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Cannabis is a mostly dioecious multi-use flowering plant genus. Sexual dimorphism is an important characteristic in
Cannabis-based commercial production systems, which has consequences for fibre, seed, and the yield of secondary
metabolites, such as phytocannabinoid and terpenes for therapeutic uses. Beyond the obvious morphological differences
betweenmale and female plants, metabolic variation among dioecious flowers is largely undefined. Here, we report a pilot
metabolomic study comparing staminate (male) and pistillate (female) unisexual flowers. Enrichment of the a-linolenic
acid pathway and consensus evaluation of the jasmonic acid (JA) related compound 12-oxo-phytodienoicacid (OPDA)
among differentially abundant metabolites suggests that oxylipin signalling is associated with secondary metabolism and
sex expression in female flowers. Several putative phytocannabinoid-like compounds were observed to be upregulated in
female flowers, but full identification was not possible due to the limitation of available databases. Targeted analysis of 14
phytocannabinoids using certified reference standards (cannabidiolic acid (CBDA), cannabidiol (CBD), D9-tetrahydro-
cannabinolic acid A (D9-THCAA), D9-tetrahydrocannabinol (D9-THC), cannabichromenic acid (CBCA), cannabichro-
mene (CBC), cannabigerolic acid (CBGA), cannabigerol (CBG), cannabinolic acid (CBNA), cannabinol (CBN),
cannabidivarinic acid (CBDVA), cannabidivarin (CBDV), tetrahydrocannabivarinic acid (THCVA), and tetrahydrocan-
nabivarin (THCV)) showed a higher total phytocannabinoid content in female flowers compared with the male flowers, as
expected. In summary, the development of a phytocannabinoid-specific accurate-massMSn fragmentation spectral library
and gene pool representative metabolome has the potential to improve small molecule compound annotation and
accelerate understanding of metabolic variation underlying phenotypic diversity in Cannabis.
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Introduction

Cannabis, a member of the family Cannabaceae, is a highly
heterozygote multi-use anemophilous (wind pollinated) flow-
ering plant genus,which is believed to have originated inCentral
Asia.[1] Taxonomic assignment and speciation of Cannabis is
unresolved.[2] Despite this ambiguity, a monotypic status is
widely supported on the basis that physiological and genetic
barriers to gene flow are underreported.[3] Domestication of
Cannabis over prolonged periods of time has led to its global
dispersal. Fossil evidence in the form of pollen deposits and seed
remains suggest widespread use across Eurasia dating back
several thousand years.[1,4] In addition to traditional uses for
food and fibre, plants also have recreational andmedicinal value
due to their secondary metabolites, particularly phytocannabi-
noids and terpenes.

Cannabis plants are prolific producers of secondary meta-
bolites, with their repertoire spanning several chemical classes

including terpenoids, flavonoids, stilbenoids, alkaloids and
phenolic amides.[5] However, it is the group of isoprenylated
resorcinyl polyketides, commonly referred to as phytocannabi-
noids, that Cannabis is most recognised for on account of their
exclusivity to this taxon and their recreational and potential
therapeutic uses.[6] The phytocannabinoid D9-tetrahydrocan-
nabinol (THC), which is a partial agonist of the human endo-
cannabinoid CB1 receptor,[7] is primarily responsible for the
narcotic status of this plant. A large proportion of the more than
100 phytocannabinoid constituents are non-intoxicating, with a
subset representing molecules of potential therapeutic impor-
tance. These include cannabidiol (CBD) which is the active
ingredient in Epidiolex, a United States Food and Drug Admin-
istration (FDA) approved prescription medicine for the treat-
ment of intractable seizures in childhood epileptic disorders.[8]

Terpenes which are also produced by Cannabis are thought
to contribute to phytocannabinoid ligand activity, although
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evidence for the so-called ‘entourage effect’ when extended to
terpenoids is largely anecdotal.[9]

An arbitrary level of THC content, which can vary by
jurisdiction, is used to demarcate crop use, with a low THC
content in female flowers congruent with industrial hemp end-
uses.[10] Plants typically segregate into one of three chemotypes
based on THC/CBD ratio, although this system of classification
does not account for variation of other phytocannabinoid con-
stituents such as those with altered alkyl groups which can be
more abundant than either THC or CBD.[11] The biosynthesis of
phytocannabinoids and other secondary metabolites, such as
terpenoids, is concentrated within specialised capitate stalked
glandular trichomes.[12] These are hair-like structures which are
abundant on the epidermal surfaces of floral tissues of female

inflorescences.[13] Unisexual female inflorescences are highly
branched compound racemes that are comprised of mono-
photometric structures consisting of an axillary shoot, solitary
pistillate flowers, subtending bracts, and reduced leaves.[14] In
contrast, male inflorescences have sparse leaf coverage and
consist largely of pendulous panicles.[15] Staminate flowers
have a five-sepal enclosed androecium, which, on opening,
allows for longitudinal release of pollen grains (Fig. 1a).[15]

Being mainly dioecious, Cannabis segregates into distinct
female and male plants, although monecious phenotypes with
bisexual flowers or inflorescences bearing separate male and
female flowers occur to a lesser extent.[15,16] Reproductive
commitment occurs as early as the emergence of the fourth
leaflet pair.[15] Sex expression can be influenced by temperature
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Fig. 1. Principal component analysis of metabolite abundances from male and female floral tissue samples. (a) Images of Cannabis sativa

accession 06 staminate (male) and pistillate (female) flowers. Insert of staminate flowers shows sepal (s) and anther (an) ofmale flower. Insert of

pistillate flower shows perigonal bract (b) and mature stigma (stg) of female flower. Scale Bar¼ 1 cm. (b) PCA performed on 2599 putative

metabolites identified frommale and female floral tissue samples identified byUHPLC-ESI-HRMS in the positivemode. Floral samples derived

from six Cannabis accessions. Numbers overlaid on PCA plot represent accession IDs (Table 1).
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and photoperiod, although not all genotypes are strictly obligate
in this regard and sensitivity to photoperiodic induction can vary
considerably amongst germplasm.[17] Sex is determined by
heteromorphic X and Y chromosomes.[18]Males are the hetero-
gametic sex (XY) while females are the homogametic (XX)
sex.[18] However, sexual phenotype can be modified in well
differentiated male as well as female plants by various chemical
and phytohormonal applications, such as silver thiosulfate,
gibberellic acid, and ethephon.[19–21]

Sexual dimorphism is a critical factor in Cannabis-based
production systems and is essential for genetic improvement of
germplasm.[22] For phytocannabinoid production, genetically
female plants are grown in the absence of pollen. Male and
hermaphroditic plants have less floral biomass, reduced phyto-
cannabinoid yield, and also negatively impact female inflores-
cence quality via fertilisation and initiation of seed
development.[16] Prolonged virginity in female plants during
flowering also aids in the formation of congested pistillate
inflorescences which improves phytocannabinoid yield.[16,23]

Conversely, monoecy can be desirable for the cultivation of
industrial hemp. Not only does this reduce crop heterogeneity,
but also mitigates early flowering and senescence of unisexual
male plantswhich can complicatemechanical harvesting of both
stems and seed. However, the monoecious state can be inter-
generationally unstable and sexual phenotypic extremes can
vary from predominantly male to predominantly female.[24]

Despite the commercial importance of sexual dimorphism in
Cannabis, few studies have comprehensively examined chemi-
cal phenotypes of male and female flowers. While comparisons
have been made between unisexual flowers, these have either
been targeted towards a small number of phytocannabinoids or
have been applied to a narrow subset of the gene pool.[25–28]

Ultra-high-performance liquid chromatography–electrospray
ionisation–high-resolution mass spectrometry (UHPLC-ESI-
HRMS) with data-dependent acquisition is an effective analyti-
cal technique for untargeted chemical profiling of plant con-
stituents, as it facilitates chromatographic separation of complex
matrices and simultaneous acquisition of HRMS and MSn

spectral data.[29] Here, we performed a pilot study comparing
the floral tissues of three male and three female industrial hemp
accessions to establish the veracity of the methodological
approach and the minimal sampling requirements for a large-
scale germplasm comparison of Cannabis chemotypes. Both a
targeted approach with consideration of 14 phytocannabinoid
constituents as well as a non-targeted approach using UHPLC-
ESI-HRMS methodology was performed with the aim of bridg-
ing the gap in understanding the metabolic variation underlying
sexual phenotype in Cannabis.

