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Abstract

Cannabis aphid Phorodon (Diphorodon) cannabis Passerini 1860 is an economically impor-
tant pest of oil hemp (Cannabis sativa L.) and is controlled by insecticides. Oil hemp crops
are treated with herbicides, which are non-target pesticides for aphids but may also affect
aphid populations. Such ecological implications of plant protection products are rarely in-
vestigated. The aim of the present research was to better understand plant - aphid - her-
bicide interactions, specifically, changes of fatty acids (FAs) in leaves, caused by cannabis
aphids and a common herbicide used in hemp fields.

Of 21 FAs detected in hemp leaves, aphid feeding significantly increased the amounts of
myristic and oleic acids and decreased the content of a-linolenic acid. This effect was found
when aphids fed on hemp plants and especially when plants were treated with an herbicide
containing quizalofop-P-tefuryl. This compound on its own did not affect the FA composi-
tion. In spite of the extremely high increase of myristic acid (7- to 9-fold, depending on the
experiment variant), which could cause the repellent effect in hemp plants, the decreased
amount of a-linolenic acid, the precursor of jasmonic acid may have helped aphids to ma-
nipulate the jasmonate signaling pathway involved in plant defense to herbivory enabling
their continued feeding on hemp. This study revealed the importance of FAs in plant de-
fense as well as the side effects of non-target plant protection products. Future pest man-
agement should take into account the complex interactions between crop plants, their pests
and non-target effects of chemicals used in real field situations.
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Introduction

For centuries hemp/cannabis has been greatly valued
for its fiber, seeds, and plant extracts, primary can-
nabinoids and terpenes (Bakro et al. 2020; Cantele
et al. 2020; Farinon et al. 2020; Leonard et al. 2020).
Hemp is also used for oil and great attention has been
paid to the fatty acid composition in seeds. Lipids
and fatty acids are essential constituents of all plant
cells. They are major components of membranes and
are therefore responsible for compartmentation of

cells, by forming hydrophobic barriers (Kim 2020). Li-
pids are used as an energy source for seed germination
and provide energy for various metabolic processes.
Moreover, lipids and fatty acids also act as intracellular
and extracellular signal transduction mediators (Lim et
al. 2017). Oil extracted from hempseed contains more
than 80% unsaturated fatty acids (Callaway 2004; Goli-
mowski et al. 2022). In oil hemp, the omega-6 : omega-3
ratio ranges from 2 : 1 to 3 : 1. These values are
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considered optimal for human health (Lupette and
Benning 2020). This is why the first novel oil hemp-
seed cultivars, including cultivar Henola used in this
study, gained great attention and are regarded as at-
tractive alternatives to other plants containing unsatu-
rated fatty acids. In contrast to the seeds, not much is
known about the contents of fatty acids in hemp leaves
(Lemberkovics et al. 1979). The volatile oils and resin
in leaves and flowers contribute to insect attraction or
deterrence (Truta et al. 2009). In this study it was hy-
pothesized that aphid feeding and pesticide use change
the composition of fatty acids in hemp leaves.

The activity of fatty acids towards insects greatly
depends on their structure (Juirez and Napolitano
2000). Fatty acids are divided into saturated (SAFA)
and unsaturated (UFA), which can be further divided
into monounsaturated fatty acids (MUFA), such as
18:1 (oleic acid) and polyunsaturated (PUFA), e.g.,
18:2 (linoleic, LA), and 18:3 (a-linolenic, ALA). Un-
saturated fatty acids (UFAs) are importantly associ-
ated with abiotic and biotic stresses (Harwood 1988)
and play regulatory roles in plant defense (Lim et al.
2017). Inside cells they serve as intrinsic antioxidants
and precursors of various bioactive molecules, such
as the well-known stress hormone jasmonic acid, JA
(He et al. 2018). The involvement of oleic acid in the
crosstalk between JA and salicylic acid (SA) signaling
pathways against pathogen invasion has been dem-
onstrated (Kachroo et al. 2001). PUFAs are produced
in plants through two parallel pathways, with one in-
volving stearate desaturation to produce oleate (18:1),
which is further desaturated to produce LA and ALA
(Kanobe et al. 2015). Their oxidation leads to the syn-
thesis of oxylipins (oxidized lipids), which function as
signaling molecules in response to biotic stresses (Blée
2002; Prost et al. 2005). Their role in cross-kingdom
communication between plants and pathogenic fungi
was implicated (Christensen and Kolomiets 2011) as
well as their involvement in defense against insect
pests (Farmer et al. 2003).

A wide range of pests can cause damage to hemp
such as loss of biomass, seed yield as well as the reduc-
tion in quality of harvested produce (McPartland et al.
2000; Bakro et al. 2018) The cannabis aphid Phorodon
(Diphorodon) cannabis Passerini 1860, is a major pest
of Cannabis sativa worldwide, including Poland (Du-
rak et al. 2021). Damage is caused by sucking phloem
sap from leaves and stems, leading to yellowing and
dieback and can lead to significant yield loss in hemp
(Cranshaw et al. 2018). It is distributed from central,
eastern and southern Europe to Turkey, Asia, North
Africa and North America (Heie 1994; Blackman and
Eastop 2024). Cannabis aphid has a monoecious holo-
cyclic cycle and its development is optimal at 25°C; the
average fecundity at this temperature is 7.5 nymph per
female per reproduction day (Durak et al. 2021).

