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Abstract: Volatile organic compounds (VOCs) play an important role in plant ecology and can be use-
ful in pest management. This work characterises, for the first time, the VOC emissions of six industrial
hemp (Cannabis sativa L.) cultivars grown in New Zealand: CFX-2, CRS-1, Ferimon 12, Katani, Futura
75, and Finola. Volatiles emitted from flowers and foliage of eight-week-old plants were collected
using a dynamic headspace sampling method and analysed using gas chromatography coupled to
mass spectrometry. We assessed the effect of cultivar, sex (monoecious, male, and female), and site
(i.e., two sites differing in soil types, maintained under irrigation and rain-fed conditions) on VOC
emissions. Thirty-five volatile compounds were tentatively identified from the headspace samples of
hemp plants, but none of the cultivars emitted all 35 compounds. 3-Myrcene was the most abundant
compound in most cultivars. Overall, there was a significant effect of sex, and the interaction of
sex and cultivar on the volatile profiles, but no effect of site. Female plants typically emitted more
volatiles than their male counterparts and monoecious cultivars. The main compounds driving the dif-
ference between cultivars and sexes were (Z)- and (E)-3-ocimene. We hypothesize that differences in
emission emerged as a defence strategy to protect costly female flowers from herbivores (since
C. sativa is wind pollinated), but this hypothesis needs further testing. We recommend addi-
tional studies exploring how biotic and abiotic factors influence hemp VOC emissions, changes
in VOCs throughout the crop cycle, the role of VOCs in plant-insect interactions and their use in
pest management.

Keywords: plant scents; secondary metabolites; monoterpenes; sesquiterpenes; green leaf volatiles;
GC-MS; pest management

1. Introduction

All plants release secondary metabolites in the form of volatile organic compounds
(VOCs) into the environment. These compounds mediate ecological interactions between
plants and other organisms, e.g., attracting pollinators, acting as cues for foraging herbi-
vores and their natural enemies, or warning neighbouring plants of potential herbivore
attack [1-3]. Volatile compounds are emitted from all plant organs (leaves, inflorescences,
roots, etc.) [4], and their production and release are highly plastic, responding to biotic and
abiotic factors allowing for considerable variation in the quantity and composition of VOC
blends within and among plant taxa [2]. Understanding the VOC emissions of a crop and
the factors affecting them can be useful for its management, e.g., to select cultivars that are
less attractive to herbivores, enhance the attraction of biological control agents, or promote
priming (i.e., enhanced defence state) [5,6].

Cannabis sativa L. produces a wide array of secondary metabolites. This plant is best-
known for its production of cannabinoids such as tetrahydrocannabinol (THC), which
has psychoactive properties, but it is also a prolific producer of VOCs. About 200 scent
compounds have been reported to make up the plant’s complex aroma [7]. Some com-
pounds that are typically found in high concentrations in Cannabis spp. plants include
[3-myrcene, limonene, x-pinene, 3-pinene, and terpineol [4-8]. The individual compounds
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and relative concentrations contributing to the plant’s scent are becoming increasingly
diverse as different cultivars emerge and continue to be bred for different purposes. For
example, one drug-type cannabis (marijuana) cultivar has elevated levels of terpinolene
and d-limonene, giving the plant a woody citrus aroma, while one hybrid C. sativa x C.
indica cultivar has a floral citrus aroma due to high amounts of linalool and limonene [7-11].

C. sativa is an annual plant originating from central Asia that has been bred and
cultivated for thousands of years as a valuable source of food, fibre and medicine, for
cultural rituals and ceremonies, and for recreational use [12]. Industrial hemp (hereafter
hemp) comprises a wide range of C. sativa cultivars, typically with low THC content, bred
for numerous markets, including textiles, construction composite, nutrition and functional
foods, cosmetics, nutraceuticals, and medicine [13]. The growing, processing and trading
of seeds and stalks to produce foods and fibre from hemp in New Zealand has been legal
under licence since 2006 with the Misuse of Drugs Act Amendment regulations of 2006 and
2018 [14].

The Ministry of Health has approved 20 hemp cultivars for cultivation in New Zealand,
including five New Zealand-bred varieties and 15 offshore-bred cultivars [15]. However,
growing hemp in New Zealand is not without its challenges and, as for most new crops,
there is limited genetics knowledge and a relatively low level of plant biology and agro-
nomic understanding. Information on the imported varieties including their adaptation to
local climatic conditions, yield potential, seed and fibre quality characteristics, and biologi-
cal and ecological aspects must be investigated to inform agronomic practices, breeding
programmes and financial decisions.