Results

Metabolic Variation Among Cannabis Flowers

A panel of six industrial hemp accessions were grown from seed

in a controlled environment room. As is common practice for

indoor-grown Cannabis, seedlings were grown initially under a

long-day photoperiod to promote vegetative growth and then

under a short-day photoperiod to initiate flowering. The time it

took plants to reach flower maturity varied among accessions.

Female plants used for analysis were harvested ,4 (accession

11) and ,5 (accessions 06 and 07) weeks after exposure to a

short-day photoperiod when ,95% of the stigma on pistillate

(hereafter referred to as female) flowers were browned and

shrivelled, while male plant individuals were harvested after a

period of,5 (accession 20) and,7weeks (accession 12 and 14)

following photoperiod induction when ,95% staminate

(hereafter referred to as male) flowers had opened and expelled

pollen (Table 1). No consistent differences in height were
observed betweenmale and female plants within sample groups,
with female and male plants varying from 1.4m (accessions 06
and 12) to ,2m (accessions 07 and 14). To enrich for sex-
specific flowers and capture within-plant metabolic variation,
foliage leaves, seeds, and/or stems were removed from inflor-
escences before analysis and floral tissues were sampled from
the apical and basal inflorescence of eachmale and female plant.

Untargeted metabolic analysis was performed using
UHPLC-ESI-HRMS and data-dependent MS2 acquisition. Pre-
liminary method development involvingCannabis floral tissues
showed an increase in the number of features and coverage of the
metabolome in positive ionmode as compared with negative ion
mode (data not shown) and so untargeted analysis and quantifi-
cation of unknown compounds was performed in positive ion
mode. The representative total ion chromatogram (TIC) from
the six accessions showed a high level of dissimilarity (Fig. 2),
indicating that the floral samples had diverse chemical profiles.
Analysis of male and female floral tissues across all accessions
generated 74 151 features that accounted for 5161 putative
compounds distinguishable by retention time and molecular
weight. The compound list was filtered by eliminating those that
fall within the group with low abundant chromatographic peak
areas, 50 000 and those lacking MS2 fragmentation spectra.
After filtering, 2599 compounds/metabolites remained in the list
(Supplementary Material, Table S1). Principal component anal-
ysis (PCA) of the 2599 putative metabolites showed a clear
separation of male and female flower samples, with the first two
principal components (PCs) accounting for 37.5% (PC1) and
18.1% (PC2) of the variability in the dataset (Fig. 1b and
Supplementary Material, Fig. S1). Processing of putative

Table 1. Genetic materials used for targeted and untargeted metabolomic analysis

Accession ID Accession Taxon Subtaxon Sex Source

06 2019_S_0006 Cannabis sativa L. Industrial hemp Female Southern Cross UniversityA

07 2019_S_0007 Cannabis sativa L. Industrial hemp Female The Hemp Corporation Pty LtdB

11 2019_S_0011 Cannabis sativa L. Industrial hemp Female Midlands Seed Pty LtdC

12 2019_S_0012 Cannabis sativa L. Industrial hemp Male The Hemp Corporation Pty LtdB

14 2019_S_0014 Cannabis sativa L. Industrial hemp Male The Hemp Corporation Pty LtdB

20 2019_S_0020 Cannabis sativa L. Industrial hemp Male The Hemp Corporation Pty LtdB

ASouthern Cross University, Military Rd, East Lismore, NSW 2480, Australia.
BThe Hemp Corporation Pty Ltd, 513 Fishers Hill Road, Vacy, NSW 2421, Australia.
CMidlands Seed Pty Ltd, 323 Prossers Road, Richmond, Tas. 7025, Australia.
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metabolites by hierarchical clustering analysis (HCA) grouped
technical (extraction) replicates by accession and by inflores-
cence position (apical and basal; descending developmental
maturity) as well as by male and female flowers. Floral samples
from the six accessions formed two major clades representative
of male and female flowers, suggesting that unisexual flowers
have distinct metabolomes (Fig. 3a).

Analysis of Differentially Abundant Metabolites (DAMs) of
Cannabis Floral Tissues

Analysis of DAMs between male and female floral samples
indicated a greater number of metabolites were upregulated in
the female floral tissues as compared with the male (Fig. 3b). Of
the 2599 putative metabolites, 861 were upregulated while 626
were downregulated in female versus male flowers (P-value
of, 0.05, log2 fold change$ 1.5) (Fig. 3b). A large proportion
of putative metabolite abundances (,43%) were shared
between male and female flowers (shaded in grey in Fig. 3b).
Metabolites common to both unisexual flowers were dismissed
and only DAMs were investigated further.

To gain an overall understanding of metabolic variation
between female and male floral samples, and to interpret the
biological significance associated with these tissues, DAMs
weremapped to the Kyoto Encyclopedia of Genes andGenomes
(KEGG) database (http://www.genome.jp/kegg/). More path-
ways were impacted in downregulated DAMs as compared with
upregulated DAMs (Fig. 4 and Supplementary Table S2). Sec-
ondary metabolism and polyunsaturated fatty acid (PUFA)
metabolism pathways were significantly enriched in both up-
and downregulatedDAMs (adj.P-value, 0.001) (Fig. 4). In the

downregulated DAMs, the following pathways were enriched
(adj. P-value, 0.001): arachidonic acid metabolism; a-
linolenic acid metabolism; linoleic acid metabolism; flavone
and flavonol biosynthesis; tropane, piperidine, and pyridine
alkaloid biosynthesis; and phenylpropanoid biosynthesis
(Fig. 4a). The a-linolenic acid metabolism pathway was also
significantly enriched among upregulated DAMs, along with
sesquiterpenoid biosynthesis pathway as well as limonene and
pinene degradation pathways (adj. P-value, 0.001) (Fig. 4b).
In addition to PUFA and secondary metabolism pathways,
amino acid biosynthesis and metabolism pathways were also
enriched in downregulated DAMs (adj. P-value, 0.05), with
phenylalanine metabolism being significantly enriched in the
downregulated DAMs (adj. P-value, 0.001) (Fig. 4a).

Annotation of Female versus Male Flower DAMs

Annotations of unknown floral tissue metabolites were assigned
using Compound Discoverer software (CD) from consensus
evaluation based on elemental composition prediction, spectral
library (mzCloud) and database (ChemSpider) searches, as well
as the database ranking algorithmic tool mzLogic. Of the 626
downregulated and 861 upregulated putative compounds (1487
compounds in total), 41 compounds that represented 2.8%of the
total number of DAMs were assigned annotations based on the
consensus evaluation. There were 19 compounds annotated in
the upregulated group (Table 2), with 22 compounds in the
downregulated group (Table 3).