As herbivores, aphids pose a special challenge to
plants as they cause relatively little direct tissue dam-
age, when inserting their slender stylets intercellularly
to feed from the phloem sieve elements. This feeding
strategy requires the recognition of aphid salivary com-
ponents and the induction of phloem-specific defense
(de Vos et al. 2007). The composition of phloem may
change in response to aphid feeding and deter the pest
or at least negatively affect its fecundity and other bio-
logical parameters. However, the insect-plant coevolu-
tion has resulted in the development of an ability in
insects to counteract. The salivary effector proteins are
known to suppress plant defense, as has been demon-
strated in green peach aphid, Myzus persicae Stlzer
(Bos et al. 2010; Pitino and Hogenhout 2013; Elzinga
et al. 2014) enabling the insect to feed on host plants.

The composition of phloem sap in crop plants is
also affected by other factors such as pesticides which
play an important role (Bromilow et al. 1990). Eco-
logical implications of plant protection products are of
great importance and interest due to the fact that they
relate to phenomena found in agricultural fields. It was
hypothesized that foraging of cannabis aphid on plants
treated with a pesticide affects the composition of
fatty acids in leaves. The studied chemical compound
contained quizalofop-P-tefuryl, an active ingredient
in an herbicide designed for controlling monocoty-
ledonous weeds in dicotyledonous crops. This active
substance is widely used to kill unwanted grasses in
hemp fields by inhibition of Acetyl CoA carboxylase
(https://hracglobal.com). This compound causes a mild
stress in aphids foraging on treated plants and in-
creases their reproduction (Durak et al. 2021). In this
experiment it was assumed that hemp plants would re-
spond to aphid feeding with fatty acid reprogramming.
The kinetics of quizalofop-P-tefuryl herbicide was de-
termined to check its presence in the phloem sap. To
help interpret the results this included an additional
explanatory study in which the concentration of qui-
zalofop in plants during aphid feeding was determined.

Materials and Methods

Aphids and plants

Six-week-old glasshouse-grown hemp plants (Can-
nabis sativa L.) cv. Henola (Institute of Natural Fibres
and Medicinal Plants, Poznan, Poland) which had
10-12 fully developed leaves were deliberately colo-
nized by the laboratory population of cannabis aphids.
There were four treatments in the experiment: 1) con-
trol plants, P, 2) plants treated with herbicide contain-
ing quizalofop-P-tefuryl, P+H, 3) plants infested with
aphids, P+A, 4) plants treated with herbicide and in-
fested with aphids, P+A+H. Control plants were not



Durak R. et al.:.Composition of fatty acids in hemp leaves (Cannabis sativa L.) under the impact of aphids and a herbicide

treated with any pesticide or aphids. To determine
aphid population growth over time, 24 hours prior to
aphid release hemp plants were treated with the her-
bicide quizalofop-P-tefuryl (Pantera 40EC, Arysta Life
Sciences, Amsterdam, The Netherlands). The concen-
tration of the herbicide was prepared according to
the recommendations of the manufacturer (40 g - 1,
4.38% in water). The solution was applied with a soft
brush to make sure that all plant parts were uniformly
covered with the same amount of the compound.

Experiment 1. Development
of the population of cannabis aphid
Twenty-four plants were used in this experiment,
12 treated with the herbicide and 12 control (untreat-
ed) plants. The aphids were placed on plants 24 hours
after herbicide application, when the herbicide had
been absorbed by the plant and the plant was not wet.
Using a fine brush 35 adult apterous aphids were
carefully placed on the upper leaves of each hemp
plant. The population of aphids (population propagat-
ed in the laboratory) was counted 3, 5, 7 and 10 days
after their release on plants. For each time variant, the

number of nymphs born was counted on three con-
trol plants and three plants treated with the herbicide.
These plants were then eliminated from the study
(Fig. 1).

Experiment 2. Determination of fatty acids

in plants with cannabis aphid foraging

There were four variants in this experiment, with
21 plants in each variant (84 plants in total). Variant 1:
plants with no treatment (P), variant 2: plants treated
with the herbicide (P+H), variant 3: plants treated with
aphids (P+A), variant 4: plants treated both with her-
bicide and aphids (P+H+A) (Fig. 2).