Massey University initiated a research project in 2019 to address these gaps, partic-
ularly in the lower North Island of New Zealand, which is a potential region for hemp
production, using six offshore cultivars bred for seed and fibre use (Table 1). This study
contributes to this research and aims to characterize the volatile profiles of the six hemp-
cultivars and to explore the effect of cultivar, sex (monoecious, male, and female), and site
(i.e., two sites differing in soil types, one maintained under supplementary irrigation and
another under rain-fed conditions) on VOC emissions. This information is relevant to the
exploration of other potential uses of these hemp varieties (e.g., in food and fragrance) and
could be implemented in pest management practices.

Table 1. Description of the cultivars in which volatile emissions were investigated.

Cultivar Breeding Region Plant Reproduction Purpose
CFX-2 Canada Dioecious Seed
CRS-1 Canada Dioecious Seed

Futura 75 France Monoecious Fibre
Katani Canada Dioecious Seed
Finola Finland Dioecious Seed

Ferimon 12 France Monoecious Seed and fibre

2. Materials and Methods
2.1. Plant Material

For this study, we used six hemp cultivars: CFX-2, CRS-1, Futura 75, Katani, Finola,
and Ferimon 12. The selected cultivars have different breeding origins, plant reproduction
types, and end uses (Table 1). Four of these cultivars are dioecious (develop male and
female flowers on separate plants) and two cultivars are monoecious (male and female
flowers develop on the same plant).

2.2. Study Site and Trial Design

We measured the above-ground volatile emissions of six eight-week-old hemp culti-
vars at two different outdoor plantation sites at Massey University, Palmerston North, New
Zealand: site one at the Plant Growth Unit (PGU; 40°22/41.0” S 175°36/37.1” E) and site
two at the Pasture and Crop Research Unit (PCRU; 40°23/11.2” S 175°36'27.4” E) (Figure 1).
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Each site followed a randomized complete block design, which contained four replicates.
Each replicate consisted of six plots with six cultivars planted individually in each plot
(i.e., cultivars did not mix and had their own allocated space). The experimental design
and field layout were similar for both sites, with different randomization of the entries. The
total plantation area for both sites was 41 m x 15 m with each cultivar grownin 6 m x 3 m
plots with 15 cm of constant distance between the rows.

(b)

Figure 1. Eight-week-old hemp plants used for volatile collection: (a) Female hemp plants; (b) Male

hemp plants.

The soil types at both sites differed in their properties. The PCRU site contains Toko-
maru silt loam, which is characterized by a silt profile with low root penetration. There is
limited aeration in the root zone, and it is poorly drained, making it more prone to flooding
during rainfall. The PGU site contains Manawatu silt loam, which is characterized by a
loam profile with no significant root barrier within the first metre of soil. The soil is imper-
fectly drained with moderately limited aeration in the root zone. These characteristics were
collated from the latest Manaaki Whenua (Landcare Research) Soil Report (2022) [16]. Soil
moisture was maintained at the PGU site via sprinkler irrigation, while the PCRU site was
not irrigated, but was rainfed. Weekly weather data (maximum and minimum temperature,
rainfall, and relative humidity) from sowing until data collection, was obtained from a
climate station from the National Institute of Water and Atmospheric Research (NIWA)
located between the two sites (Table S1). Due to their proximity, weather data is assumed
to be the same for both sites.

2.3. Volatile Collection and Analysis

Volatile compounds were collected from eight-week-old plants in February 2021 using
a dynamic headspace sampling method [17]. For the dioecious cultivars, the emissions of
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male and female plants were measured separately. For each sample, a plant was randomly
selected from each plot and the most apical portion of the stem containing the flowers
and upper leaves was bagged using heat-resistant oven bags (GLAD 500 mm x 500 mm,
~20 L capacity) with both ends fastened. A portable PVAS22 pump (Volatile Assay Systems,
Rensselaer, NY, USA) was used to simultaneously push (1.0 L/min) and pull (0.9 L/min)
carbon-filtered air through the enclosed system using PTFE tubes (Figure 2). In the ‘pull’
tube, a collection filter containing 30 mg HayeSep Q adsorbent was inserted to collect the
volatiles. Volatile compounds were collected for two hours per plant under similar weather
conditions (dry and sunny) between the 8th and 12th of February 2021. After sampling, the
plant material enclosed in the bags was removed and dried at 60 °C for 96 h and used to
calculate the volatiles emitted per gram of dry weight (ng g DW~1 h™1).