Of the 19 upregulated compounds in female versus male
floral tissues, 10 compounds were initially annotated as the
cannabidiol (CBD) hydroxyquinone HU-331 (compounds 25,
28, 29, 31, 32, 33, 35, 38, 39, and 41 in Table 2). One compound
in the downregulated group (compound 34 in Table 3), was also
initially annotated as HU-331. These 11 HU-331-annotated
compounds all had a calculated molecular mass of 328.2039
based on MS data, which matches the molecular formula of
C21H28O3. The different retention times of putative HU-331-
annotated compounds ranged from 9.1 to 14.6min and indicated
that these compounds are molecular isomers.

Fragment Ion Search (FISh) coverage score, an algorithmic
measurement of the percentage of MS2 ions which match
in silico fragmentation patterns based on literature-defined
chemical reactions from the HighChem Fragmentation Library,
was applied to the HU-331 annotated compounds in an attempt
to further discriminate the compounds from one another. FISh
coverage scores of HU-331-like compounds varied from
38.46% to 94.74% (Tables 2 and 3), with higher FISh scores
being more supportive of the annotated chemical structure.
Compound 32 with retention time of 11.4min gave the highest
FISh score of 94.7% among the 11 similarly annotated com-
pounds, indicating that this compound is likely to be HU-331.
The MS2 spectrum of compound 32 (Supplementary Material,
Appendix S1) gave a base peak of m/z 329.2108 that corre-
sponded to the [M þ H]þ ion. Upon comparison of its MS2

spectrum to that of HU-331 from the mzCloud reference library,
it became apparent that the fragmentation patterns and their
calculated elemental composition did not match, indicating that
compound 32 could be a structural isomer of HU-331. The MS2

spectra of the other compoundswith the same pseudo-molecular
ions were also extracted (Supplementary Material, Appendix
S1) and compared with that of HU-331 (Supplementary Mate-
rial, Appendix S2). Compounds 28, 29, 31, 32, and 33 showed
the presence of fragment ionm/z 311.201, which corresponds to
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a loss of a water molecule and is indicative of the presence of a
hydroxy substituent in themolecule. Compound 25 that eluted at
9.1min showed a different MS2 spectrum compared with the
other compounds, suggesting that this compound could be of a
different class to that of the other 10 unknown compounds.
Compound 35 at 12.8min also showed greater variation in the
fragment ions which also differentiated this compound from the
others. Compounds 38, 39, 41, and 34 all showed a base peak at
m/z 229.086 that matched the fragment ion of HU-331 with a
chemical formula of C14H13O3

þ for the benzoquinone moiety
with alkene sidechain as shown in themzCloud reference library
(Supplementary Material, Appendix S2). The four compounds
38, 39, 41, and 34, and compounds 28, 29, 31, 32, and 33 showed
some similarity of fragment ions with that of HU-331 and most
probably represent two groups of hydroxy-benzoquinones with
different substituents.

Compound 40, corresponding to the molecular formula
C22H30O4 and [M þ H]þ ion at m/z 358.21434, was incorrectly
annotated as cannabidiolic acid by the CD software. Despite
being identified as CBDA across multiple annotation sources,

this compound eluted 2.9min after the CBDA reference stan-
dard and had a low FISh coverage score of 42.96% (Table 2).
This compound was an upregulated DAM in the female flowers
and was subsequently identified as D9-tetrahydrocannabinolic
acid A (D9-THCAA), with the nominal mass (D ppm, 5) as
well as retention time matching that of the D9-THCAA refer-
ence standard at 14.6 min.

Analogous with the KEGG pathway enrichment analysis,
several lipid and flavonoid metabolites were identified through
consensus evaluation from DAMs of the female versus male
floral tissues. Lipid constituents with FISh coverage scores
$ 75% included a-linolenic acid, 9-oxo-octadecadienoic acid
(ODE), tetranor-12(R)-HETE in the downregulated group, and
12-oxo-phytodienoic acid in the upregulated group (Fig. 5 and
Tables 2 and 3). Two PUFA-derived endocannabinoid-like
acylethanolamides, palmitoyl ethanolamide and a-linolenoyl
ethanolamide, were also observed in the downregulated DAMs,
with FISh coverage scores of these metabolites being greater
than 90%. The flavonoids apigenin, apigenin 7-O-glucuronide,
diosmetin, and oroxindin were identified in the upregulated
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group (Fig. 5 and Table 2), while kaempferol-3-glucoside-7-
rhamnoside, orientin, quercetin, and quercetin-3-b-D-glucoside
were identified in the downregulated group (Fig. 5 and Table 3).
Of these, only quercetin, oroxindin, and diosmetin had FISh
coverage scores $ 75% (Tables 2 and 3).

Quantitative Analysis of Phytocannabinoids

Fourteen phytocannabinoids, for which certified reference stan-
dards are available, were determined quantitatively from the male
and female floral tissues of sixCannabis accessions and the results
are summarised in Table 4. Given that the plants used for
metabolomic analysis were derived from industrial hemp vari-
eties, it was anticipated that CBDA/CBD, which are commonly
associated with such germplasm, would be the predominant
phytocannabinoids among the floral samples. CBDA concen-
tration was observed to be highest in accessions 06 and 11
(554.53 to 798.10mg/100 g), and its decarboxylated form CBD
was highest in accession 11 (901.29mg/100 g in the apical floral
tissue), which was evident in the representative TICs of the
accessions in Fig. 2 (compounds 42 and 43, respectively). Sur-
prisingly, the profile of accession 07 was high in D9-THCAA
(1254.30 and 653.86mg/100 g for apical and basal floral tissues,
respectively) and D9-THC (1481.90 and 1350.29mg/100 g for
apical and basal floral tissues, respectively) compared with
other accessions and these compounds were the predominant
phytocannabinoids in the profile of this plant. The total THC
content of two individual plants derived from accessions 06 and
07 exceed the limit set under the provisions of the Drugs,
Poisons and Controlled Substances Act 1981. These plants were
subsequently destroyed during harvest and were not used for
further propagation.

Another indication of the chemical diversity of plants used for
comparative metabolomic analysis was the unusual chemotype of
the female plant from accession 06 which showed elevated levels
of what are typically minor alkyl phytocannabinoid homologues.
CBDVAandTHCVA,whichdiffer fromCBDAandD9-THCAA,

respectively, by the number of carbon atoms on their alkyl side
chains, exhibited variable concentration among the accessions
with accession 06 having the highest concentration.As expected, a
similar trend was observed for the corresponding decarboxylated
forms,withCBDVandTHCVhighest in accession 06. CBNAand
CBN, which are oxidation artefacts of D9-THCAA and THC,
respectively,[6] had relatively low concentrations among the
floral samples examined. Interestingly, the concentration of
the juvenile cannabinoid CBCA was 5–20-fold higher in the
female plants from accessions 06, 07, and 11 (431.52 to
719.86mg/100 g) compared with the male plants from acces-
sions 12, 14, and 20 (19.60 to 126.31mg/100 g). CBGA, which
is the precursor of CBDA,D9-THCAA, and CBCA,[6] exhibited
a concentration range of. 30 fold (0.71 to 32.35mg/100 g) for
the six accessions.