The herbicide was applied on plants and 24 h later
the aphids (35 apterous adults) were applied and this
plant status was regarded as the starting point (0 h).
Plant samples (leaves) for biochemical analysis were
taken at 0 h (herbicide treatment only) and then 24 h,
48h,72h,96 h, 168 h (7 days) and 240 h (10 days) after
herbicide treatment as well as the herbicide treatment
and aphid application. Aphids were removed from
each plant and counted. The leaves (without aphids)
were frozen with liquid nitrogen and then stored in
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Fig. 1. The scheme of Experiment 1: hemp (Cannabis sativa) plants were treated with the herbicide containing quizalofop-P-tefuryl or
with water and 24 h later with cannabis aphids (Phorodon cannabis). The population of aphids was counted 3, 5, 7 and 10 days after
treatment; counted plants were removed from the experiment
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Fig. 2. The scheme of Experiment 2: hemp (Cannabis sativa) plants were treated with water (P) or herbicide (P+H) and infested with
aphids Phorodon cannabis (variants P+A, P+A+H, respectively). The other half was left as controls. Plant samples were collected after
24 h (1 day), 48 h (2 days), 72 h (3 days), 96 h (4 days), 168 h (7 days) and 240 h (10 days). Aphids were then counted and removed.
The content and composition of fatty acids (SAFA, MUFA and PUFA) were measured separately for each time point (in 3 replicates) and
compared with the initial amount of fatty acids of each detectable type (0 h)

a deep freezer at —80°C. Each variant had three rep-
licates (plants) per each of the time-points: 0 h, 24 h,
48 h,72h,96 h, 168 h, 240 h (21 plants per variant).

Measurement of quizalofop-P-tefuryl
herbicide residues

Quizalofop-P-tefuryl is the derivative of arylphe-
noxypropionic acids (FOPs), the compound which is
the active ingredient in Pantera 40EC, a graminicide
used to control weeds in hemp fields. According to the
Herbicide Resistance Action Committee (HRAC), the
product belongs to group A, which acts by the inhibi-
tion of Acetyl CoA carboxylase. The compound blocks
the synthesis of lipids in monocotyledonous plants,
with the first symptoms observed within a week and
full effect 2-3 weeks after the application, depending
on the age and size of weeds as well as the environmen-
tal conditions. The graminicide does not affect dicoty-
ledonous plants.

Residues of quizalofop-P-tefuryl were determined
in the hemp leaf samples used for the evaluation of FA
composition. They were extracted at Oh, 24 h, 48 h,
72 h, 96 h, 168 h (7 days) and 240 h (10 days) af-
ter treatment by acetone: hexane mixture (1 : 9 v/v)
(Storelli 2014). For each replicate 100 mg of dry leaf
material was placed in a 1.5 ml Eppendorf tube, then
1 ml of acetone:hexane mixture (1 : 9 v/v) was added

and shaken by vortex for 10 min (Bench MixerTM
BV 1000, Benchmark Scientific Inc., Edison, NY, USA).
Samples were centrifuged at 5000 rpm for 10 min (cen-
trifuge 5804R, Eppendorf, Hamburg, Germany). The
determination of quizalofop-P-tefuryl was carried out
using a gas chromatograph (Agilent Technologies,
model 7890A, Palo Alto, CA, USA) connected to a tri-
ple quadrupole mass detector (GC-MS/MS QqQ, Agi-
lent Technologies, model 7000, Palo Alto, CA, USA).
The certified analytical standard of quizalofop-P-tefu-
ryl (Merck KGaA, Darmstadt, Germany) was used at
100 pg - ml™ concentration. Data acquisition and pro-
cessing was carried out by Mass Hunter ver. B.04.00
software. The extracts were separated on a HP-5MS Ul-
tra Inert column (30 m x 0.25 mm ID x 0.25 pm). Pri-
or to the chromatographic analysis, internal standard
triphenylphosphate (TPP) was added to samples. Sam-
ples were analyzed in the Dynamic Multiple Reaction
Monitoring mode (dIMRM) (Stowik-Borowiec et al.
2022). The determination was carried out for frag-
mentation: 428.2 > 299.1 (10 eV), 428.2 > 285.1
(10 eV), 163 > 136 (10 eV), 163 > 100.1 (20 eV)
(Document No SANTE 2021). Linearity for quizalofop-
P-tefuryl expressed as determination coeflicient was
0.996, and recovery at the level 0.001 ppm was equal to
101.3 + 12.0% while it was 99.8 + 0.6% at 0.1 ppm. The
dissipation trends were calculated according to the fol-
lowing equation:
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—kt

y=y0xe™,

where: y represents the residue concentration at the
time ¢ (mg - kg™), y0 represents the initial residue con-
centration at the time zero, t = 0 (mg - kg™'), ¢t - time,
and k represents the degradation rate constant (Pod-
bielska et al. 2023). From the above formula, the half-
-life for tested active ingredient was calculated using
the formula: t % =In2 k™.

