
lation in young leaves (Figs 2, 3A), overall carbon status was

THC-dominant chemovar

similar between chemovars. The 26% higher total carbon in
stems of the THC-dominant chemovar may either indicate
higher transient storage in stems to support reproductive
structures or investment into root growth (Fig. 3A) (Smith
and Stitt, 2007). N assimilation was highly comparable be-
tween chemovars, with floral organs containing the highest
fraction of organic N with an average 540 + 24 umol g~
FW in the THC- and 696 *+ 42 umol g ' FW in the CBD-
dominant chemovar (Fig. 3B). Free nitrate levels were 7 and
5% of the total N fraction, respectively. The only statistically
significant differences between chemovars were higher ni-
trate levels in stems of the THC-dominant chemovar, and a
52% decrease in the organic N fraction of young leaves of
the CBD-dominant chemovar. These hint at reduced xylem
loading of nitrate, and reduced N assimilation in source leaves
of the CBD-dominant chemovar (Y-Y. Wang ef al., 2018). By
contrast, phosphorus allocation profiles differed greatly be-
tween the two chemovars (Fig. 3C). Apart from roots, all sink
organs (i.e. young stems, young fan leaves, and floral organs) of
the CBD-dominant chemovar hyperaccumulated phosphate
(66 * 4 umol g~' FW) compared with 33 + 2 ymol g~' FW
of phosphate in sink organs of the THC-dominant chem-
ovar, which is much more in the expected range for growing
organs (Cuyas ef al., 2023). At the same time, the organic P
fraction of young leaves and floral organs was greatly reduced
in the CBD- compared with the THC-dominant chemovar.

CBD-dominant chemovar
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Fig. 2. Source leaves differ in key primary metabolite and anthocyanin concentrations. Concentrations of key metabolites chlorophyll, anthocyanins,
starch, and protein were determined across organs at final destructive harvest for the two chemovars. Values are means +SE of three plants. Asterisks
indicate statistically significant differences between organs and the indicated P-value between chemovars overall (two-way ANOVA, Tukey post-hoc test;
*P<0.05, **P<0.01, ***P<0.001). Abbreviations: CBD, cannabidiol; FF, female flower; LR, lateral roots; OL, YL; oldest and youngest fully expanded fan
leaf pair; OS, YS; oldest and youngest stem internodes; RL1, higher order reduced (‘sugar’) leaves; RL2, lower (second to fourth) order reduced leaves;

THC, tetrahydrocannabinol.
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Fig. 3. Fractionation of carbon, nitrogen, phosphorus, and concentration of sulfate across organs of the two chemovars. Concentrations of total carbon
(A; starch, non-starch), organic and inorganic pools of nitrogen (B; nitrate, organic N) and phosphorus (C; phosphate, organic phosphorus) as well as
sulfate (D) across organs at final destructive harvest for the two chemovars. Colours represent the two chemovars (orange, blue) and colour shades
(dark, light) the different pools. Given are means +SE of three plants per genotype. Asterisks indicate statistically significant differences between organs
(two-way ANOVA, Tukey post-hoc test; *P<0.05, **P<0.01, ***P<0.001). Abbreviations: CBD, cannabidiol; FF, female flower; LR, lateral roots; OL, YL;
oldest and youngest fully expanded fan leaf pair; OS, YS; oldest and youngest stem internodes; RL1, higher order reduced (‘sugar’) leaves; RL2, lower

(second to fourth) order reduced leaves; THC, tetrahydrocannabinol.

Organic P fractions in lateral roots (21-fold higher) and stems
(1.6-fold higher in old stems and more than 50-fold higher
in young stems), however, were much larger in the CBD-
than the THC-dominant chemovar. This suggests a lack of
suppression of phosphate acquisition and translocation in the
CBD-dominant chemovar under P-replete conditions, and
subsequent localized assimilation of phosphate into the or-
ganic P fraction by roots and stem tissues due to exhausted
storage capacity for free phosphate in sink organ vacuoles
(Shane et al., 2004a; Takagi et al., 2020). Free sulfate levels
across organs of both chemovars—apart from flowers—were
below a healthy leaf concentration range of 10-30 pmol g~
FW, which suggest plants were S-limited (Fig. 3D) (Blake-
Kalff et al., 2000). Surprisingly, the THC-dominant chemovar
accumulated very high sulfate levels in young stems—which
could provide local protection against fungal pathogens
(Williams et al., 2002).

Phosphate hyperaccumulation impairs calcium and
potassium homeostasis in source leaves

To investigate the effect of unrestricted phosphate acquisition
and translocation in the CBD-dominant chemovar further,
the elemental composition of all plant organs was determined
across the two contrasting genotypes (Fig. 4). While magne-
sium, iron, and manganese concentrations were similar be-
tween leaves of the two chemovars, concentrations of calcium,
potassium, and to a lesser degree zinc were reduced by 61%,
57%, and 36%, respectively, in young fully expanded fan leaves
of the CBD-dominant chemovar (Fig. 4). These reductions
could be a consequence of storage incompatibility between
calcium and phosphate with phosphate hyperaccumulation in
the CBD-dominant chemovar lowering the calcium concen-
tration in the leat mesophyll (Hayes ef al.,2019). In young stems
of the latter, magnesium and iron concentrations were 2- and
3-fold higher, respectively, than those in the THC-dominant
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Fig. 4. Profiles of macro- and microelements across organs of the chemovars. Organ concentrations of cations calcium (Ca), iron (Fe), magnesium
(Mg), manganese (Mn), potassium (K), and zinc (Zn) in the two chemovars were determined at final destructive harvest. Values are means +SE of
three plants per genotype. Asterisks indicate statistically significant differences between organs (two-way ANOVA, Tukey post-hoc test; *P<0.05,
**P<0.01, **P<0.001). Abbreviations: CBD, cannabidiol; FF, female flower; LR, lateral roots; OL, YL; oldest and youngest fully expanded fan leaf pair;
0OS, YS; oldest and youngest stem internodes; RL1, higher order reduced (‘sugar’) leaves; RL2, lower (second to fourth) order reduced leaves; THC,

tetrahydrocannabinol.

chemovar, which could be an early indication of reduced al-
location to sink organs because of lower potassium levels and
phosphate hyperaccumulation (Sanchez-Rodriguez et al.,
2014;Wu et al., 2019).