The decarboxylated phytocannabinoids are generated from
their respective carboxylated forms either in planta, post-
harvest (upon exposure to, for example, light and/or heat), or
both. The floral samples exhibited varying levels of decarbox-
ylation among the phytocannabinoid species examined (e.g.
CBD/CBDA and THC/THCA), although a higher D9-THC
concentration than its acid form (D9-THCAA) is evident for
all floral tissue samples. A similar trend of higher CBD concen-
tration can be observed within accessions 11, 12, 14, and 20 but
the reverse is true for accessions 06 and 07.

In addition to variation in the relative abundance of phyto-
cannabinoids amongmale and female plants, variation in the total
cannabinoid contentwas also evident from the targeted analysis of
phytocannabinoids (Fig. 6a) To assess the relative proportion of
each phytocannabinoid species in the samples, the concentration
of the acid and decarboxylated forms were combined (e.g.
CBDþCBDA,D9-THCAAþD9-THC, etc; Fig. 6b). The anal-
ysis of the apical and basal floral tissues from the six accessions
generally did not exhibit a large variation in the phytocannabi-
noid concentration within the accession, although a trend of
slightly higher levels in the apical inflorescence can be
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Fig. 4. KEGGenrichment of differentially regulatedmetabolic pathways in female versusmale floral tissues. (a)KEGGenrichment ofmetabolic pathways for

downregulated differentially abundant metabolites (DAMs) in female versus male floral tissues. (b) KEGG enrichment of metabolic pathways for upregulated

DAMs in female versusmale floral tissues. KyotoEncyclopedia ofGenes andGenomes (KEGG;website: https://www.genome.jp/kegg/pathway.html) pathway

enrichmentP-valueswere calculated using theMetabolitesBiologicalRole (MBRole) server[69] and adjusted formultiple testingusing theBenjamini–Hochberg

correction for the false-discovery rate.[70] KEGG pathways ranked in order of adjusted P-value. Only the top 30 KEGG pathways relevant to plant metabolism

were plotted from each differential metabolite group.
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Table 2. Annotation assignments of upregulated metabolites in female versus male flowers from consensus evaluation

Consensus evaluation based on elemental composition prediction, mzCloud and ChemSpider searches, as well as the mzLogic algorithmic ranking tool

Tentative compound

identification

Chemical structure Chemical formula Molecular weight RT [min] FISh coverage

15

Apigenin 7-O-glucuronide O

OOH

OH

OO

OHHO
OH

HO

O
C21H18O11 446.0848 7.0 50.00

16

Coumaroyl-tyramine isomer I

N
H

O
OH

HO

C17H17NO3 283.1208 7.3 100.00

17

Coumaroyl-tyramine isomer II

N
H

O
OH

HO

C17H17NO3 283.1209 7.6 83.33

18

Oroxindin O

OOH

OO

OHHO

OH

HO

O O C22H20O11 460.1005 8.0 100.00

19

9S,13R-12-Oxophytodienoic acid

O

OH

O
C18H28O3 292.2039 8.4 80.00

20

Apigenin
O

OOH

OH

HO

C15H10O5 270.0528 8.6 43.75

23

Diosmetin

O

OOH

O

HO

OH C16H12O6 300.0634 8.7 87.50

25

Unknown

HU-331 analogue

(Supplementary Material

Appendix S2)

C21H28O3 328.2039 9.1 75.00

26

Caryophyllene oxide
O

C15H24O 220.1827 9.4 70.59

28

Unknown

HU-331 analogue

(Supplementary Material

Appendix S2)

C21H28O3 328.2039 10.4 76.00

29

Unknown

HU-331 analogue

(Supplementary Material

Appendix S2)

C21H28O3 328.2039 10.8 84.62

31

Unknown

HU-331 analogue

(Supplementary Material

Appendix S2)

C21H28O3 328.2039 11.2 73.91

32

Unknown

HU-331 analogue

(Supplementary Material

Appendix S2)

C21H28O3 328.2039 11.4 94.74

33

Unknown

HU-331 analogue

(Supplementary Material

Appendix S2)

C21H28O3 328.2039 11.7 84.21

(continued )
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observed, especially among the female floral samples. Acces-
sion 06 gave the highest total phytocannabinoid concentration
(5427.69 and 4964.72mg/100 g for apical and basal floral
tissues, respectively) with CBDVs and THCVs as the more
dominant phytocannabinoids within the accession. The total
phytocannabinoid concentration for the other accessions varied
with accession 07. accession 11. accession 20. accession
14. accession 12. From these data it can be observed that the
average total concentration of phytocannabinoids from floral
tissues of female plants (accessions 06, 07, and 11) are higher
compared with those of the male plants (accessions 12, 14, and
20) as shown in Fig. 6c.

Discussion

The Metabolome of Cannabis Flowers

While the use of genomic and transcriptomic resources to elu-
cidate molecular mechanisms underlying trait diversity in
Cannabis has accelerated in recent years,[30] our understanding
of the abundance and diversity of chemical constituents defining
chemotypic groups is lacking.[29]Metabolomic information can
provide greater resolution of underlying biological processes
than is possible with other omics-based analyses as metabolites
represent the endpoint of cellular process and are therefore more
proximal to the phenotype or chemotype under investigation.[31]

Identifying a set of metabolites that distinguishes samples from
two ormore groups is reliant on both a comparison of a sufficient
number of samples to obtain statistically meaningful informa-
tion as well as on the ability of these samples to adequately
capture biological variation so as to avoid spurious associa-
tions.[31,32] In the absence of pilot data to inform experimental
design, extracting relevant and interpretable information from
metabolic datasets remains challenging.[31,33] To maximise
group variation, biological replicates used in the comparison of
male and female Cannabis flowers were selected at the level of
accession (variety). Multivariant analysis showed that the bio-
logical replicates of each accession clustered in distinct spaces
indicating that the impact of sexual phenotype was substantial
and specific, despite the limited sample size (Fig. 1b and
Fig. 3a).

Another obstacle which complicates interpretation of meta-
bolomic variation between chemotypes is identifying the vast
catalogue of small molecules present within samples.[29,34]

Annotation assignments of unknown floral metabolites was
performed in Compound Discoverer software by consensus
evaluation of elemental composition prediction, database, and
MS2 spectral library searches. These integrated approaches
increase the level of confidence in the annotation of metabolites
from the available HRMS information, although this level of
stringency ultimately reduces the number of reportable com-
pounds. Of the 2599 compounds identified across floral samples,
only 211 or ,8% of all compounds had a full match with the
vendor-specific spectral library (mzCloud), compared with 936
compounds which matched ChemSpider database searches and
2382 compounds with predicted elemental compositions match-
ing theoretical isotope patterns. While there are varying levels of
identification rigour which can be applied to the reporting of
compounds fromuntargetedmetabolomic analyses (varying from
unambiguous identification to compound classes and unclassified
metabolites),[35] a major bottleneck in the confidence of com-
pound annotation ismatchingMS2 fragments with library spectra
fragments. Development of customised MS2 spectral libraries,
such as those applied to Cannabis sativa var. Kompolti for
phenolic compound identification,[29] coupled with the acquisi-
tion of high-quality HRMS fragmentation data is anticipated to
improve annotation of unknown compounds and allow for more
detailed profiling of phenotypic variation in Cannabis. Applica-
tion of these spectral libraries within untargeted metabolomic
analysis pipelines will also be a critical step in understanding the
complexity of botanical formulations derived from Cannabis.