Application of ATR-FTIR spectroscopy

Evaluation of the effect of aphid feeding on fatty acid
content in hemp control plants (untreated) was done
using the Attenuated Total Reflectance (ATR) sam-
pling method for Fourier Transform Infrared (FTIR)
spectroscopy (Smith 2011). To compare the ATR-FT-
IR spectra, hemp leaf samples were collected from the
same experimental batch, three individual plants at
three sampling points at: 0 h, 168 h (7 days) and 240 h
(10 days). The plant material was dried at 60°C for 72 h
according to the Cornelissen protocol (Cornelissen
et al. 2003) and ground to a fine powder using a labo-
ratory ball mill MM400 (Retsch Polska, Katowice,
Poland). Drying at this temperature is effective in pre-
serving the fatty acids and does not alter the relative
fatty acid composition in biological material (McCau-
ley et al. 2016; Dobermann et al. 2019). Then 1.2 mg
of the material was placed on the ATR-FTIR crystal
and clamped using pressure gauges. Spectra of samples
were measured using a Nicolet iN10 MX microspec-
trometer (Thermo Fisher Scientific, Waltham, MA,
USA) and measurements were analyzed using OMNIC
software (Thermo Fisher Scientific Polska, Warsaw,
Poland). Spectra for background and sample meas-
urements were recorded at a resolution of 2 cm™ and
64 scans in the range of 525-4000 cm™. Each spectrum
was calculated as an average of three corresponding
sample measurements to reduce the impact of in-
traspecific chemical composition variability on the re-
sults. Spectra were analyzed with baseline correction
and vector normalization using OPUS 7.0 software
(Bruker Optik GmbH, Ettlingen, Germany).

Fatty acid determination

Fatty acids were determined as methyl esters after in-
situ transesterification (Wychen et al. 2013; Szpyrka
et al. 2020), 20 mg of leaves (dry weight) was placed
into a 2 ml chromatographic vial, then 25 ul of in-
ternal standard C15:0 (1000 pg - ml™), 200 ul of di-
chloromethane: methanol (2:1, v/v) and 300 pl of
0.6 M HCI in methanol were added to each sample.
The internal standard C15:0 tripentadecanoin was
purchased from Merck KGaA (Darmstadt, Germany).
The standard of fatty acids: 37 Supelco component

FAME MIX CRM47885 (Merck KGaA, Darmstadt,
Germany) was used for quantification. The vials
were sealed with PTFE caps, the contents of the vial
were shaken by hand for 1 minute and oven heated at
85°C + 3°C for 1 hour. The vials were then cooled
(15 minutes) to room temperature. After cooling, 1 ml
of petroleum ether was added to the vial, and the vial
was shaken by hand for 1 minute and allowed to sepa-
rate for 1 hour. The upper phase (100 pl) was transferred
to a 2 ml chromatographic vial and 400 pl of petro-
leum ether was added. The determination was carried
out using a gas chromatograph (Agilent Technologies,
model 7890A, Palo Alto, CA, USA) with a mass detec-
tor (Agilent Technologies, model 7000, Palo Alto, CA,
USA) in SIM mode (Single Ion Monitoring), with the
following set-up: source temperature 230°C, ionization
type — electron (EI), temperature program: 40-260°C,
column HP-5 MS (Ultra Inert/ 30 m x 0.25 mm
I.D. x 0.25-um).

Statistical analysis

Population size of aphids, differences in the levels of
FAs and their groups (saturated, monounsaturated
and polyunsaturated) between the different treat-
ments were analyzed using ANOVA. Post hoc Tukey’s
test was used where significant differences occurred.
A Principal Component Analysis (PCA) was used to
examine the effect of the applied treatments (herbi-
cide, aphids and their interaction) on the FA profiles
in hemp leaves. All statistical analyses were done using
Statistica version 13 program (TIBCO Software Inc.,
2017 (http://statistica.io; accessed on 22 October 2022)
and PAST 4.0 software (@yvind Hammer, Natural
History Museum, University of Oslo, Oslo, Norway)
(Hammer 2002).

Results

The population of cannabis aphids grew rapidly on
hemp plants, especially those treated with quizalo-
fop-P-tefuryl based herbicide, with a clear trend for
more nymphs produced on plants treated with the
herbicide. However, a statistically significant dif-
ference was found only on day 3 of the experimen
t (ANOVA F,, = 1013.7; p < 0.05) (Fig. 3).

The initial concentration of quizalofop-P-tefuryl in
C. sativa leaves was 0.037 mg - kg™. Ten days after ap-
plication the amount had decreased to 0.006 mg - kg™
(16% of the original concentration) (Fig. 4). The active
substance dissipated according to the first order ki-
netic equation y = 0.0393e %1%~ (correlation coeflicient
R = 0.948) with a half-life of 3.5 days. On leaves with
aphid herbivory, the active substance disappeared
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Fig. 3. Cannabis aphid (Phorodon cannabis) population develop-
ment expressed as the mean number of nymphs produced by
35 females on untreated plants of Cannabis sativa (P+A) and
plants treated with herbicide quizalofop-P-tefuryl (P+A+H). Line
graphs with different letters represent significant differences at
p < 0.05 (Tukey'’s test). Bars represent Standard Deviation. Graph
shows the results of Experiment 1
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Fig. 4. The kinetics of quizalofop-P-tefuryl residues in hemp
(Cannabis sativa) leaves treated with this herbicide and either
infested with cannabis aphid (Phorodon cannabis) (H+A) or un-
infested control (H)

according to equation y = 0.0227¢%"* (R = 0.753)
with the half-life of 3.7 days. No statistical differences
between these two kinetics of residue dissipation were
found.