(b)

Figure 2. The volatile collection procedure: (a) Portable PVAS22 pump; (b) plant material bagged
and fastened to create an enclosed system for volatile collection.

Collection filters were eluted using 200 uL of 95% hexane with 10 ng/pL nonyl acetate
(C11H220,) as an internal standard. Samples were stored at —80 °C. These samples were
analysed using gas chromatography coupled to mass spectrometry (GC-MS QP2010S
Shimadzu technologies) with a 30 m x 250 pm x 0.25 um TG-5MS capillary column.
Helium was the carrier gas, which was supplied at: 53.5 kPa pressure, 3.0 mL/min flow
rate, 14.0 mL/min total flow, and 36.3 cm/s linear velocity. Operating conditions were
as follows: injector temperature 250 °C; split ratio of 10; initial oven temperature was
50 °C held for 3 min, then increased to 200 °C at a rate of 9 °C/min. Tentative identification
of compounds was achieved by comparing compounds of interest to target spectra in the
mass spectra library from the National Institute of Standards and Technology (NIST).
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2.4. Data Analysis

Statistical analyses were completed using IBM SPSS statistics version 28.0.1.1 [18]
and RStudio, Version 2022.02.2 [19]. For all analyses, a small constant (0.001) was used to
replace zero values (compounds not detected in a sample). A general linear model (GLM)
was used to explore the effect of the cultivar, sex, and site on the total VOC emissions, and
pairwise comparisons were conducted to identify differences between treatments. Since
no site effect was observed in the GLM, the data from both sites were pooled (for VOC
emissions by site please refer to Table S2 and Figure S1 in Supplementary Material).

Following the results of the GLM, a principal component analysis (PCA) was per-
formed using the identified compounds for all sex x cultivar interactions. For individual
compounds having a high contribution to the separation along principal components, emis-
sions were compared using either ANOVA or a Kruskal-Wallis test. We also conducted
a PCA to explore differences in emission by sex for male and female plants of dioecious
cultivars and followed up with a t-test or Mann—-Whitney test for the main compounds
contributing to the separation.

3. Results

Thirty-five compounds were tentatively identified in the headspace collections of
hemp plants, which were further assigned to their respective chemical classes. Most of the
compounds were monoterpenes (19), followed by sesquiterpenes and sesquiterpenoids (10),
and green leaf volatiles (GLVs, 2). The remaining four compounds were grouped as ‘other’.
No cultivar emitted all thirty-five compounds; however, all cultivars emitted (Z)-3-hexen-
1-ol acetate, x-pinene, 3-pinene, 3-myrcene, limonene, (Z)-3-ocimene, y-caryophyllene
and humulene. 3-Myrcene was the most abundant compound in all cultivars, except for
Futura 75 (where it was the second most abundant). No males emitted the compounds
a-phellandrene, 2-carene, and 3-carene; these compounds were only emitted by females
and one monoecious cultivar, Ferimon 12. In addition, the compound L-f-pinene was
unique to females. No compounds were unique to males of the dioecious cultivars or to
the monoecious cultivars (Table 2).

3.1. General Linear Model

A general linear model was used to explore the effect of cultivar, sex, and site on
VOC emissions. The model revealed a significant effect of sex (F = 34.7, p < 0.001), and
the interaction between sex and cultivar (F = 2.86, p < 0.05), but not of the other vari-
ables, either alone or in interaction. Follow-up pairwise comparisons between all possible
sex x cultivar interactions revealed that all monoecious and male plants from all cul-
tivars were not significantly different from one another but were significantly different
(p < 0.05) from the CRS-1, Katani and Finola females (Figure 3). The CFX-2 females were
not significantly different from male and monoecious cultivars (Figure 3).

3.1.1. Principal Component Analysis for Sex x Cultivar Interactions

A principal component analysis (PCA) was used to further explore the differences
in hemp VOC emissions between the sex x cultivar interactions. The PCA revealed a
high overlap between the volatile profiles; however, the females of the Finola and Katani
cultivars showed slight separation from the other sex x cultivar interactions along the
first axis (Dim 1) (Figure 4). The first axis of the PCA (Dim1) explained 25.5.% of the total
variance in emissions among the six hemp cultivars. This axis was mostly characterized by
(Z)- p-ocimene and (E)-B-ocimene (ZbOci and EbOci in Figure 4).
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Table 2. Identification and quantification of compounds present (ng gDW~! h~!) in the headspace samples of six hemp cultivars. Data are presented as
mean £ SEM (n = 80). GLV = Green leaf volatiles, M = Monoterpene, S = Sesquiterpene/sesquiterpenoid, O = other, hyphen (-) = not detected. To view the individual
compounds as a percentage of the total emission values, please visit Table S5 in the Supplementary Material.