Phytocannabinoid Variation Among Floral Samples

Our analysis among six accessions showed that cannabinoid
contents were consistently higher in the female samples as
compared with male flowers (Fig. 6c). Previous analyses of
cannabinoid contents among unisexual plants yielded incon-
sistent results, with comparisons either showing no differences
between male and female inflorescences or showing a higher
cannabinoid content in female floral tissues.[25–28]This could be
attributed to several factors.

Table 2. (Continued)

Tentative compound

identification

Chemical structure Chemical formula Molecular weight RT [min] FISh coverage

35

Unknown

HU-331 analogue

(Supplementary Material

Appendix S2)

C21H28O3 328.2039 12.8 58.33

38

Unknown

HU-331 analogue

(Supplementary Material

Appendix S2)

C21H28O3 328.2039 13.9 38.46

39

Unknown

HU-331 analogue

(Supplementary Material

Appendix S2)

C21H28O3 328.2039 14.0 39.06

40

D9-tetrahydrocannabinolic acid

O

OH

OH

O

C22H30O4 58.2143 14.6 42.96

41

Unknown

HU-331 analogue

(Supplementary Appendix S2)

C21H28O3 328.2039 14.6 62.50
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Table 3. Annotation assignments of downregulated metabolites in female versus male flowers from consensus evaluation

Consensus evaluation based on elemental composition prediction, mzCloud and ChemSpider searches, as well as the mzLogic algorithmic ranking tool

Tentative compound

identification

Chemical structure Chemical formula Molecular weight RT [min] FISh coverage

01

Asparagine
NH2 NH

2

O

O
OH

C4H8N2O3 132.0535 1.0 25.00

02

Tryptophan
H
N

O

NH
2

OH

C11H12N2O2 204.0898 1.2 100.00

03

Indole-3-acrylic acid
H
N

HO

O

C11H9NO2 187.0633 1.2 70.00

04

Proline
H
N

OH

O C5H9NO2 115.0633 1.2 100.00

05

2’-Deoxyadenosine
N

N N

N

O

HO

OH

NH
2

C10H13N5O3 251.1017 1.3 66.67

06

3-Hydroxy-2-methylpyridine
N

OH

C6H7NO 109.0528 1.3 33.33

07

Tetrahydroisoquino-line-3-carboxylic acid
NH

OH

O

C10H11NO2 177.0789 1.4 66.67

08

Leucylproline

N
O

OH
O

NH
2

C11H20N2O3 228.1473 1.8 72.22

09

Indole-3-acrylic acid
H
N

HO

O

C11H9NO2 187.0633 2.0 88.24

10

Tryptophan
H
N

O

NH
2

OH

C11H12N2O2 204.0898 2.0 94.44

11

Quercetin

O

OOH

OH

HO

OH

OH C15H10O7 302.0427 6.3 76.00

(continued )
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Table 3. (Continued)

Tentative compound

identification

Chemical structure Chemical formula Molecular weight RT [min] FISh coverage

12

Orientin

O

O

OH

OH

OH

HO
O OH

OH
OHOH C21H20O11 448.1005 6.4 42.86

13

Kaempferol-3-glucoside-7-rhamnoside O

OOH

OH

O

O

O

O

OH

HO
OH

OH

OH

OH

HO

C27H30O15 594.1586 6.4 55.56

14

Quercetin-3b-D-glucoside

O

OOH

OH

O

OH

HO

O
OH

OH

OH

OH

C21H20O12 464.0954 6.6 50.00

21

9-Oxo-10E,12Z-octadecadienoic acid
O

O OH C18H30O3 294.2195 8.7 74.36

22

Sedanolide

O

O C12H18O2 194.1306 8.7 34.29

24

Tetranor-12(R)-HETE
OH

OH O C16H26O3 266.1881 8.7 81.48

27

Anwulignan
O

O

OH

O

C20H24O4 328.1674 9.4 50.00

30

a-Linolenoyl ethanolamide
N
H

OH
O C20H35NO2 321.2668 11.2 93.75

34

Unknown

HU-331 analogue

(Supplementary Material

Appendix S2)

C21H28O3 328.2038 12.1 50.00

36

Palmitoyl ethanolamide HO

H
N

O

C18H37NO2 299.2824 13.0 100.00

37

a-Linolenic acid
O

HO

C18H30O2 278.2246 13.3 85.71
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One possible source of variation contributing to inconsis-

tences in phytocannabinoid content among unisexual flowers

could relate to the sampling of floral tissues. Male inflores-

cences are largely comprised of staminate flowers and have a

low abundance of vegetative tissue, with glandular trichomes,

which are the major site for phytocannabinoid synthesis and

accumulation, concentrated on the surface of anthers.[12,15,36] In
contrast, female inflorescences have a more complex highly
branched heterogeneous structure where trichome abundance is
concentrated on a subset of vegetative tissues, such as the
perigonal bracts, surrounding flowers (see Fig. 1a).[14,36]

Previous comparisons between unisexual flowers have not

discriminated between inflorescence component tissues such as

low-phytocannabinoid containing foliage leaves and those

directly encasing the carpel and pistillate flowers, while others

have homogenised inflorescences bearing immature fruit

(seed).[26–28] These details are especially relevant given the
variation in female plant architecture and inflorescence struc-
ture reported among sub-taxa, such as variation in branching,
internode length, and bract abundance.[14] Congruent with the
cluster analysis, four of the six accessions showed a higher
cannabinoid content in the apical inflorescence as compared
with basal inflorescence samples (Fig. 6a), indicating that the
age and tissue-type of the plant material sampled will also
impact comparative analyses among unisexual flowers. As
with other aspects of chemotype identified in female plants,
such as proportion and content of phytocannabinoids,[11,37]

genotype-specific variation could also be contributing to pat-
terns of cannabinoid content among unisexual flowers.

DAMs Associated with Sexual Phenotype

While incorrectly annotated as CBDA by Compound Discov-

erer software due to the absence of D9-THCAA MS2 frag-
mentation data in the available spectral libraries, independent
identification of one of the predominant phytocannabinoids
segregating between male and female floral samples indicates
that the DAMs identified from untargeted metabolomic anal-
ysis are biologically meaningful and specific to the sexual
phenotypes under investigation (Fig. 2 and Fig. 5). In addition
to identifying phytocannabinoid variation, our untargeted
analysis of unisexual flowers also revealed several metabolites
known to be involved in pollen sterility to be among the male-
specific DAMs.

Consistent with other analyses of male flowers and pollen-
producing tissues,[38–40] several pathways relating to PUFA
metabolism as well as flavone and flavonol biosynthesis were
enriched in the downregulated (male-specific) DAMs (Fig. 4). It
is well established that flavonoids play a key role in pollen
viability.[38] Flavonols, as opposed to other flavonoids produced
in the anthers of the flower, such as quercetin and kaempferol,
promote pollen fertility and pollen tube growth in vitro.[38]