Based on the ATR-FTIR spectroscopy method,
differences between the maximum absorbance values
from the spectral region related to lipids were detected
(Fig. 5). These differences concerned peaks at wave-
numbers 2923 and 2853 cm™ corresponding to C-H
stretching vibrations from lipids and fatty acids. In the
ATR-FTIR spectra of samples from plants infested by
aphids, peaks were significantly higher than untreated
controls, especially after 10 days of their feeding activ-
ity (Fig. 5).

There were 21 fatty acids detected in hemp leaves,
the proportions of which changed with the variant
(herbicide, aphid infestation) (Tab. 1). The application
of the herbicide did not affect the composition or ratio
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Fig. 5. Average Attenuated Total Reflectance Fourier-Transform
Infrared (ATR-FTIR) spectroscopy of hemp (Cannabis sativa).
A - whole control spectrum (obtained from samples collected
at the beginning of the experiment) with, spectral region con-
nected with lipids and fatty acids framed by a black square;
B — the bands from the spectral region marked by a black square
in A, obtained for the different variants of the experiment.
P 0 - hemp at the beginning of the experiment (control),
P 7 - hemp after 7 days, (P+A) 7 — hemp infested with aphids after
7 days, P 10 — hemp after 10 days, (P+A) 10 — hemp infested with
aphids after 10 days

of fatty acids in hemp leaves, the fatty acid profile in the
samples treated with the herbicide (P+H) did not differ
significantly from the control plants (P). Proportions of
saturated (SAFA), monounsaturated (MUFA) and pol-
yunsaturated (PUFA) fatty acids were similar between
these treatments, and amounted to approximately 20%,
5% and 75% of the fatty acid profile, respectively. In the
plants treated with the aphids and herbicide (P+A+H),
a significant increase in the total profile of saturated
(F(Ls) = 3567.6; p < 0.001) and monounsaturated
(F(LS) =2222.1;p<0.001) FAs were found as well as a sig-
nificant decrease in the amount of polyunsaturated FAs
(F, . =5867.8; p <0.001) on day 10 of the experiment

(1.8)

(Fig. 6).
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Considering the above mentioned increase in the
concentration of SAFAs in hemp leaves, a significant
increase was observed specifically for myristic acid,
C14:0 (F(1.24) = 3197.7; p < 0.05)(Fig. 7). Even though
there was no statistical significance in the level of
all MUFAs, a significant increase in the produc-
tion of oleic acid (C18:1) was found (F(1_24) = 1532.5;
P £0.05); the oleic acid content in hemp plants with the
aphids and herbicide (P+A+H) increased 2.5-fold after
10 days (Fig. 8), while in the leaves treated only
with aphids (P+A) or only with the herbicide
(P+H) such an increase was not observed. There
was also a significant decrease in the concentration

Table 1. The profile of fatty acids in hemp leaf tissues (%)

of PUFAs with a-linolenic acid (ALA, C18:3)
in particular. The decrease was observed while
the hemp leaves were treated with aphids (P+A),
but it was significantly higher when aphids fed on
hemp plants treated with the herbicide (P+A+H)
(Tab. 2).

Principal component analysis (PCA) showed that
the profile of FAs in the herbicide treated plants (P+H)
was comparable to control plants. The first PCA axis
explained 91.6% of the variation, with high probabil-
ity of sample separation due to plant feeding by aphids
(Fig. 9). Plants infested by aphids (P+A) as well as
those treated with herbicide and infested with aphids

Time 0 Time 24-240 h
Symbol of FA IUPAC names Common names (mean) (mean)
P P+H P P+H P+A P+A+H

C6:0 hexanoic acid caproic acid 044 04 041 046 0.61 0.52
C14:0 tetradecenoic acid myristic acid 0.13 0.03 0.11 0.13 0.91* 1.17*
C16:1 (Z)-hexadec-9-enoic acid palmitoleic acid 144 15 147 147 152 155
C16:0 hexadecanoic acid palmitic acid 13.84 13.45 14.01 13.79 13.67 13.89
C17:0 heptadecanoic acid margaric acid, margarinic acid 022 021 022 023 025 022
C18:3 omega 6 (6.Z,9Z.,1 22?-0ctadeca-6,9,1 2- aII-C|s-6,9_,1 2-oc.tade_catr|en0|c a.ad, _ 108 097 099 116 106 1.13
GLA trienoic acid gamma-linolenic acid, gamolenic acid
C1820omega6 \22122)-octadeca-9,12- linoleic acid, telfairic acid 1044 11.73 1007 1009 928 1056

dienoic acid
C18:1omega 9 (Z)-octadec-9-enoic acid oleic acid, cis-9-octadecenoic, elaidoic 456 6.89 4.09 3.85 4.71* 541*
C18:3omega3 (9Z,12Z,15Z)-octadeca- alpha-linolenic acid "
ALA 9,12,15-trienoic acid cis,cis,cis-9,12,15-octadecatrienoate 6161 586 6229 6238 61.60 [
C18:0 octadecanoic acid stearic acid 172 182 173 160 178 1.80
C20:5 omega (52,82,112,142,17Z)-icosa- cis-5,8,11,14,17-eicosapentaenoic acid,
3 EPA 5,8,11,14,17-pentaenoic acid timnodonic acid, EPA 014015 013 013 0.1 0.14