RNA-seq analyses identifies patterns of gene
co-expression in the two chemovars

To better understand their physiological and morphological
differences, we performed RINA-seq analysis across organs of
the two Cannabis chemovars. The number of detectable genes
(TPM>1 in at least one organ per chemovar) across organs and
chemovars was similar (Fig. 5A), ranging from 14 872 (OL,
THC-dominant chemovar) to 17 256 (RL1, CBD-dominant
chemovar) and was generally lowest in leaves (OL,YL, RL2),
likely because of their primary photosynthetic function. Of
20 625 genes detected in at least one organ of one chemovar
across all samples, 12 609 genes were commonly expressed
in all organs of both chemovars (Supplementary Table S1). A
principal component analysis separated the samples by organ
(PC1, 41%) and chemovar (PC2, 21%), with similar organ
types (leat—OL/YL/RL2, flower—RL1/FE stem—OS/YY)
clustering together (Fig. 5B).

We next performed a WGCNA (Langfelder and Horvath,
2008) on the 20 625 genes detected to identify genes with

common expression patterns and to correlate these gene clus-
ters to physiological and biochemical traits shown in Figs 1-4.
The WGCNA identified 12 modules of genes with distinct
expression patterns for the THC-dominant chemovar and 11
modules for the CBD-dominant chemovar (Fig. 6A, B, upper
panels; Supplementary Tables S1-S3). Determination of gene
significance (Langfelder and Horvath, 2008), a measure of bi-
ological significance of each gene for each quantified trait,
indicated several modules with importance for traits such as
cannabinoid concentration (yellow and green module) or pro-
tein concentration (green and blue modules) in the THC- and
CBD-dominant chemovar, respectively (Fig. 6A, B, lower pan-
els). It is important to note that while modules for both che-
movars are labelled with colours by the WGCNA algorithm,
there is no direct relationship between modules and colour
assignment. We therefore determined which modules of the
THC-dominant chemovar match those of the CBD-dominant
chemovar and the degree of shared genes within each module
by analysing module preservation (Langfelder et al.,2011). This
showed that the brown, green, blue, black, turquoise, red, and
tan modules of the THC-dominant chemovar were strongly
preserved (z summary statistics >10) in the CBD-dominant
chemovar with median rank statistic confirming this (Fig.
6C). Correspondingly, these modules also shared the highest
number of genes, with the most genes common between the
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Fig. 5. Gene expression profiles distinguish organs and chemovars. (A) Number of genes detected by RNA-seq in each of the two chemovar organs.

A cut-off of TPM>1 in at least one of the organs for each chemovar was used. (B) Principal component analysis of RNA-seq data. Abbreviations: CBD,
cannabidiol; FF, female flower; LR, lateral roots; OL, YL; oldest and youngest fully expanded fan leaf pair; OS, YS; oldest and youngest stem internodes;
RL1, higher order reduced (‘sugar’) leaves; RL2, lower (second to fourth) order reduced leaves; THC, tetrahydrocannabinol; TPM, transcripts per million.

green module of the THC-dominant chemovar and the blue
module of the CBD-dominant chemovar (Fig. 6D).

The module eigengene (ME; the first principal compo-
nent for a given module) summarizes the weighted average
expression of genes in each organ across modules (Langfelder
and Horvath, 2008). This indicated that the preserved brown
modules for the THC- and CBD-dominant chemovar in-
clude root-specific genes, while the green and blue modules
of the THC- and CBD-dominant chemovar, respectively,
are preferentially expressed in photosynthetically active fan
leaves (OL,YL, RL2) (Fig. 7A, B). A correlation analysis be-
tween module eigengenes and quantified traits showed that
cannabinoid concentration had high positive correlation with
the inflorescence-specific modules of both chemovars (ma-
genta, yellow—THC-dominant chemovar; green—CBD-
dominant chemovar) as expected, while the black module of
the CBD-dominant chemovar, containing genes expressed in
non-floral organs, was negatively correlated to the CBD con-
centration. In addition, there was a strong positive correlation
between modules with high gene expression in the metaboli-
cally active fan leaves (green, tan—THC-dominant chemovar;
blue—CBD-dominant chemovar) and key compounds such as
chlorophyll, protein, and starch, and also a negative correlation
with genes representing modules of organs with low photo-
synthetic activity such as roots and stems (blue, turquoise, red,
black—THC-dominant chemovar; turquoise, yellow—CBD-
dominant chemovar).

Next, we performed a Gene Ontology (GO) term enrich-
ment analysis for all modules using only genes with a high
module membership (kME>0.9, Supplementary Tables S2,
S3). This revealed for the leaf-specific green module in the
THC-dominant chemovar and the blue module of the CBD-
dominant chemovar enrichment of GO terms related to photo-
synthesis, photorespiration, chlorophyll metabolism, and carbon
fixation (Fig. 7D; Supplementary Table S4), with underlying

genes having well-documented functions within these pro-
cesses (Supplementary Table S2). GO terms enriched for the
root-specific brown modules were related to peptide phospho-
rylation largely based on receptor-like kinases. Although many
of these are associated with defence responses, receptor kinases
also play an important role in the regulation of root develop-
ment (Ou ef al., 2021). One gene in this list encodes a homo-
logue of the Arabidopsis PHY TOSULFOKINE RECEPTOR
KINASE1 (PSKR1), which is a receptor for the growth-
regulating peptide phytosulfokine (Amano et al., 2007), sug-
gesting a similar role for this peptide in the development of the
Cannabis root.