Analysis of transgenic plants with reduced chalcone synthase
gene expression have resulted in abnormal anthers with
impaired pollen tube growth and low germination efficiency
in Petunia and Solanum, respectively.[39,40] In agreement
with previous HPLC-DAD-MSn analysis comparing quercetin
di-C-hexoside between male and female Cannabis sativa var.
Spontanea flowers,[25] our analysis shows quercetin to be
predominantly present in the male sexual phenotype with only
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Chromatographic peak areas represent the maximum area across all floral samples analysed. Group peak areas can be found in Supplementary Table S3.
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trace levels detected in female floral samples (Fig. 5). While the
mechanism underlying flavonoid accumulation and pollen fer-
tility remain unclear, quercetin and possibly other flavones
identified to be upregulated in male floral tissues may partici-
pate in reactive oxygen species (ROS) homeostasis in anthers,
thereby limiting ROS-facilitated pollen abortion.[41] As with
the flavonoid pathways, over-representation of linoleic and
a-linolenic pathways in pollen producing tissues is not uncom-
mon. Stearoyl-ACP desaturase, ER desaturases (FAD3, FAD2),
and FATB thioesterases involved in the termination of C16 fatty
acids are differentially expressed in male flowers, and linolenic
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Fig. 6. Phytocannabinoid concentrations in male and female floral tissue

samples from six Cannabis accessions. (a) Comparison of total cannabinoid

concentration among Cannabis accessions. (b) Percentage distribution of
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concentration between female and male floral tissues from six Cannabis
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acid as well as linoleic acid are the predominant constituents in
the lipid fractions of pollen.[42–44]

While the a-linolenic acid metabolism pathway was
impacted by DAMs specific to both male and female flowers,
this pathway could be utilised differently between unisexual
flowers, with the untargeted analysis of floral tissues indicat-
ing that the jasmonate (JA) pathway may play a role in
flower development and secondary metabolism in female
plants. Among the upregulated differential metabolites,
one fatty acyl octadecanoid with the molecular formula
C18H28O3 and [M þ H]þ ion at m/z 292.2039 was identified
via consensus evaluation as 12-oxo-phytodienoic acid
(OPDA) (Fig. 5 and Table 2). OPDA is a linolenic acid-
derived oxylipin signalling molecule and a direct precursor to
JA.[45] JA, jasmonoyl-L-isoleucine, and methyl JA, collectively
known as jasmonates, regulate gene expression governing plant
developmental, physiological, and defence processes and are
directly implicated in flower development, seedmaturation, and
induction of plant defence compounds such as various
terpenoids.[46,47]

Despite OPDA being biosynthetically related to JA, it
has a distinct role in signalling and gene transcription
independent of other jasmonates. Of relevance to sexual
phenotype in Arabidopsis are upregulated OPDA-specific
genes associated with auxin (At3g09870, At5g35735) and
abscisic acid (ABA) (At5g13200) hormonal responses.[46]

OPDA is the dominant oxylipin in seed coat tissues of various
plant species, and female-sterility in JA-insensitive mutants
can be rescued by wound-induction synthesis of OPDA,
indicating OPDA-specific regulation of embryo develop-
ment.[45,48,49] OPDA also shows synergistic effects with ABA,
increases ABA INSENSITIVE5 protein abundance, and its
concentration is affected by ABA via the proposed action of
PLASTID LIPASE2 and 3.[50] In Cannabis, ABA can fully
inhibit GA induction of male flowers in female plants and
indole-3-acetic acid (IAA) induction of female flowers in
male plants.[20,51] Two compounds corresponding to the molec-
ular formula C11H9NO2 and [M þ H]þ ion at m/z 187.0633
were identified as indole-3-acrylic acid (IAcrA) in the down-
regulated DAMs (Table 3 and Fig. 5), although the function of
this auxin is primarily associated with plant growth metabolic
processes.[52]

Irrespective of florogenesis, the upregulation of jasmonates,
such as OPDA, in the high phytocannabinoid yielding female
floral samples may indicate a possible role for oxylipin signal-
ling in Cannabis secondary metabolism. Congruent with this
hypothesis is the enrichment of monoterpenoid and sesquiter-
penoid pathways as well as the annotation of sesquiterpene
caryophyllene oxide in the female flowers (Fig. 4b and Table 2).
Changes in THC, CBD, and carotenoid content have been
reported in Cannabis vegetative tissues treated with between 1
and 100mM JA,[53] while application of ABA increases THC
content in female and male floral tissues.[54] There are four
stereoisomers of OPDA, with the natural cis isomer (9S,13S)-
OPDA being relevant in JA biosynthesis. The OPDA upregu-
lated in female flowers was identified across annotation sources
as the trans isomer (9S,13R)-OPDA (Table 2). However, it is not
possible to discriminate these isomers with the LC stationary
phase used in this study. This is the first report of the upregula-
tion of OPDA in Cannabis flowers and given that APA- and
auxin-related genes are directly implicated in sex expres-
sion,[20,51,55] this compound may represent a molecule of inter-
est for further investigation.

Unknown Phytocannabinoid-Like DAMs in Cannabis
Flowers

Eleven compounds were identified as molecular isomers of
HU-331 corresponding to the molecular formula C21H28O3 and
[MþH]þ ion atm/z 329.2115; 10 of which were upregulated in
the female floral samples (Fig. 5 and Table 2). In addition to
differing by retention time, theMS2 spectra of these compounds
showed differences in their fragmentation patterns and sug-
gested three different groups or classes with compounds 25 and
35 differing from each other and the other molecular isomers.
The other compounds 28, 29, 31, 32, 33, 34, 38, 39, and 41

showed several fragment ions that were similar to the fragment
ions of HU-331, although some of the elemental compositions
did not match that of HU-331 when calculated within 5 ppm of
the observed masses. However, the MS2 spectra of these
nine compounds indicated that these could be structural isomers
of a hydroxybenzoquinone-type compound with different
substituents.

Some benzoquinones can be synthesised non-enzymatically
from phytocannabinoids. Examples are HU-331,[56] HU-
336,[57] HU-345,[57] and VCE-003[58] from the oxidation of
CBD, D8-THC, CBN, and CBG, respectively. Upregulation of
multiple phytocannabinoid derivatives may be suggestive of a
greater flux through the phytocannabinoid pathway in female
flowers as compared with the male flowers which is consistent
with the higher phytocannabinoid content identified in the
female floral samples. HU-331 represents a potential anti-
cancer drug which inhibits ATPase activity of topoisomerase
II at micromolar concentrations.[59,60] Similarly, as with VCE-
003, various HU-331 analogues act as perixome proliferator
activated receptors (PPAR)g agonists and are predicted to have
neuroprotective activities.[61]HU-331 is also produced in mam-
mals by hepatic microsomal enzymes where it forms adducts
with glutathione.[62] While it is unclear if these benzoquinone
compounds could be an autoxidation artefact, a subset may
represent bona fide natural products worth further investigation
when considering the therapeutic potential of quinone cannabi-
noid derivativities.[59–61]

In addition to the classical isoprenylated resorcinyl polyke-
tide phytocannabinoids, other interesting PUFA-derived canna-
bimimetic-like compounds were found as DAMs across female
versus male floral samples. N-Acyl-ethanolamines are ubiqui-
tous chemical signalling lipids which can potentiate responses
of the mammalian endocannabinoid anandamide signalling
pathway.[63,64] Two such compounds, a-linolenoyl ethanola-
mide and palmitoyl ethanolamide, were found to be upregulated
in male flowers (Table 3 and Fig. 5). While it is uncertain if the
concentrations present would modify phytocannabinoid ligand
activity, the presence of these compounds in male flowers is
nonetheless intriguing.

Conclusion

This pilot study sought to both substantiate the methodological
pipeline for tissue/organ comparative metabolome analyses
by UHPLC-ESI-HRMS and to examine metabolic variation
between unisexual flowers of the dioecious plant genus
Cannabis. Our data indicate that this approach was successful
in identifying several metabolites associated with sexual
phenotype.