Cultivar CFX-2 CRS-1 Futura 75
Sex Male Female Male Female Monoecious
Compound ID (Class) MEAN SEM MEAN SEM MEAN SEM MEAN SEM MEAN SEM
(Z)-3-Hexen-1-ol (GLV) - - 1.527 1.256 9.925 9.924 - - 1.358 0.624
(Z2)-3-Hexen-1-0l acetate (GLV) 10.427 3.233 47.985 26.104 15.639 7.088 33.383 9.147 41.544 20.497
«-Pinene (M) 88.026 36.045 130.904 35.750 64.293 22.941 150.088 47.306 10.178 2.722
3-Pinene (M) 30.009 12.838 47.178 12.583 20.134 7.229 55.731 18.066 2.968 0.949
3-Myrcene (M) 352.225 197.650 543.361 196.272 200.165 80.784 750.643 228.577 14.896 6.027
o-Phellandrene (M) - - 3.301 3.300 - - 1.628 1.627 - -
2-Carene (M) - - 2.597 1.605 - - - - - -
3-Carene (M) - - 3.602 3.601 - - 2.453 2.452 - -
Cyclopentene,
3-isopropenyl-5,5-dimethyl- (M) 1903 1902 ) i i ) i ) ) i
Limonene (M) 10.456 6.594 14.861 9.850 14.721 9.468 20.787 14.446 1.082 0.787
Eucalyptol (M) 0.771 0.770 - - 4.998 4527 - - 1.184 0.676
(E)-B-Ocimene (M) 12.865 6.134 16.401 7.069 5.737 3.673 16.343 5.782 - -
(Z2)-p-Ocimene (M) 71.323 37.552 196.283 78.037 20.105 9.083 186.365 79.197 2.745 0.947
y-Terpinene (M) - - - - - - - - - -
Terpinolene (M) 1.603 1.602 2.298 2.297 - - - - - -
Cyclohexene,
4-methyl-3-(1-methylethylidene)- (M) - - 92.239 88.836 - - 86.857 44951 - -
L-Camphor (M) 0.131 0.130 0.133 0.132 0.580 0.579 0.337 0.336 0.062 0.061
p-Cymenol (M) - - 1.798 1.679 - - - - - -
Cyclohexene,
1-methyl-5-(1-methylethenyl)- (M) - - 1.780 1.387 1.205 1.204 1.685 1.684 - -
L-B-Pinene (M) - - 0.733 0.732 - - 4.833 4.832 - -
Sabinene (M) - - 11.986 11.985 - - - - - -
y-Caryophyllene (S) 35.914 17.249 57.553 20.913 23.253 13.454 47.315 16.569 5.212 2.252
a-Bergamotene (S5) 2.819 1.915 2.018 1.692 - - 1.661 1.660 - -
(E)-a-Bergamotene (S) - - 2.531 1.258 - - 2.772 2.224 - -
«-Guaiene (S) 0.083 0.082 - - - - 1.868 1.867 - -
(Z2)-B-Farnesene (S) 2.674 2.394 4.028 2.632 - - 2.821 2.820 - -

(E)-B-Farnesene (S) 1.150 1.149 1.720 1.719 - - 1.726 1.725 - -
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Table 2. Cont.