. (8Z,11Z,14Z)-icosa-8,11,14-  ciscis,cis-8,11,14-eicosatrienoic acid,

(20:3 omega 6 trienoic acid dihomo-gamma-linolenic acid, DGLA 021 021 020 021 018 023
€202 (1 ?Z,14Z)—|cosa—11,14—d|en0|c CI.S-1 1,14—e|c.osacﬁen0|c acid, 027 027 026 026 026 028

acid eicosadienoic acid
C20:1 (Z)-icos-11-enoic acid cis-11-eicosenoic acid, gondoic acid 0.19 022 0.9 0.19 0.17 0.21
C2030mega3 1ZI4EI7ENICOSETINATT - o 11 14 17-eicosatrienoic 024 022 025 025 023 025

trienoic acid
C20:0 icosanoic acid arachidic acid, eicosanoic acid 098 093 1.07 1.12 1.14 1.14
C21:0 heneicosylic acid heneicosylic acid 019 0.19 0.19 0.19 0.18 0.19
C22:1 (2)-docos-13-enoic acid cis-13-docosenoic acid, erucic acid 0.177 0.18 0.16 0.16 0.16 0.18
C22:0 docosanoic acid behenic acid 1.04 1 1.09 116 113 1.06
C23:0 tricosanoic acid tricosylic acid 0.19 0.18 0.19 0.19 0.18 0.19
C24:0 tetracosanoic acid lignoceric acid 084 08 087 098 085 090

* significant differences between the different treatments for each acid, p < 0.05, Tukey'’s test was used

Gray highlight and bold letters indicate the statistical differences in fatty acid content.

Time 0 (mean) — mean fatty acid content (%) in hemp (Cannabis sativa) leaves at the beginning of the experiment, 24-240 h (min-max) — the lowest and
the highest values in 24-240 h of the experiment; fatty acid content (%) in leaves of untreated plants (P), plants treated with the herbicide containing
quizalofop-P-tefuryl (P+H), plants with aphid infestation (P+A), plants treated with herbicide and with aphid infestation (P+A+H)
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Fig. 6. The proportion of saturated (SAFA), monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids in hemp (Cannabis sativa)
leaves of untreated plants (P), plants treated with the herbicide containing quizalofop-P-tefuryl (P+H), plants with aphid infestation
(P+A), plants treated with herbicide and with aphid infestation (P+A+H). Capital letters in the statistical analysis refer to the results of
Tukey’s test between treatments, lower case letters refer to Tukey’s test between days. Bars with different letters differ significantly at

p<0.05
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Fig. 7. The percent of myristic acid in hemp (Cannabis sativa) leaves of untreated plants (P), plants treated with the herbicide con-
taining quizalofop—P-tefuryl (P+H), plants with aphid infestation (P+A), plants treated with the herbicide and with aphid infestation
(P+A+H) at different intervals of the experiment. Capital letters in the statistical analysis refer to the results of Tukey’s test between
treatments, lower case letters refer to Tukey’s test between days. Bars with different letters differ significantly at p < 0.05

(P+A+H) significantly differed from the control sam-
ples due to the greater content of oleic acid and myris-
tic acid.

Discussion

The study confirmed the hypothesis that foraging of
cannabis aphids as well as plant protection compounds

affect the composition of fatty acids in hemp leaves.
Based on ATR-FTIR analysis of FA composition in
hemp leaves infested by aphids, followed by GC-MS
analysis, three important, statistically significant find-
ings concerning the fatty acid composition of hemp
plants were found: 1) an increase of SAFA mainly
due to myristic acid (7-fold for P+A and 9-fold for
P+A+H); 2) an increase of oleic acid, which belongs
to MUFA (2.5-fold); 3) a decrease of PUFA, primarily
a-linolenic (ALA), in aphid infested as well as herbicide



Durak R. et al.:.Composition of fatty acids in hemp leaves (Cannabis sativa L.) under the impact of aphids and a herbicide