In Cannabis, the cannabinoid-producing floral organs are of
particular interest. As would be expected, the modules contain-
ing genes with preferential expression in flowers (RL1, FF), that
is, the yellow module in the THC-dominant chemovar and
the green module of the CBD-dominant chemovar, contained
the genes encoding all enzymes of the cannabinoid biosyn-
thetic pathway (Giilck and Moeller, 2020), namely ACYL-
ACTIVATING ENZYME1, OLIVETOL SYNTHASE,
OLIVETOLIC ACID CYCLASE, CANNABIGEROLIC
ACID SYNTHASE, CANNABIDIOLIC ACID
SYNTHASE, and TETRAHYDROCANNABINOLIC
ACID SYNTHASE (Supplementary Tables S1-S3). In addi-
tion, enriched GO terms for these modules were associated
with fatty acid metabolism and cutin biosynthesis (Fig. 7D;
Supplementary Table S4). These are underpinned by expression
of genes supporting the precursor supply for cannabinoid syn-
thesis. Many of these fatty-acid-related genes are annotated as
lipoxygenases, fatty acid desaturases and CoA reductases, often
with predicted chloroplast localization, in agreement with
the proposed generation of the cannabinoid precursor hexa-
noic acid by breakdown of unsaturated fatty acids (Stout ef al.,
2012). Similarly, cutin biosynthesis-linked genes are expected
in these modules to drive cuticle formation in the prolific
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Fig. 6. Weighted gene co-expression network analysis (WGCNA) of RNA-seq data of the two chemovars. RNA-seq data of the two contrasting
chemovars were used to determine co-expressed genes across the eight analysed organs using the WGCNA package (Langfelder and Horvath, 2008).
(A, B) Gene dendrograms for obtained modules of co-expressed genes and assigned module colours for the THC- (A) and CBD-dominant (B) chemovars
are indicated in the top panels. Automatic module detection was based on a Pearson correlation, signed hybrid network, and a manual tree height cut-off
of 0.2. The heatmaps in the bottom panels indicate the gene significance (GS; based on the correlation of gene expression profiles with a sample trait;
Langfelder and Horvath, 2008) of each gene for the given traits. (C) Preservation of modules for the THC- and CBD-dominant chemovars. The top panel
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shows the median ranking for each THC-dominant chemovar module (y-axis) and module sizes (x-axis). Dotted lines delineate high (upper) and no (lower)
statistical significance of module preservation. (D) Overlaps in genes, represented by an UpSet plot, across modules of the two chemovars confirm the
module preservation shown in (C). Abbreviations: CBD, cannabidiol; THC, tetrahydrocannabinol.
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eigengenes, were correlated with quantified traits for both chemovars. Colour scale indicates the Pearson correlation coefficient and asterisks statistically
significant correlations (P<0.05). (D) Comparison of GO term enrichment for genes in the modules of the two chemovars. For the analysis, genes with a
module membership value (kME) of above 0.9 were used. Dots sizes indicate the gene ratio (ratio of module genes to all genes associated to GO term)
and colour scale the statistical significance (—log, of the false discovery rate). Abbreviations: CBD, cannabidiol; FF, female flower; LR, lateral roots; OL,
YL; oldest and youngest fully expanded fan leaf pair; OS, YS; oldest and youngest stem internodes; RL1, higher order reduced (‘sugar’) leaves; RL2,

lower (second to fourth) order reduced leaves; THC, tetrahydrocannabinol.

glandular trichomes (Livingston et al., 2021). Interestingly, for
inflorescence-specific modules of the two chemovars ‘response
to auxin’ was another enriched GO term (Fig. 7D). Associated
genes were mainly from the auxin-induced family of SMALL
AUXIN UPREGULATED RNAs (SAUR) and transcriptional
repressors of the AUXIN RESPONSE FACTOR/INDOLE-
3-ACETIC ACID INDUCIBLE (AUX/IAA) family. Genes
of both families are highly up-regulated by auxin, suggesting
increased levels of indole-3-acetic acid (IAA) in floral organs
when compared with other organs, in line with the critical role
of this hormone for floral development (Cucinotta et al.,2021).
‘Polysaccharide catabolism’ was also an enriched GO term for
the yellow module of the THC-dominant chemovar, largely
made up of genes involved in cell wall and pectin modification
(Fig. 7D; Supplementary Table S4).

In summary, gene modules determined for both chem-
ovars were highly correlated with physiological traits, and the
enriched GO terms were in agreement with organ-specific
morphological and functional differences. The analysis for
flower-specific modules of both chemovars identified genes
driving the development of abundant floral and trichome
structures as well as biosynthesis of cannabinoids and their
precursors.

Transcriptional regulators of organ development and
plant growth

WGCNA enables the identification of ‘hub genes’, which are
the most highly connected genes within modules and their
expression profile are close proxies for the entire module. To
identity possible regulators governing resource allocation and
source—sink relations between the two Cannabis chemovars,
we focused on transcription factors (TFs) with highest module
membership (kME>0.95) in the modules representing fast
growing sink organs, i.e., the highly root- and flower-specific
modules of both chemovars (brown and yellow for THC-
dominant chemovar, brown and green for the CBD-dominant
chemovar), respectively (Supplementary Table S5). Investigating
the gene list of modules allowed us to identify a number of TF
families that were significantly enriched in the corresponding
modules (Fisher’s exact test, false discovery rate <0.05; Fig.
8A). For these hub genes, sequence comparisons were per-
formed to identity their closest homologues in Arabidopsis
to allow for functional interpretation. For this, Cannabis pro-
tein sequences were searched using BLAST (cut-off E<107")
against sequences of all Arabidopsis TFs downloaded from the

Plant Transcription Factor Database (http://planttfdb.gao-lab.
org/) (Supplementary Fig. S2).

TFs encoding the ASYMMETRIC LEAVES2/LOB
DOMAIN-CONTAINING PROTEIN (AS2/LBD),
MADS-box AGAMOUS-LIKE (MADS/AGL), and the
MYB DOMAIN families were enriched for both chem-
ovars. The HELIX-LOOP-HELIX (bHLH), GROWTH-
REGULATING FACTOR (GRF), and SQUAMOSA
PROMOTER BINDING PROTEIN-LIKE (SPL) families
were statistically significantly enriched only for the THC-
dominant chemovar, while the CYS2-HIS2 ZINC FINGER
(C2H2-ZF) and the DNA-BINDING ONE ZINC FINGER
(DOF) TFs were enriched only in the CBD-dominant chem-
ovar (Fig. 8A). Organ-specific expression of the corresponding
TF-encoding genes agreed with their role as hub genes in the
root- and flower-specific modules (Figs 7A, 8B, left panels).
These expression patterns were also highly correlated with
the identified Arabidopsis homologues (Fig. 8B, middle panel;
Supplementary Fig. S2; Supplementary Table S6), further sup-
porting their functional conservation. Generally, the enriched
TF families have a role in root (AS2/LBD, bHLH, MYB, and
GRF) and flower (MADS/AGL, MYB, and SPL) develop-
ment, flowering induction/timing (AS2/LBD, DOF, MADS/
AGL, and SPL), nutrient or hormonal signalling, and the reg-
ulation of interactions between these pathways (Fig. 8B, right
panel; for specific references see Supplementary Table S6).