Humulene (S) 7.463 4.447 14.649 7.303 3.959 3.265 10.104 4124 0.538 0.537
3-Selinene (S) 1.591 1.590 1.263 1.262 0.468 0.467 2.576 1.462 - -
«-Farnesene (S) - - 0.846 0.564 - - - - - -
Caryophyllene oxide (S) 4.017 3.452 0.832 0.407 - - 0.408 0.407 - -
Dodecane (O) 0.167 0.116 0.265 0.264 0.581 0.580 - - 0.097 0.096
Tridecane (O) 1.253 1.137 1.162 1.161 2.104 1.462 - - 0.150 0.149
Dodecanoic acid (O) - - - - 1.365 1.364 0.586 0.585 3.465 3.464
Butyric acid (O) - - - - 0.627 0.626 2.671 1.805 - -
Cultivar Katani Finola Ferimon 12
Sex Male Female Male Female Monoecious
Compound ID (Class) MEAN SEM MEAN SEM MEAN SEM MEAN SEM MEAN SEM
(Z)-3-Hexen-1-ol (GLV) 1.692 1.691 7.080 7.079 1.178 1.177 - - 0.228 0.227
(Z)-3-Hexen-1-0l acetate (GLV) 14.033 10.066 81.539 41.067 14.058 7.162 85.799 29.004 19.595 8.250
«-Pinene (M) 34.680 17.734 133.764 34.218 67.760 28.423 114.933 27.333 31.411 9.092
3-Pinene (M) 12.209 7.201 67.169 17.627 26.641 12.329 64.864 11.527 12.835 4.443
-Myrcene (M) 214.394 104.952 918.863 344.691 266.874 173.637 1123.454 401.844 196.524 181.551
o-Phellandrene (M) - - 8.021 4.376 - - 5.657 2.383 2.371 2.370
2-Carene (M) - - 2.012 1.862 - - 0.458 0.457 1.477 1.476
3-Carene (M) - - 5.205 5.204 - - 5.166 3.735 1.251 1.250
Cyclopentene,
3-isopropenyl-5,5-dimethyl- (M) i 4.842 3771 i ) i i ) i
Limonene (M) 6.226 3.357 107.998 62.599 0.938 0.937 1.430 1.429 5.506 3.366
Eucalyptol (M) - - - - - - - - 2.555 2.221
(E)-B-Ocimene (M) 5.979 3.365 36.238 12.590 8.030 3.564 80.256 25.697 9.999 5.671
(Z2)-B-Ocimene (M) 30.242 15.043 397.258 130.197 36.694 11.263 803.919 175.102 122.714 102.645
y-Terpinene (M) - - 1.457 1.456 - - 0.733 0.732 - -
Terpinolene (M) - - 91.733 91.732 0.875 0.874 - - - -
Cyclohexene,
4-methyl-3-(1-methylethylidene)- (M) 0.458 0.300 196.079 97.713 2.548 2.547 206.032 87.392 80.516 80.515
L-Camphor (M) 1.973 1.426 - - - - - - 0.543 0.542
p-Cymenol (M) - - 7.018 4.332 - - 1.998 1.997 - -
Cyclohexene, 0.193 0.192 - - 4421 4.420 45.171 25541 0.326 0.325

1-methyl-5-(1-methylethenyl)- (M)
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Table 2. Cont.

L-B-Pinene (M) - - 19.536 19.535 - - 8.526 5.594 - -
Sabinene (M) - - 18.329 11.883 - - 5.902 5.901 8.517 8.516
y-Caryophyllene (S) 13.863 6.388 109.305 47.033 16.053 7.418 225.875 100.639 24.681 13.215
a-Bergamotene (S) - - 0.698 0471 2.448 2.447 2.380 2.379 - -
(E)-a-Bergamotene (S) - - 6.772 6.290 1.180 1.179 18.187 6.900 0.197 0.196
«-Guaiene (S) - - 3.606 3.605 - - 5.562 4.203 - -
(2)-B-Farnesene (S) 0.280 0.279 11.073 6.503 3.260 3.259 22.775 9.491 1.531 1.116
(E)-B-Farnesene (S) - - 2471 2.470 - - 9.580 7.271 - -
Humulene (S) 2.517 1.736 23.659 10.673 2.430 1.807 50.671 22.861 4.994 2.790
[-Selinene (S) - - 1.101 0.790 - - 4.133 4132 - -
a-Farnesene (S) - - - - - - 1.101 1.100 0.492 0.330
Caryophyllene oxide (S) 1.768 1.767 0.257 0.256 - - 0.410 0.409 - -
Dodecane (O) 0.112 0.111 - - 3.651 2.143 - - - -
Tridecane (O) - - - - 0.275 0.274 - - 0.158 0.157
Dodecanoic acid (O) 9.898 4.879 0.703 0.702 5.098 5.097 0.930 0.929 - -

Butyric acid (O) - - 4.561 4.560 - - - - - -
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Figure 3. Total VOC emissions (ng g DW~! h~1) from six New Zealand grown hemp cultivars
(four dioecious and two monoecious). Datasets for dioecious cultivars are separated by sex (male or
female). Data are presented as mean + SEM (n = 80). Different letters indicate a significant difference
in emissions between the cultivar x sex interactions.