Table 2. Profile (%) of myristic acid (C14:0), oleic acid (C18:1) and a-linolenic acid (C18:3) in hemp leaf tissues at different time-points

of the experiment

Time 24 h Time 48 h Time 72 h
Symbol of FA
P P+H P+A  P+A+H P P+H P+A  P+A+H P P+H P+A  P+A+H
C14:0 0.08 0.06 0.10 1.03 0.05 0.14 0.94 0.54 0.00 0.01 0.91 1.59
C18:1 omega 9 3.71 3.46 5.00 3.56 3.57 4.12 3.84 5.53 4.82 3.98 4.69 3.91
C183omega3ALA 6174 61.00 6088 5929 61.78 6059 6238 5876 63.08 6197 6133 58.14
Time 96 h Time 7 days Time 10 days
Symbol of FA
P P+H P+A  P+A+H P P+H P+A  P+A+H P P+H P+A  P+A+H
C14:0 0.20 0.11 1.84 1.16 0.16 0.18 137 0.78 0.17 0.27 0.29 1.90
C18:1 omega 9 4.93 4.76 5.25 5.49 3.35 3.23 4.55 3.58 4.19 3.56 4.94 10.36
C18:3omega3ALA 6445 6417 6087 5879 6230 6430 6196 6229 6037 6224 6220 5672
12.0
C
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g 80
c
[
€ A A B B
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Fig. 8. The percent of oleic acid in hemp (Cannabis sativa) leaves of untreated plants (P), plants treated with the herbicide containing
quizalofop-P-tefuryl (P+H), plants with aphid infestation (P+A), plants treated with the herbicide and with aphid infestation (P+A+H)
on subsequent days of the experiment. Capital letters in the statistical analysis refer to the results of Tukey’s test between treatments,
lower case letters refer to Tukey’s test between days. Bars with different letters differ significantly at p < 0.05

treated and aphid infested plants. The connection
between ALA and the jasmonate pathway (Blée 2002;
Prost 2005; Lim et al. 2017; He et al. 2018) supports
the idea that aphid populations could manipulate the
jasmonate pathway in plants.

An increase in the aphid population, caused by
quizalofop-P-tefuryl via fatty acid reprogramming
was also hypothesized. The decrease of ALA, being the
precursor of jasmonic acid, could reduce the defense
power of hemp plants and lead to an increase of the
cannabis aphid population. Alternatively, the impact
of myristic acid or the decrease of ALA alone could
have been the only cause of the observed effect. Dif-
ficulties in obtaining permission for further studies on

hemp made it impossible to verify these well-grounded
speculations.

The ATR-FTIR vibrational spectroscopy technique
used in this study was an effective tool to investigate
changes in fatty acid content in oil hemp leaves at
the primary phase of this study. This spectroscopic
technique provides spectral bands that are molecule
specific and give direct details about the biochemi-
cal composition of the studied object. The analysis is
quick, easy, and requires little sample material with
minimal sample preparation (Smith 2011). The use of
the ATR-FTIR method proved useful for rapid screen-
ing of fatty acid profiles in the studied samples. In the
present study this technique gave the first indication
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Fig. 9. Principal component analysis (PCA) of fatty acid profile in hemp (Cannabis sativa) leaves

of substantial changes in plant FA content and compo-
sition caused by aphids, which was further proved by
gas chromatography. Clear differences between plants
with and without aphids at 7 and 10 days of investiga-
tion were observed using both techniques.

Myristic acid shows highly important but various
impacts on insects. It was found to attract mosquitos
(Mathew et al. 2013) and some studies demonstrated
its beneficial effect on insect pests (Bergman et al.
1991). Impairing fatty acid synthesis in pea aphids
prolonged the nymphal growth period and decreased
the aphid body weight (Zhou et al. 2021). Conversely,
supplementation of myristic acid to these aphids re-
stored their normal development and weight gain.
However, in this study an increased size of aphids feed-
ing on cannabis with highly increased myristic acid was
not observed. In contrast, other studies have demon-
strated a larvicidal and repellent effect of myristic acid
against various insects (Farag et al. 2011; Sivakumar
et al. 2011). Da Silva and Ricci-Junior (2020) reported
the successful use of the polymeric controlled release/
mixing system of saturated and unsaturated fatty acids
for slow release mosquito repellents. Interestingly, this
controlled-release of the natural plant mosquito repel-
lent patented by Huizhi and Yubo (2017) involved an
encapsulation in myristic and linoleic acids and was
effective for 10-12 days with efficiency exceeding 90%.
Insecticidal compounds found in Ricinus communis L.
controlling the sugarcane aphid, Melanaphis sacchari
Zehntner contained myristic and stearic acids in its
most detrimental fraction (Sotelo-Leyva et al. 2020),
with stearic acid having a stronger effect (Aguilar-
Marcelino et al. 2022). Contact toxicity activities of
lauric, myristic and palmitic acids towards Sitophilus

granarius L. showed the highest mortality rate (53.34%)
of myristic acid among the tested pure fatty acids,
with much lower activities of palmitic and lauric
acids equal to 17.75% and 4.32%, respectively (Abay
et al. 2013). This adverse activity of myristic acid could
explain why the sudden increase of the aphid popula-
tion, observed on day 3 of the experiment, gradually
stopped when myristic acid was produced by plants in
such excess. The number of aphids feeding on cannabis
plants treated with the herbicide remained high, but
the effect was no longer significant.