The chemical complexity of female flowers is evident from
the PCA of floral tissues, with the metabolomes of the three
female accessions showing a high level of dissimilarity
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(Fig. 1b). A large proportion of this metabolic variation is not
currently accounted for in the manufacture of crude herbal
formulations, artisanal extracts, and magistral preparations
intended for human consumption.[34] While medicinal chemo-
types of Cannabis are most commonly maintained through
clonal propagation under controlled environment condi-
tions,[65,66] seed-grown industrial hemp sub-taxa are increas-
ingly being used as feedstock for either nutraceutical or
therapeutic-based products.[67] Given the outcrossing and
highly heterozygote nature of Cannabis plants in general, this
could generate significant chemical variation which may have
consequences for the quality, safety, and efficacy of Cannabis
preparations.

Notwithstanding the targeted measurement of 14 major and
minor cannabinoids, we identified several putative unknown
phytocannabinoid-like metabolites upregulated in female flow-
ers but were unable to unequivocally assign annotations to these
compounds. The annotation of metabolites was limited by the
availability of reference compounds to compare observed MS1

and MS2 information for correct annotation, thus highlighting
the need to establish a comprehensive reference library
or database for Cannabis metabolites. Development of
phytocannabinoid-specific accurate-mass MSn fragmentation
spectral libraries coupled with nuclear magnetic resonance
analysis will improve the confidence of compound structure
annotation and mitigate challenges associated with the discrim-
ination of multiple cannabinoid species and their constituent
isomers and stereoisomers within complex botanical matri-
ces.[6,68] Moreover, the completion of a well annotated gene
pool-representative Cannabismetabolome compiled from vari-
ous plant tissues is predicted to improve small molecule
and pathway analysis, thereby allowing comprehensive evalua-
tion of metabolic variation underlying trait diversity. These
resources will ultimately pave the way for contemporary multi-
omics-based breeding strategies capable of facilitating meta-
bolic engineering and genetic improvement of Cannabis for a
variety of end-uses, therapeutic or industrial.

Experimental

Genetic Materials and Cultivation of Industrial Hemp
Cannabis Germplasm

All research activities, including the procurement and cultiva-
tion of industrial hempCannabis germplasm,were carried out in
accordance with Part IVA of the Drugs, Poisons and Controlled
Substances Act 1981, and under an authorisation issued by
Agriculture Victoria, Department of Jobs, Precincts and
Regions (DJPR), Victorian State Government, Australia.

Seed from six industrial hempCannabis sativa L. accessions
(varieties) were kindly provided gratis under permit from
University and commercial sources within Australia (Table 1).
Seeds were individually sown into seedling trays containing soil
media at a depth of 1.5 cm and sprayed with reverse osmosis
(RO) water daily until germination. Seedlings were transplanted
into 400mL pots and then transferred into 8 L pots at the
emergence of the first (at ,1 week after sowing) and fourth
leaflet pair (at,3 weeks after sowing), respectively. Soil media
consisted of one-part perlite, one-part peat moss, and one-part
vermiculite as well as dolomite at a concentration of 1.1 g L�1.
Plants were grown in a controlled environment room (CER) at
248C with 55% humidity. The photoperiod was initially set to a
long-day cycle (18/6 h light/dark) to promote vegetative growth
and plants were watered daily using RO water supplemented

with CANNA Aqua Vega nutrient solution (40mL CANNA
Aqua Vega 1 and 40mL CANNA Aqua Vega 2 in 10L RO
water). After 14 days, a shorter-day photoperiod (12/12 h light/
dark) was maintained to initiate flowering and from this period,
plants were watered daily with CANNA Classic Flores nutrient
solution (40mL Canna Flores A and 40mL Canna Flores B in
10 L RO water) until harvest. Plants were harvested at matura-
tion when,95% of the stigma on female flowers were browned
and shrivelled or when,95% of male flowers had opened and
expelled pollen. For each accession, floral tissue was taken from
the apical (top 30 cm) and basal (bottom 30 cm) inflorescence
and 1st, 2nd, and 3rd order foliage leaves were manually
removed from floral samples before drying. All plants were
destroyed during sample collection and were not used for
further propagation.

Reagents and Standards

LC-MS grade methanol (Lichrosolv) used for extraction was
purchased fromMerck (SigmaAldrich, NSW,Australia).Water
with 0.1% (v/v) formic acid (Optima LC-MS grade, mobile
phase A), acetonitrile with 0.1% (v/v) formic acid (Optima
LCMS grade, mobile phase B), and Pierce FlexMix calibration
solution were purchased from Thermo Fisher Scientific Inc.
(Scoresby, Vic., Australia).

Cannabinoid certified reference standards in 1.0mgmL�1

solution in ampoules were purchased from Novachem Pty Ltd
(Heidelberg West, Vic., Australia) as distributor for Cerilliant
Corporation (Round Rock, Texas, USA). Cannabidiol (CBD),
D9-tetrahydrocannabinol (D9-THC), cannabinol (CBN), canna-
bichromene (CBC), cannabigerol (CBG), cannabidivarin
(CBDV), and tetrahydrocannabivarin (THCV) were in metha-
nol. Cannabidiolic acid (CBDA), D9-tetrahydrocannabinolic
acid A (D9-THCAA), cannabinolic acid (CBNA), cannabichro-
menic acid (CBCA), cannabigerolic acid (CBGA), cannabidi-
varinic acid (CBDVA), and tetrahydrocannabivarinic acid
(THCVA) were in acetonitrile. A mixed standard of CBD, D9-
THC, CBN, CBC, CBDV, and THCV (Standard Set 1) was
prepared at 200mgmL�1 in methanol and diluted to prepare the
working standards at 0.1, 0.5, 1, 5, 10, 25, 50, and 100mgmL�1.
A mixed standard of CBDA, D9-THCAA, CBNA, CBCA,
CBDVA, and THCVA (Standard Set 2) was prepared at
150mgmL�1 in acetonitrile and diluted to prepare the working
standards at 0.1, 0.5, 1, 5, 25, 50, 75, and 100mgmL�1. CBG
(Standard Set 3) and CBGA (Standard Set 4) were prepared
separately at 200mgmL�1 in acetonitrile and methanol, respec-
tively, and diluted to 0.1, 0.5, 1, 5, 25, 50, 75, and 100 mgmL�1.
All standard solutions were stored at –808C.

Sample Preparation

Male and female floral samples were dried in a Thermo Scien-
tific Heratherm gravity convection oven at 408C for 96 h. Seeds
and stalks were manually separated using a coarse sieve and
discarded. For male inflorescences, panicles comprising of
staminate flowers and$ 4th order reduced leaves were retained,
while for female inflorescences, phytomere tissues comprising
of pistillate flowers, perigonal bracts, bracts, and $ 4th order
reduced leaves remained. Inflorescence material was homo-
genised in a Geno/Grinder 2010 (Spex SamplePrep, Metuchen,
NJ, USA) at 1500 rpm for 2� 30 s intervals in 15mL short
polycarbonate vials with stainless steel grinding balls. Fifty
milligrams (50mg) of finely ground floral tissue was weighed
into an Eppendorf Safe-Lock microcentrifuge tube and
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extracted in 5mL of LCMS-grade methanol with vortex mixing
(1min) and sonication at room temperature for 20min. The
mixture was allowed to sit for a few minutes and then filtered
through a 0.45 mm polytetrafluoroethylene (PTFE) syringe fil-
ter. Each sample extract was diluted 10�with methanol. Ali-
quots of the filtrate were transferred to 2mL amber HPLC vials
and stored at –808C before analysis. Three extraction replicates
were performed on each apical and basal floral tissue sample,
totalling six extraction (technical) replicates per accession.