(Z2)-B-Ocimene and (E)-B-ocimene emissions, were further compared between
sex X cultivar interactions. There was a significant difference in the emission of both
(Z)-B-ocimene (x? = 40.17, p < 0.001) and (E)-B-ocimene (x? = 28.88, p < 0.001). Follow up
pair-wise comparisons of (Z)-3-ocimene revealed that the Futura 75 monoecious cultivar
emitted significantly lower quantities of (Z)-f3-ocimene when compared to female Finola
plants (Z = 5.05, p < 0.001), female Katani plants (Z = 3.71, p < 0.001), and female CFX-2
plants (Z = 3.27, p = 0.04). Additionally, female Finola plants emitted significantly higher
amounts of this compound when compared to male CRS-1 plants (Z = 3.94, p = 0.003), male
Katani plants (Z = 3.71, p = 0.009), and the monoecious Ferimon 12 (Z = 3.46, p = 0.02).
Pair-wise comparisons for (E)-3-ocimene revealed that the Futura 75 monoecious cultivar
emitted significantly lower quantities of this compound when compared to female Finola
(Z =4.40, p < 0.001) and female Katani (Z = 3.59, p = 0.01).

3.1.2. Principal Component Analysis for Sex (Male vs. Female)

A PCA was used to explore differences in hemp volatile emissions between male
and female plants for the dioecious cultivars only. Male and female plants were clearly
separated based on volatile emissions along the first PCA axis (Dim1, Figure 5). The first
axis of the PCA explained 25.2% of the total variance in emissions among the six hemp
cultivars. As in the previous analysis, the main compounds contributing to the separation
were (Z)-f3-ocimene and (E)-f3-ocimene (ZbOci and EbOci on Figure 5). Female plants
emitted higher amounts of both (Z)-3-ocimene (W = 868, p < 0.001) and (E)-f3-ocimene
(W =777, p <0.001) than their male counterparts.
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There was a significant difference in volatile emissions between male and female plants
for all compound groups. Females emitted more monoterpenes (W = 982, p = 0.03), sesquiter-
penes (W = 1053, p = 0.005), and GLVs (W = 1170, p < 0.001). However, males emitted a
higher quantity of the ‘other” compounds (W =507, p = 0.002). When the compounds com-
prising this group (dodecane, tridecane, dodecanoic acid, and butyric acid) were analysed
individually, it was found that, on average, dodecane was emitted in higher amounts by
male than female plants (W = 629, p = 0.01), contributing to this group difference (Table 2).

101 ‘ Terp
: /7 Butan

Cyefis

/ / X3HexA

Dim2 (11.8%)

LCamph Uca

aPhell

ZbFarn

Dim1 (25.5%)

CFX2Female CRS1Female . FerimonMono . FinclaMale KataniFemale
chcemale @ crsivae @ FinolaFemale Futura75Mono KataniMale

Figure 4. Principal component analysis (PCA) biplot showing scores of individual plants for each
cultivar x sex interaction. The PCA was based on the 35 compounds tentatively identified from six
hemp cultivars; small circles correspond to individual samples and larger circles correspond to the

treatment average.
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Figure 5. Principal component analysis (PCA) biplot showing scores of individual plants from
different sexes (only for male and female plants of dioecious cultivars). The PCA was based on
35 compounds tentatively identified from the four dioecicous hemp cultivars (CFX-2, CRS-1, Katani,
and Finola). Small circles correspond to individual samples and larger circles correspond to the
treatment average.

4. Discussion
4.1. Key VOCs in the Hemp Headspace and Their Potential Use for Pest Management

This study presents the first analysis of VOCs emitted from hemp cultivars grown in
New Zealand. In this study, we tentatively identified and quantified thirty-five volatile
organic compounds from the headspace of hemp plants, with most of these compounds
being monoterpenes and sesquiterpenes. Common compounds to all tested cultivars
include 3-myrcene, y-caryophyllene, a-pinene, 3-pinene and limonene, reflecting species-
specificity in the emission of these compounds [20]. This is consistent with previous studies,
where these compounds were also identified in the leaf [21] and fresh bud samples [22] of
C. sativa (marijuana type) plants.