Due to the substantial contrast in resource allocation be-
tween chemovars, we focussed on TFs for which expression
profiles differed across sink and source organs. The Cannabis
LOC115706665 gene encodes a homologue of proteins in
the AtLBD37/38/39 clade involved in the repression of key
genes in the nitrogen assimilation pathway and also in the
N-dependent regulation of anthocyanin accumulation (Rubin
et al., 2009). It showed preferential expression in roots, stems,
and floral organs of the CBD-dominant chemovar, while it had
similar and low expression in all organs of the THC-dominant
chemovar (Fig. 8B; Supplementary Tables S1, S6). In the bHLH
family, expression of the UPSTREAM REGULATOR OF
IRT1 (AtURI) homologue LOC115714945 in young stems
and fan leaves of the CBD-dominant chemovar could be
linked to its higher iron concentration in stems compared with
those of the THC-dominant chemovar (Fig. 4) (Kobayashi and
Nishizawa, 2012). For C2H2-ZF family genes with preferen-
tial expression in the roots of both chemovars, the expression
domain of seven members extends into stems of the THC-
dominant chemovar. These genes encode proteins homologous
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Fig. 8. Analysis of genes encoding transcription factors among hub genes identified by weighted gene co-expression network analysis (WGCNA).
Transcription factors (TFs) among the hub genes of the flower and root specific modules were defined with a cut-off KME >0.95 for further analysis

for TF family enrichment and expression. (A) Bubble plot indicating the enrichment of hub genes in TF families. Only TF families with more than 10
members detected by RNA-seq were included in the analysis. Colour scale specifies statistical significance of enrichment (Fisher’s exact test, false
discovery rate (FDR) <0.05) and dot size the gene ratio (number of TFs in hub gene list to total number of family members in Cannabis genome). (B)
Heatmaps representing expression of TF hub genes in enriched TF families [left panels; colour scale indicates the z-score of the log,(TPM+1) across
organs of each chemovar], the correlation of Cannabis and Arabidopsis homologue expression [middle panel; colour scale indicates the Pearson’s
correlation coefficient (PCC) for homologue expression; grey colour: no Arabidopsis data available; Arabidopsis data for root, stem, leaf and flower
taken from Mergner et al. (2020)], and function of Arabidopsis homologues [right panel, dark grey boxes indicate genes with a documented function

in this category [i.e. root or flower development, flowering time/induction, other development (trichome, cell differentiation)], nutrient metabolism or
hormonal signalling; see Supplementary Table S6 for references]. Cannabis genes and their Arabidopsis homologues discussed in the main text are
indicated. General abbreviations: CBD, cannabidiol; FF, female flower; LR, lateral roots; OL, YL; oldest and youngest fully expanded fan leaf pair;

OS, YS; oldest and youngest stem internodes; RL1, higher order reduced (‘sugar’) leaves; RL2, lower (second to fourth) order reduced leaves; THC,
tetrahydrocannabinol; TPM, transcripts per million. Abbreviations for transcription factor families: AP2, APETALA 2; ARF, AUXIN RESPONSE FACTOR;
AS2/LBD, ASYMMETRIC LEAVES 2/LOB DOMAIN; BBX-CO, B-BOX DOMAIN-CONSTANS; BEL, BELL Homeodomain; BET/GTE, BET1P/SFT1P-LIKE
GLOBAL TRANSCRIPTION FACTOR GROUP E; bHLH, basic HELIX-LOOP-HELIX; bZIP, basic leucine-zipper; C2H2-ZF, C2H2-like zinc finger; C3H-ZF,
Cys3-His zinc finger domain; DOF, DNA binding with one finger; DREB, dehydration-responsive element-binding protein; ERF ethylene response
factor; FAR1, FAR-RED IMPAIRED RESPONSE 1; GARP, GOLDEN2, ARR-B, Psr1-domain; GATA, GATA motif factor; GRAS, GRAS domain; GRF,
GROWTH-REGULATING FACTOR; HD-ZIP, homeodomain leucine zipper; HSF, Heat stress factor; MADS/AGL, MADS-box/AGAMOUS-LIKE; mTERF,
Mitochondrial Transcription Termination Factor; MYB, MYB domain; MYB-related, MYB domain-related; NAC, NAM/ATAF/CUC transcription factors;
NF-YB, Nuclear Factor YB; OFP, ovate family protein; PHD, PHD finger-containing; SPL, SQUAMOSA promoter binding-like; TCP, teosinte branched1/
CYCLOIDEA/PROLIFERATING CELL; TIFY, TIFY motif; Trihelix, trihelix structure; WKRY, WRKY domain.
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to Arabidopsis TFs involved in hormone-dependent repression
of plant growth (LOC115703078, AtZF3; LOC115696980,
AtBRON) (Fig. 8B; Supplementary Fig. S2; Supplementary
Table S6) (Clark et al., 2021; Zhang et al., 2021). They might
therefore control developmental processes contributing to the
more compact growth habit of the THC-dominant chem-
ovar. Contrastingly, the expression of DOF TFs encoded by
a set of Cannabis genes (LOC115704700, LOC115704742,
LOC115718555, LOC115715591, LOC115721898,
LOC115718400, LOC115697354) was higher in stems of the
CBD- than those of the THC-dominant chemovar (Fig. 8B;
Supplementary Fig. S2). Stronger vegetative growth of the
CBD-dominant chemovar could be associated with the auxin-
modulated function of these genes (Zou and Sun, 2023).

The CBD-dominant chemovar features a less densely
stacked inflorescence than the THC-dominant chem-
ovar (Supplementary Fig. S1). Four Cannabis MYB genes
(LOC115712024, LOC115711635, LOC115706130,
LOC115704480) were more strongly expressed in floral organs
of the CBD-dominant chemovar whilst being highly expressed
in roots of both chemovars. These genes are homologous to
a subgroup of Arabidopsis MYB TFs [AtMYB37/38/87; the
former two are also termed REGULATOR OF AXILLARY
MERISTEMS1 (RAX1) and RAX2] involved in the regula-
tion of axillary meristem formation (Fig. 8B; Supplementary
Fig. S2; Supplementary Table S6). They control the formation
of new meristems, which has a major impact on plant architec-
ture (Keller et al., 2006; Miiller et al., 2006). LOC115698585
and LOC115712163 had about 10-fold higher expression
in leaves of the CBD- than the THC-dominant chemovar
(Supplementary Table S1). These genes are homologues of
AtMYB30 and ATMYB11/12/111, respectively. The former
is a negative regulator of photomorphogenesis by promoting
the accumulation of PHYTOCHROME-INTERACTING
FACTORS4 (PIF4) and PIF5 (Yan et al., 2020). These two
PIFs have also been implicated in light-stimulated activa-
tion of phosphate acquisition in some Arabidopsis accessions
(Sakuraba et al., 2018). ATMYB11/12/111 control the pri-
mary steps of the flavonoid biosynthetic pathway (Stracke
et al., 2007), which then branches into anthocyanidin and fla-
vanol synthesis. Therefore, the higher expression of these two
Cannabis MYB TFs in leaves of the CBD-dominant chemovar
might be related to the accumulation of phosphate and antho-
cyanins (Fig. 2). The SQUAMOSA PROMOTER BINDING
PROTEIN-LIKE (SPL) family of TFs was enriched among
the hub genes of the yellow module for the THC-dominant
chemovar only (Fig. 8A). Their 3- to 4-fold higher expression
in flowers of the THC-dominant chemovar is likely associated
with its complex floral architecture, that is, a highly branched
and compact inflorescence, and with higher overall flower bio-
mass (Fig. 8B; Supplementary Tables S1, S6) (Xing et al., 2013;
Jung et al., 2016; Chao et al.,2017; Hyun et al., 2017).