Ultra-High-Performance Liquid Chromatography–High-
Resolution Mass Spectrometry (UHPLC-HRMS) Analysis

UHPLC-HRMS separation, detection, and analysis of diluted
and undiluted extracts was carried out on a Thermo Fisher
Vanquish Flex UHPLC system with solvent degasser, quater-
nary pump, temperature-controlled sampler/auto injector
(maintained at 58C), temperature-regulated column compart-
ment maintained at 308C, and photodiode array detector (DAD)
coupled to an Orbitrap ID-X Tribrid high resolution mass
spectrometer (Thermo Fisher Scientific Inc., MA, USA). Sep-
aration was carried out on a Phenomenex Kinetex C18 column,
1.7 mm, 150mm� 2.1mm (Phenomenex Australia Pty Ltd,
NSW, Australia). Mobile phases used were water with 0.1%
(v/v) formic acid (mobile phase A) and acetonitrile with 0.1%
(v/v) formic acid (mobile phase B) with 0.3mLmin�1 flow rate
using the following gradient program: 10% B, 0–2min; 10 to
40% B, 2–3min; 40% B, 3–5min; 40 to 80%B, 5–6min; 80%
B, 6–9min; 80 to 90% B, 9–11min; 90 to 100% B, 11–12min;
100% B, 12–15min; 100 to 10% B, 15–16min; and 10% B
from 16–20min. Injection volume was 3mL.

MS analysis was carried out using an electrospray ionisation
(ESI) interface in the positive ionmode. Resolutionwas 120 000
in full scan mode and 15 000 in data dependent MS2 with HCD
activation, with bothMS andMS2 using the orbitrap as the mass
analyser and a mass range of m/z 100 to 1000. Sheath and
auxiliary gases were nitrogen at 50 and 10 arbitrary units (a.u.),
respectively. ESI spray voltagewas 3.5 kV, and the capillary and
vaporiser temperatures were 325 and 3508C, respectively. Prior
to data acquisition, the MS was calibrated with Pierce FlexMix
calibration solution and the internal mass calibrant fluoranthene
(Easy-IC) was activated during data acquisition for real-time
mass calibration. Software for data acquisitionwasXcalibur 4.4.

MS Data Processing and Statistical Analysis

Full MS data were processed using Trace Finder 4.1 (Thermo
Fisher Scientific Inc., MA, USA) for quantitative analysis. Peak
identity was determined by comparison of retention time with
reference standards and integration of extracted ion peaks. The
concentration of each analyte was determined by interpolation
from standard calibration curves generated in MS Excel and
results were expressed as average concentration� standard
deviation (s.d.).

The high-resolution accurate mass (HRAM) data were further
processed using Thermo Scientific Compound Discoverer 3.1

software. The following parameters were used for aligning reten-
tion times: alignment model¼ adaptive curve; maximum shift
[min]¼ 2; mass tolerance [ppm]¼ 5. The following parameters
were used for compound detection: mass tolerance [ppm]¼ 5;
intensity tolerance [%]¼ 30; S/N threshold¼ 3; min peak
intensity¼ 50000; Ions¼ [M þ H]þ1, [M þ H – H2O]

þ1; Base
Ions¼ [Mþ H]þ1, [M – H]�1; min element counts¼C H; max.
element counts¼C100 H300 Br5 Cl10 K5 N20 Na5 O50 P10 S10.
To eliminate drift and correct for batch effects, peak area was

normalised linearly using the area under the peak of the quality
control (QC) sample. QC samples were developed from pooled
male and female floral tissue samples and these were measured
every nine injections. QC-corrected chromatographic peak area
data was used for statistical analysis. For principle component
analysis (PCA), PC1 and PC2data pointswere centred and scaled.
Euclidean distancewas the distancemeasure used for hierarchical
cluster analysis (HCA). To detect differential metabolites
between male and female floral tissues, volcano plot analysis
using Student’s t-test was performed, with adjusted P-values
calculated using the Benjamini–Hochberg correction for the
false-discovery rate.

Compound Annotation

Small-molecule identification was performed using Thermo
Scientific Compound Discoverer 3.1 software, with annotation
of putative compounds achieved using consensus evaluation
from calculated elemental composition and searches using
HRAM MSn spectral library mzCloud and compound database
ChemSpider alongwith fragment ion searching (FISh) to predict
in silico fragmentation and ranking (mzLogic) algorithmic
tools. For mzCloud searches, the following parameters were
used: compound classes¼ all; precursor mass tolerance
[ppm]¼ 10; FT fragment mass tolerance [ppm]¼ 10; IT frag-
ment mass tolerance [Da]¼ 0.4; Library¼ auto processed, ref-
erence; post processing¼ recalibrated; max # results¼ 10;
annotate matching fragments¼ true. DDA search parameters
were as follows: identity search¼ cosine; match activation
type¼ true; match activation energy¼match with tolerance;
activation energy tolerance¼ 20; apply intensity threshold¼
true; similarity search¼ confidence forward; match factor
threshold¼ 60. ChemSpider searches included the following
databases: Cambridge Structural Database; Carotenoids Data-
base; DrugBank; KEGG; LipidMAPS; NIST Chemistry Web-
Book; Phenol-Explorer; PlantCyc; PubMed. Searches were
conducted by Formula and Mass using the following para-
meters: mass tolerance [ppm]¼ 5 ppm; max. # of results per
compound¼ 100; max. # of predicted compositions searched
per compound¼ 3. mzLogic was applied with the following
parameters: FT fragment mass tolerance [ppm]¼ 10; IT frag-
ment mass tolerance [Da]¼ 0.4; max. # compounds¼ 0; max. #
mzCloud similarity results to consider per compound¼ 10;
match factor threshold¼ 30. FISh scoring settings used were
high accuracy mass tolerance¼ 5 ppm; low accuracy mass
tolerance¼ 20 ppm; S/N threshold¼ 3; max depth¼ 5.

Metabolic Pathways Enrichment Analysis

To interpret the biological significance associated with meta-
bolite changes between female vs male floral tissues,
Kyoto Encyclopedia of Genes and Genomes (KEGG, website:
https://www.genome.jp/kegg/pathway.html) pathway over-
representation (enrichment) analysis was performed on putative
differential metabolites using the Metabolites Biological Role
(MBRole) server.[69] KEGG compound IDs which served as
input for enrichment analysis were retrieved from Compound

Discoverer software (v 3.11.12). At the time of analysis, neither
a metabolome nor a reference set of compounds for Cannabis
sativa was available and so the background set was based on all
compounds in the database associated with KEGG pathway
annotations. Enrichment p-values were adjusted for multiple
testing using the Benjamini–Hochberg correction for the false-
discovery rate.[70]
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Supplementary Material

The list of putative compounds identified from male and
female flowers, KEGG enrichment of differentially regulated
metabolic pathways, and principal component analysis load-
ings and variances plots of metabolite abundances, as well as
MS2 spectral data of HU-331 and unknown compounds are
available on the Journal’s website. Table S1: List of 2599
putative compounds identified from male and female flowers;
Table S2: KEGG enrichment of differentially regulated met-
abolic pathways in female v. male floral tissues; Table S3:
Consensus annotation of 41 DAMs; Fig. S1: Principal com-
ponent analysis loadings and variances plots of metabolite
abundances from male and female floral tissue samples;
Appendix S1: MS2 spectral data of 11 compounds that were
initially annotated as HU-331; and Appendix S2: MS2 spectral
data of HU-331.
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