-Myrcene was the most abundant compound in most cultivars. Myrcene is a plant-
produced monoterpene, released by multiple species such as bay leaf, juniper, lemongrass,
and thyme. It has multiple ecological roles and industrial applications, with antibiotic
and insect repellent properties, and is used for flavours, fragrances, and polymer produc-
tion [23]. Therefore, high myrcene-producing plants may provide improved defence against
pathogens and herbivores; and could be used to produce additional products beyond fibre
and seeds.
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This study showed that male plants from dioecious cultivars and monoecious cultivars
emit lower amounts of volatiles and do not differ significantly in their volatile emissions. In
contrast, female plants from dioecious cultivars typically emit significantly more volatiles
than their male counterparts or monoecious plants (excluding CFX-2). The main com-
pounds contributing to this separation were (Z)-f3-ocimene and (E)-f3-ocimene, which were
emitted in higher amounts by female plants of dioecious cultivars. In contrast, in the
monoecious Futura 75 cultivar, (Z)--ocimene was emitted in extremely low quantities,
while (E)-f3-ocimene was not detected in the GC-MS analysis (Table 2).

-Ocimene is a ubiquitous monoterpene volatile compound with multiple biological
roles. It is thought to be relevant in pollinator attraction and to play a defensive role by being
toxic to herbivores or attracting natural enemies when emitted by vegetative tissue upon
herbivore damage [24]. For instance, an electrophysiological study of the parasitoid wasp
Cotesia sesamiae (Hymenoptera: Braconidae), showed sensitivity to quantitative changes
in several minor compounds collected from a headspace sample of African forage grass
(Brachiaria brizantha) exposed to an ovipositing pest species, including (E)-3-ocimene [25].
An electroantennography and behavioural study showed that the braconid parasitoid
Glyptapanteles liparidis can detect this compound and is attracted to black poplar (Populus
nigra) plants that emit it following herbivore damage by its host Lymantria dispar [20].
(2)-B-Ocimene is a major constituent of the essential oil of clove basil (Ocimum gratissimum)
and has been shown to have a toxicity effect on five insect pests of stored products [27].
These examples suggest a direct and indirect role of 3-ocimene isomers in plant defence.

Plant derived volatile compounds play an important role in insect host finding and
acceptance [2]. Therefore, identifying key compounds or blends influencing the behaviour
of insects could assist in the development of pest protection strategies, either by selecting
cultivars that are less attractive or deterrent to pest species or those that are more attractive
to their natural enemies (predators or parasitoids) [5,6]. Given the abundance of myrcene
and the importance of ocimene in characterising male vs. female hemp cultivars, these
compounds are good candidates to assess their effect on the behaviour of insects associated
with hemp in New Zealand, using similar approaches as those in other systems e.g., [25-28].

4.2. Differences in VOC Emission between Sexes

We found that female hemp plants produce more volatiles than their male counterparts
(and monoecious cultivars); this is likely due to the presence of stalked glandular trichomes
in the female flowers. These trichomes produce resin that contains cannabinoids and other
volatile and non-volatile secondary metabolites [29]. Trichomes are typically absent from
male flowers and leaves, and their abundance and content can be influenced by genetics
and the environment [29]; therefore, it is not surprising to find differences in volatile
emission among female plants of different cultivars (especially in hemp plants that are
selected for their low cannabinoid content).

Sexual dimorphism of floral and inflorescence traits is common among many dioecious
plant groups. For example, a review of thirty-three sexually dimorphic species found that
the scent composition between sexes differed for all species and that male plants typically
emitted more volatiles than females [30]. However, in this study, females emitted more
volatiles than males, which may be a point of interest and could be explored further.

Sexual differences in plant scents have the potential to alter the preference and be-
haviour of some insect species. For instance, male and female flowers across several
Phyllantheae plant tribes had major qualitative differences in their volatile blends, with
their pollinators (Epicephala, Lepidoptera) showing a preference for the males over the
females [31]. This was shown again by Waelti et al. [32], who investigated the floral signals
of Silene latifolia (white champion) and the behaviour of their moth pollinators, Hadena
bicruris, to these signals. It was found that although males produced smaller flowers, they
produced more in number and emitted significantly more scent compounds than female
flowers. It was also found that the naive pollinating moths showed a higher preference for
male flowers, although this was only true for male moths.
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Since C. sativa plants do not rely on insects for pollination, differences in male and
female volatile profiles may reflect their evolutionary history with other insects such as
herbivores. In this scenario, higher emissions could be a defensive strategy to repel/deter
herbivores or recruit their natural enemies to protect costly female flowers. Monoecious
plants may invest less in volatile production, due to the cost associated with the produc-
tion of both male and female reproductive organs (which is supported by their delayed
flowering time when compared to other cultivars; see Table S3).