In summary, exploration of hub genes defined by our
WGCNA identified sets of genes encoding TF families as

possible integrators of flowering, developmental transitions,
and nutrient homeostasis. Their organ-specific, differential ex-
pression might control the expression of downstream pathways
leading to the observed physiological and morphological dif-
ferences in the two analysed chemovars.

Genes involved in nitrogen and phosphorus
acquisition, allocation, and homeostasis

To gain deeper insight into the observed chemovar-specific
differences in nutrient status, we analysed the expression of
genes involved in the uptake, organ distribution, and signalling
of macronutrients nitrogen and phosphorus, which showed
the most prominent organ-specific variation in the two chem-
ovars. In Cannabis, both pathways are largely uncharacterized
on a molecular or gene level and correspondingly their an-
notation is limited. Therefore, we first identified all Cannabis
homologues of the well-characterized and conserved genes in-
volved in these pathways by sequence homology (BLAST cut-
off E<10™") to Arabidopsis genes and further expert curation
(Wang et al., 2021; Paz-Ares et al., 2022). For the expression
analysis, only genes with an expression of at least 10 TPM in
one organ were included to restrict the analysis to only the
major isoforms present (Fig. 9; Supplementary Tables S7, S8).

Nitrogen

Across the two chemovars there were only minor differ-
ences in the expression of genes homologous to those in-
volved in the sensing of the nitrogen status in Arabidopsis (Fig.
9A; Supplementary Table S7) (Y-Y. Wang et al., 2018). This
matches their overall similar nitrate and organic N profiles
shown in Fig. 3B and indicates sufficient N-supply to these
Cannabis plants. Indeed, genes of the high-affinity NITRATE
TRANSPORTER?2 (NRT?2) family, which are strongly in-
duced by nitrate starvation, were only very lowly expressed
(TPM<2) (Supplementary Table S1). Homologues of the
MADS-box transcription factor ANR1 were only expressed
in the roots of both chemovars, with one homologue also
detected in the stem of the CBD-dominant chemovar (Fig.
9A; Supplementary Table S7; Supplementary Fig. S3). This
agrees with its function in Arabidopsis to promote lateral root
formation under external nitrate supply and suggests a similar
function for ANRT1 in the regulation of nitrate-dependent root
development in Cannabis.

The main difference between the chemovars was the expres-
sion of genes belonging to the NITRATE TRANSPORTER
1 (NRT1)/PEPTIDE TRANSPORTER (PTR) (NPF) family.
For our analysis we included only Cannabis homologues
with the highest sequence similarity to NPFs with known
specificity for nitrate in Arabidopsis (Y-Y. Wang et al., 2018)
(Supplementary Fig. S3). These genes showed complex ex-
pression patterns across organs of both chemovars, indicat-
ing an intricate regulation of nitrate uptake and distribution
throughout the plant (Fig. 9A; Supplementary Table S7).
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Fig. 9. Expression of nitrogen and phosphate homeostasis-related genes across organs of the two chemovars. Shown is the expression of genes
involved in the sensing, uptake, distribution, and assimilation of nitrate/ammonium (A) and phosphate (B). Scale of the heatmaps indicates the
log,(TPM+1) values determined by RNA-seq (see Supplementary Tables S7, S8 for details). Cannabis genes and their Arabidopsis homologues
discussed in the main text are indicated. Genes highlighted in blue have been under selection during Cannabis domestication (Ren et al., 2021). General
abbreviations: CBD, cannabidiol; FF, female flower; LR, lateral roots; OL, YL; oldest and youngest fully expanded fan leaf pair; OS, YS; oldest and
youngest stem internodes; RL1, higher order reduced (‘sugar’) leaves; RL2, lower (second to fourth) order reduced leaves; THC, tetrahydrocannabinol;
TPM, transcripts per million. Gene abbreviations in (A) (in figure order): ANR7, ARABIDOPSIS NITRATE REGULATED 1; CEPR, CEP-peptide receptor;
CPK, calcium-dependent protein kinase; CIPK, CBL-interacting serine/threonine-protein kinase; NPF, nitrate and peptide transporter family; NRT3,
nitrate transporter 3; NIA, nitrate reductase; NIR, nitrite reductase; AMT, ammonium transporter; GLN, glutamine synthetase; GLU, glutamate synthase;
GDH, glutamate dehydrogenase; ASP, aspartate aminotransferase; NRG2, NITRATE REGULATORY GENE2; NLF, NIN-LIKE PROTEIN; NIGT, NITRATE-
INDUCIBLE, GARP-TYPE TRANSCRIPTIONAL REPRESSOR. Gene abbreviations in (B) (in figure order): PHR1, PHOSPHATE STARVATION RESPONSE
1; NLA, Nitrogen Limitation Adaptation; PHO2, PHOSPHATE 2; SPX, SPX DOMAIN GENE; PHO1, PHOSPHATE 1; PHT, Phosphate transporter; VPE,

vacuolar phosphate efflux.

Out of 18 genes, three (LOC115716024, LOC115709842,
LOC115700848) showed higher expression in the stems of
the THC- over the CBD-dominant chemovar suggesting a
role in long-distance nitrate transport. Our sequence anal-
ysis indicated that LOC115709842 is a homologue of the
Arabidopsis NPF2.9/NRT1.9, NPF2.10, and NPF2.11 clade
(Supplementary Fig. S3). Its higher expression in the stems of
the THC-dominant chemovar might explain higher stem ni-
trate concentration, which could fuel N assimilation in young
fan leaves (Wang and Tsay, 2011; Nour-Eldin et al., 2012)
(Figs 3B, 9A). LOC115710913, a homologue of Arabidopsis
AtNPF7.3/NRT1.5 involved in root to shoot transport of

nitrate (Lin ef al., 2008), showed about 7-fold higher ex-
pression in roots, but 3-fold lower expression in flowers of
the THC- over the CBD-dominant chemovar. Similarly, the
LOC11571311 gene encoding nitrate reductase (i.e. the en-
zyme of the first step in nitrate assimilation) was twice as highly
expressed in roots and stems of the THC- than the CBD-
dominant chemovar. In both chemovars, LOC115699876,
the homologue of the low-affinity Arabidopsis nitrate trans-
porter NFP4.6/NRT1.2 (Huang et al., 1999), was specifically
expressed in flowers only, but with about 10-fold higher tran-
script abundance in the THC-dominant chemovar (Fig. 9A;
Supplementary Table S7).
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Two Cannabis homologues for a key component of the ni-
trate regulatory network in Arabidopsis, bZIP TF AtNRG2
(Xu et al., 2016), were detected in the RNA-seq data. The ho-
mologue encoded by the LOC115717108 gene was expressed
in both chemovars and at similar levels across all organs of the
THC-dominant chemovar. For the CBD-dominant chemovar,
its expression was higher in the roots (LR) and stem internodes
(OS,YS) than in other organs. Interestingly, the second ho-
mologue (LOC115715863) was only expressed in the THC-
dominant chemovar and at similar levels across all organs, while
no expression was detected in the CBD-dominant chemovar.

Phosphorus

Measurements of phosphorus status indicated significant
differences in the acquisition, translocation, and assimila-
tion of P; between the two chemovars (Fig. 3C). Therefore,
we investigated the expression of genes involved in P; ho-
meostasis. Consistent with the constitutive expression of the
PHR1-LIKE gene family in Arabidopsis organs (Wang ef al.,
2022), the three homologues of the major transcriptional
regulator of the P; starvation response MYB-CC transcrip-
tion factor PHOSPHATE STARVATION RESPONSE1
(PHR1) (Rubio et al., 2001) identified by our sequence
analyses (Supplementary Fig. S3) showed no difference in
expression between the two chemovars, with only minor
organ-specific differences in expression between isoforms (Fig.
9B, Supplementary Table S8). Similarly, genes encoding ubi-
quitin E2 conjugase PHOSPHATE2 (PHO2) and E3 ligase
NITROGEN LIMITATION ADAPTATION (NLA), both
key post-translational regulators of PHR1 as well as P; trans-
porting proteins, namely membrane-localized PHOSPHATE
TRANSPORTERS (PHTs) and xylem-loading P; exporter
PHOSPHATE1 (PHOT1) in Arabidopsis (Aung et al., 2000,
Lin et al., 2013; Medici et al., 2019), showed similar expres-
sion profiles in the two chemovars (Fig. 9B; Supplementary
Fig. S3; Supplementary Table S8). Interestingly, isoform pref-
erence switched between chemovars, with NLA-encoding
LOC115695922 more highly expressed in organs of the THC-
dominant, and LOC115695831 transcripts more abundant in
organs of the CBD-dominant chemovar. The PHO2 homo-
logue showed higher expression in roots and stems than other
organs. This is consistent with the preferential expression in the
vasculature and roots observed for Arabidopsis PHOZ2 (Aung
et al.,2000).

In contrast to the above, Cannabis genes encoding proteins
with homology to the central sensors of P status in Arabidopsis
and rice, namely the inositol pyrophosphate binding phosphate
starvation response co-repressor SPX DOMAIN PROTEIN
(SPX), showed more pronounced differences in expression be-
tween the chemovars (Lv et al., 2014; Puga et al., 2014; Osorio
et al., 2019) (Fig. 9B; Supplementary Table S8). We were able
to detect three Cannabis SPX genes and named them here
according to their sequence similarity with their Arabidopsis

homologues (AtSPX1-4) as CsSPX1 (LOC115725567),

CsSPX3 (LOC115697978), and CsSPX4 (LOC115700481)
(Supplementary Fig. S3). CsSPX1 and CsSPX3 had varied ex-
pression across organs: while both were highly expressed in the
root of the THC-dominant chemovar, their transcripts accu-
mulated more strongly (by 2- to 8-fold) in fan leaves of the
CBD-dominant chemovar (Fig. 9B; Supplementary Table S3).
The differential expression of these two SPX genes might have
implications for P; acquisition and translocation between che-
movars. Higher expression in roots than other organs of the
THC-dominant chemovar could be a sign of local activation
of P; acquisition and translocation (Hani et al., 2021). Higher
expression in leaves of the CBD-dominant chemovar indicates
an activation of the phosphate starvation response in shoots to
signal higher demand for P; despite full vacuolar P; stores (Fig.
3A) (Duan et al., 2008; Wang et al., 2009).

For genes encoding proteins directly involved in the up-
take and distribution of Pj, (i.e. PHT and PHO1 transporter
families; Supplementary Fig. S2), expression patterns were
complex across chemovars and organs owing to their diverse
tissue-specific and subcellular functions (Wang et al., 2021).
Opverall, expression of the CsPHO1 genes was lowest in the
leaty organs (OL,YL, RL1), suggesting that Cannabis PHO1
proteins might have similar functions as in Arabidopsis such
as loading the xylem with P; for its translocation to aerial
parts (AtPHO1) or the integration with developmental
processes such as photoperiod-sensitive regulation of flow-
ering (AtPHO1;H4/SHB1) (Kang and Ni, 2006; Zhou and
Ni, 2009; Arpat et al., 2012; Liu et al., 2016). The expression
of genes encoding PHT1 to PHT4 transporters, which lo-
calize to various membranes within the cell (plasma mem-
brane, PHT1; plastid envelope, PHT2/4; outer mitochondrial
membrane, PHT3; M. Gu et al., 2016), and those encoding
the vacuolar P; efflux transporters (tonoplast, PHT5/SPX-
MES and VPTs; Liu ef al., 2016; Xu et al., 2019) was largely
very similar in the two chemovars with some organ-specific
expression (Fig. 9B; Supplementary Fig. S3; Supplementary
Table S8). For example, two CsPHT1 genes (LOC115721895,
LOC115721968) were root-specific, while the other
CsPHT1 gene (LOC115721935) was only expressed in the
leaf and floral organs, indicating specific functions of PHT1
family members in Cannabis mediating uptake of P; by dif-
ferent organs (Mudge et al., 2002; Lapis-Gaza et al., 2014).
The Cannabis PHT?2 isoform was more strongly expressed in
leaves of the THC-dominant chemovar, which coincides with
higher chlorophyll and lower starch levels (Fig. 2). Members
of the PHT5 family also had chemovar-specific expression
patterns: LOC115717117 and LOC115717942 were more
highly expressed in fan leaves (YL, OL) of the CBD- than
those of the THC-dominant chemovar. One Cannabis PHTS
gene (LOC115708335) showed higher expression in the root
than in other organs, with strongest expression in roots of
the THC-dominant chemovar (Fig. 9B; Supplementary Table
S8). Higher expression of PHTYS family genes in organs of
the CBD-dominant chemovar might be a consequence of
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higher P; influx requiring increased vacuolar sequestration to
maintain cytosolic P; homeostasis (Liu ef al., 2016; Luan et al.,
2022).