A pioneer study on box elder maple (Acer negundo) suggested that female plants are
chemically better defended than males [33]. A meta-analysis by Cornelissen and Stiling [34]
strengthens this claim by revealing that male plants are often visited by higher numbers of
herbivores and suffer more damage as a result of herbivory than female plants. Therefore,
it is thought that dimorphism in the form of chemical defences can affect herbivory rates
between sexes. Since monoterpenes and sesquiterpenes make up many of the compounds
released after tissue damage from herbivores [35], it is possible that they play a defensive
role in C. sativa plants, especially in hemp cultivars, where other defensive metabolites
such as THC are present in lower amounts. However, further studies must be conducted to
explore this theory.

4.3. Factors Influencing VOC Emission

The VOC emissions of plants can be influenced by environmental conditions. For exam-
ple, temperature, UV-radiation, and soil nutrients have been shown to affect the VOC emis-
sions of different plant species (native and introduced) occurring in New
Zealand [3,36-38]. Soil, in particular, is a key factor driving volatile compounds’ emis-
sions in different systems because soil nutrients and soil water availability influence plant
metabolism, and because soil structure (e.g., porosity) and associated biota can impact
nutrient cycling, bioavailability, and root penetrability, among other factors [39].

In our system, we compared two sites with different soil types (differing in porosity,
water logging and root penetrability), which could influence water moisture levels and
nutrient uptake by plants. Soil moisture data recorded during the season confirmed the
differences of soil characteristics regarding water retention and water logging between the
two sites (Table S4). However, our results did not indicate differences in volatile emission
between sites (Table S2 and Figure S1), perhaps due to similar climatic conditions (Table S1).
However, considering the current and potential geographic variations in hemp cultivation
in New Zealand, further studies comparing hemp volatiles under different environmental
conditions and studies using controlled settings can help elucidate the impact of single and
combined environmental factors on the plants’ chemistry and ecology. Studies exploring
the influence of biotic agents on volatile emissions (e.g., herbivores and other plant visitors,
rhizosphere and phyllosphere microorganisms) are also encouraged.

There are 14 additional hemp cultivars (not included in this study) approved by the
Ministry of Health [15], as well as different agronomic practices that could be used to
produce hemp (e.g., hydroponics under greenhouse conditions). Extending this study
to include the remaining cultivars would strengthen our knowledge of hemp volatile
emissions under New Zealand conditions. This could include the incorporation of other
analyses, such as the influence of biotic and abiotic factors, and different cultivation methods.

The data collected in this study only captured a snapshot of volatile emissions at
one stage of the plant’s developmental cycle during flowering (eight weeks after sowing).
Collecting volatile emissions at different sampling points over the cultivation cycle could
provide more insight into the temporal or phenological variations in hemp volatiles, such as
differences between vegetative and flowering stages of growth. This information could be
useful to explore plant-insect interactions throughout the crop cycle as in Proffit et al. [40].
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5. Conclusions

This study characterized the VOC profiles of six hemp cultivars, and explored the
influence of cultivar, sex, and site on VOC emissions. We found that all cultivars are prolific
emitters of terpenoids. Abundant compounds such as -myrcene could have important
applications in pest management and the production of other products beyond seeds and
fibre (e.g., fragrances and flavours). Our results show a marked difference in the volatile
emissions between female plants and their male counterparts or monoecious cultivars, with
female plants emitting more VOCs. We hypothesize that this is a defensive mechanism to
protect costly female flowers from herbivores, mediated by compounds such as (E)- and
(Z)-B-ocimene, but this hypothesis remains to be tested. There was no difference between
the two hemp plantation sites used in this study, probably due to similar climatic conditions;
however, biotic and abiotic factors are known to influence VOC emissions, and their effect
on hemp plants must be explored further under diverse climatic conditions. We recommend
additional research including other cultivars and exploring VOCs at different stages of
the crop cycle, alongside studies on the role of hemp VOCs on plant-insect interactions to
inform pest management practices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12112651/s1, Figure S1: Principal component analysis
(PCA) biplot showing scores of individual plants grown at two different sites; Table S1: Weather
data from sowing to end of data collection obtained from a climate station located between the two
sites as reported by The National Climate Database from the National Institute of Water and table
Atmospheric Research (NIWA); Table S2: Identification and quantification of compounds present
(ng g DW~1 h~1) in the headspace samples between the two sampled sites; Table S3: Flowering date
(beginning of flowering) of the six hemp cultivars at both sites; Table S4: Field capacity measured
in both sites from sowing to end of data collection; Table S5: Percentage contribution of different
volatile compounds to the volatile blend of the six hemp cultivars.
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