In conclusion, strong expression of genes encoding NPF
nitrate transporter family members in stems of the THC-
dominant chemovar could explain higher xylem loading and
transient accumulation of nitrate in this organ (Fig. 3B). Organ-
and chemovar-specific differences in the expression of SPX
and PH'T5 genes are in agreement with the observed lack of
suppression of P; acquisition in the CBD-dominant chemovar.
However, which mechanisms lead to the loss of this important
regulatory function and subsequent P; hyperaccumulation in
sink organs requires further investigation.

Candidate genes with drug- and hemp-type selection
history

In the list of genes connecting physiological traits with organ
development and differential expression in the two chemovars
described above (Figs 8, 9), four genes overlapped with genes
associated with the domestication of hemp-type, drug-type,
and/or ancestral Cannabis (Ren et al., 2021). The two nitrate
transporter genes, LOC115710913 and LOC115699876, were
putatively selected in drug-type versus hemp-type Cannabis,
while the nitrate reductase-encoding gene LOC115713111 had
a positive selection signature in drug-type versus basal Cannabis
accessions (Fig. 9, highlighted in blue). LOC115697978 encod-
ing SPX3, a key regulator of phosphate homeostasis (Fig. 9,
highlighted in blue), has been selected for in both drug- and
hemp-types during their domestication (Ren et al.,2021). Our
analyses further support a role of these genes as drivers of drug-
and hemp-type divergence or early Cannabis domestication.
These may have utility as selective expression markers for gen-
otype improvement.

Discussion

Development of high-yielding plant varieties often leads to
genetic erosion due to human selection and mitigation of
unfavourable environmental conditions, such as irrigation or
fertilizer application, leading to increasing genetic homoge-
neity and potential loss of important resilience traits (Khoury
et al., 2022). Plants from P-impoverished landscapes carefully
balance availability of N and P with those of other resources
such as water, light, and other macro- and micronutrients
(Prodhan et al., 2019). These plants have acquired P efficiency
traits to enhance P; acquisition by roots, remobilize nutrients
from older leaves, and remodel membrane lipids to reduce
the ratio of phospho- over sulfolipids. In addition, they dis-
play greater allocation of P to the leaf mesophyll of mature
leaves facilitated by delayed greening of young leaves and tight
control of nitrate and sulfate uptake, leaf protein and other
N/S pools. However, some plant species have lost tight control
over P; uptake due to its scarcity in the natural environment,

to the point where relatively low P; supply results in hyper-
accumulation in leaf mesophyll cells and toxicity symptoms
such as necrotic leaf margins and ultimately plant death (Shane
et al., 2004a, b; Takagi et al., 2020). By contrast, plants from
N-impoverished landscapes take up nitrate and ammonium as
they become available and only activate P; uptake when N
pools are in surplus (Gojon et al., 2009; DeLoose et al., 2024).
In agricultural systems, plants often have ample nutrient supply
and suppress P; uptake to match N and C assimilation rates as
well as water availability. This is especially the case in protected
cropping systems—such as hydro-, aero- or aquaponics, where
nutrient supply is never limiting and rather nutrient overaccu-
mulation may impact product quality (Colla ef al., 2018; Bian
et al.,2020).

Cannabis represents an interesting case study, given its two-
pronged domestication history: hemp-type Cannabis has been
bred predominantly for vegetative, stem biomass and/or seed
production, while drug-type Cannabis was selected for max-
imum female flower biomass and secondary metabolite (can-
nabinoid) content (Petit et al., 2020; Ren et al., 2021; Schilling
et al., 2021). Hemp-type Cannabis is nutrient-efficient as it is
often grown on marginal land, whilst drug-type Cannabis is
often grown in well-fertilized soil or hydroponically (Small,
2017; McPartland et al.,2019; Zheng et al.,2021). Due to recent
interest by the pharmaceutical industry, high CBD content in
female drug-type flowers was selected for after introgressive
hybridization of hemp- into drug-type Cannabis (Grassa et al.,
2021).

In our study we investigated a THC- and a CBD-dominant
drug-type chemovar with contrasting trait expressions. The
THC dominant cultivar has large compact inflorescences and
high cannabinoid yield (Fig. 1). Genes encoding select GRE
MYB, and SPL TFs are strongly and specifically expressed in
floral organs, which correlates with a larger and more compact
inflorescence (Fig. 8) (Noda et al., 1994; Li et al., 2009; Oshima
et al.,2013; Xing et al.,2013; Jung et al.,2016;Wang et al.,2016;
Chao et al., 2017; Li et al., 2018). The THC-dominant chem-
ovar also adjusts nutrient uptake to the demand of growing
organs, in particular flowers; its leaves are photosynthetically
active with high chlorophyll and protein concentration and
very low starch levels (Fig. 2). Pools of C, N, P, and other macro-
and microelements are well balanced, with higher levels of free
nitrate and phosphate in roots and stems indicating sink-driven
translocation to leaves and flowers (Figs 3, 4). Expression of
genes encoding members of the AS2/LBD, bHLH, DOE
and MYB TF families was mainly restricted to roots where
they regulate root architecture in response to nutrient supply
(Fig. 8) (Keller et al., 2006; Miiller et al., 2006; Kobayashi and
Nishizawa, 2012; Zhang et al., 2021; Schulten et al., 2022).
Higher expression of, for example, CsNPF2.9 in stems of the
THC-dominant chemovar alongside higher overall expression
of a second CsNRG2 isoform across organs is consistent with
higher nitrate concentrations in translocating tissues (Figs 3,
9A) (Xu et al.,2016). High expression of CsPHO?2Z in roots and
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stems suggests effective negative regulation of P; uptake and
translocation through ubiquitin-mediated turnover of PHT'1
and PHO1 proteins (Liu et al., 2012; Huang et al., 2013; Xu
et al., 2016). Transient storage of P; in root cell vacuoles is re-
flected in the high expression of PHT5 and VVPE isoforms in
roots of the THC-dominant chemovar (Fig. 9B) (Liu et al.,
2016; Luan ef al.,2022). Strong expression of CsPHT2 in leaves
reflects P; demand of plastids for carbon shuttling due to high
photosynthetic activity (Figs 2, 9B) (Carstensen et al., 2018).
By contrast, the CBD-dominant chemovar has limited
ability to regulate high nutrient availability, indicating retention
of hemp-type features associated with efficient nutrient uptake,
which appears to coincide with hyperaccumulation of phos-
phate observed in other species (Shane ef al., 2004a; Tang et al.,
2017; Takagi et al., 2020; Anderson et al., 2021). High nutrient
supply triggers poor transitioning to flowering—and hence a
‘leafy’ growth habit (Fujita ef al.,2014; Lin and Tsay, 2017; Olas
et al.,2019). Low expression of genes encoding flower-specific
GREF and SPL TFs also indicates weaker commitment to flow-
ering in the CBD-dominant chemovar. Hyperaccumulation of
phosphate in sink organs may contribute to reduced photosyn-
thetic activity highlighted by reduced chlorophyll and protein
concentration as well as starch accumulation in leaves (Figs 2,
3) (Shane et al., 2004a; Chiou et al., 2005; Zhou et al., 2008;
Schliiter et al., 2012;Takagi et al., 2020). High transcript abun-
dance ofa MYB11/12/111 homologue and resulting anthocy-
anin accumulation in leaves of the CBD-dominant chemovar
is also indicative of metabolic stress (Figs 2, 8B) (Jezek et al.,
2023). Lack of expression of a second CsINRG?2 isoform across
CBD-dominant chemovar organs suggests reduced nitrate ac-
quisition and translocation, which further exacerbate leaf P
toxicity (Figs 3B, 9A) (Xu et al., 2016; Medici et al., 2019),
while offloading P; into mesophyll cell vacuoles is supported
by increased expression of two PHTY5 isogenes in leaves (Liu
et al., 2016; Xu et al., 2019). In the CBD-dominant chemovar,
there is a lack of significant down-regulation of PHT1 and
PHO1 genes in response to excess P; in leaves, in conjunc-
tion with the high transcript abundance of P status sensors
and transcriptional co-repressors CsSPX1 and CsSPX3. In
Arabidopsis and rice, these two genes are induced by P; starva-
tion (Duan ef al., 2008; Wang et al., 2009). Their misregulation
in leaves of the CBD-dominant chemovar therefore hints at
a reduced ability to sense cellular P status, reminiscent of the
Arabidopsis pho2-1 mutant that also accumulates toxic levels of
P; in leaves and shows high SPX1 expression under combined
low P; and nitrate supply (Aung et al.,2006; Medici ef al., 2019).
Misregulation may either be a cause or a consequence of per-
turbed regulatory networks and further investigations may help
to answer the question as to why the CBD-dominant chem-
ovar continues to accumulate P; to toxic levels in leaves. In this
respect, it is of note that expression of one AtLBD37/38/39
homologue (LOC115706665) is very low across organs of the
THC-dominant chemovar, while its expression is strong in
roots, stems, and floral organs of the CBD-dominant chemovar

(Fig. 8B). The three class II LBD isoforms in Arabidopsis are
strongly induced by nitrate and inhibit nitrate uptake and as-
similation as well as anthocyanin biosynthesis as transcriptional
repressors of PAP1/MYB75 and PAP2/MYB90 (Rubin ef al.,
2009). Similar to the CBD-dominant chemovar, LBD overex-
pression in Arabidopsis results in less nitrate and protein, as well
as higher starch levels compared with wild-type plants. They
also show increased basal rosette branching under low nitrogen
supply, similar to the shorter internodes and leafier growth
habit of the CBD-dominant chemovar (Supplementary Fig.
S1) (Rubin et al., 2009). In summary, our results suggest that
hemp traits for optimized vegetative growth were retained in
the CBD-dominant chemovar and limit flower production
and thus cannabinoid yield.

Recent analysis of genomic data from 110 Cannabis sativa
accessions determined genomic regions associated with posi-
tive selection in either hemp- or drug-type chemovars during
domestication (Ren ef al., 2021). Remarkably, and similarly to
our study, this identified genes linking the regulation of nutrient
signalling, and in particular phosphate homeostasis (e.g. SPX
proteins, purple acid phosphatases) and nitrogen assimilation
(e.g. NRG2, NRT1, NITRATE REDUCTASE, NITRITE
REDUCTASE), with flower development (e.g. AGLs, SPLs,
LBDs, FT) as key contributors to superior performance in
drug-type Cannabis (Ren et al., 2021). In Arabidopsis and rice,
knockout of nitrate sensor/transporter NRT1.1 orthologs
impairs N utilization and transition to reproductive growth,
and the nrt1.1 mutant phenotype in Arabidopsis is rescued
by FLC knockdown (Guo et al., 2001; W.Wang et al., 2018;
Teng et al.,2019). Nitrate responsive TFs AENLP6 and AtNLP7
have been implicated in promoting flowering through binding
to nitrate responsive elements in the promoters of SPL3 and
SPL5, which then modify SOCT expression (Olas ef al., 2019).
Interestingly, loss of PHO2 function promotes flowering in
warmer conditions through increase expression of TWIN
SISTER OF FT (TSF)—consistent with P; deficiency delaying
floral meristem transition and low temperature inhibiting P;
translocation to shoots (Hurry et al., 2000; Kim et al., 2011).
In rice, OsPHO2 interacts with OsGIGANTEA (OsGI), and
Osgi mutants hyperaccumulated P; in leaves featuring leaf tip
necrosis similar to Ospho2 mutants, with flowering delayed in
both rice mutants (Li ef al., 2017).

Given these links between nutrient signalling and plant de-
velopment, it will be paramount to understand how their ge-
netic determinants can be either manipulated or selected for
in breeding programmes to suit protected indoor cropping. In
Cannabis this is especially important given that the supply of
N and P is a driver of growth and reproductive investment
and there is an economic trade-oft’ between flower biomass
production and fertiliser cost (Elser et al., 2000; Fujita et al.,
2014). A key to cultivation of drug-type Cannabis will be to
consider the origin of parental lines as this impacts sensitivity
to environmental factors such as nutrient supply, day length,
or light. While investigating a broader set of genotypes will be
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necessary to generalise, the phosphate sensitivity of the CBD-
dominant chemovar observed in this study is a good example
of evolutionary constraints having an impact on performance
and yield. From recent research, it is emerging that excessive
and environmentally damaging phosphate supply does not im-
prove cannabinoid yield or product quality (Westmoreland and
Bugbee, 2022). For future cultivar selection, it will be essential
to understand nutritional requirements and to identify under-
lying genetic markers as this will help reduce fertilizer inputs
and create a more sustainable, cost-effective cultivation strategy
without affecting yield.
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