The involvement of fatty acids in pathogen and
herbivore defense against aphids has been previously
demonstrated (Farmer et al. 2003; Lim 2017), espe-
cially in the context of phytohormonal signaling in re-
sponse to aphid feeding (Morkunas et al. 2011). Can-
nabis aphid feeding significantly increased levels of
major phytohormones such as jasmonic, salicylic and
abscisic acids, that play major roles in plant defense
responses against aphid species (MacWilliams et al.
2023). Moreover, the interplay between phytohormone
pathways and cannabinoid synthesis was demonstrat-
ed, with cannabidiol (CBD) playing an adaptive role
in this complex process. Linolenic acid belonging to
PUFAs, the precursor of jasmonic acid, one of the most
studied oxylipins, promoted the accumulation of me-
tabolites that were detrimental to green peach aphid
Myzus persicae (Louis and Shah 2013). However, ox-
ylipins consumed by the aphid from the plant changed
gene expression and the physiology of insects, leading
them to overcome or bypass plant defense for success-
ful herbivory (Lim et al. 2017). Additionally, an experi-
ment with a series of mutants of Arabidopsis thaliana
showed that oxylipins facilitate infestation of shoots
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by green peach aphids (Nalam et al. 2012). Soybean
aphids (Aphis glycines) avoided effective defenses by
inhibition of jasmonate-regulated plant responses;
aphid infestation reduced levels of PUFAs in leaves
with a concomitant increase in palmitic acid, SAFA
(Kanobe et al. 2015).

The mechanism of plant defense is similar in dif-
ferent aphid-crop plant systems (Wu and Baldwin
2010; Pitino and Hogenhout 2013; Nalam et al. 2018;
Kumar 2020). The present study supports the idea that
aphids block jasmonate-dependent plant defense by
reduction of a-linolenic acid which serves as its pre-
cursor (Kanobe et al. 2015). This clever mode of action
enabling the aphids to inhibit the induction of effec-
tive defenses in plants was termed ‘metabolic hijack-
ing’ Based on the changes in fatty acid levels, Kanobe
et al (2015) hypothesized that aphids potentially in-
duce interference in the fatty acid desaturation path-
way by fatty acid desaturases (FADs), likely reducing
FAD2 and FADG6 activity that leads to a reduction
in polyunsaturated fatty acids, thus blocking JA-de-
pendent defenses. Similarly, we presume that cannabis
aphids also block the JA-dependent defense of hemp
plants by reducing the hormone precursor, a-linolenic
acid (ALA). Interestingly, recent studies also demon-
strated that certain FADs were important susceptibil-
ity factors in plant-aphid interactions and showed that
aphid resistance was more strongly associated with dif-
ferences in saturated FAs (Li et al. 2021). In this study
oleic acid C18:1 nearly tripled as a result of aphid
feeding. A similar defensive response was observed in
M. persicae (Louis et al. 2010).

The effects of fatty acids and their methyl esters are
not confined to aphids; they are a common phenome-
non in plant-insect interactions. McFarlane and Hen-
neberry (1965) reported the inhibition of growth of
the cricket, Gryllodes sigillatus by SAFAs. In their study
a high level of lauric acid (1%) inhibited growth of the
cricket through the alimentary tract. The effective fatty
acids were lauric, myristic, stearic, and behenic as well
as methyl esters of palmitic, myristic, stearic, and oleic
acids. The study of two columnar cacti in the Sonoran
Desert revealed the presence of medium chain fatty
acids in their necrotic tissues, serving as feeding and
breeding substrates for Drosophila mojavensis. The
strongest effect was attributed to caprylic acid however,
the inhibitory effect of myristic acid on Drosophila
larvae development was also reported (Fogleman and
Kircher 1986). The effect of FAs on reproduction of
the hide beetle Demestes maculatus revealed that short
chain C5-C10 FAs also suppress fertility of the insect
when added to the diet of females, but they do not af-
fect males (Cohen and Levinson 1972). Short chain FAs
were incorporated into the egg lipids and interfered
with embryonic development. In contrast, saturated
and unsaturated homologs of lauric acid increased egg

production. The density-independent diapause was
attributed to the lipids in insect diet (Nair and Desai
1972).

The interplay between FAs in plants and insects
is a fascinating field of study. The novel techniques of
gas chromatography coupled with very sensitive mass
spectrometry detectors and rich bioinformatic data-
bases make these studies increasingly possible and re-
fined. Novel tools also offer the possibility of manipu-
lation of biosynthetic pathways in transgenic plants to
redesign plant metabolism toward the production of
specific compounds (Ohlrogge 1994). Plant oil com-
position can be substantially altered by either turning
on or off the expression of a single enzyme activity
(Zhao et al. 2021; He et al. 2020; Liao et al. 2022; Chao
et al. 2023). Apparently, the skill of altering fatty acid
composition is also naturally achieved by insects, in-
cluding the cannabis aphid P. cannabis.

C18 unsaturated FAs play important roles in plant
defense against various biotic and abiotic stresses (He
and Ding 2020). Nevertheless, changes in fatty acid
composition and their proportions in plant cells and
phloem require time. Based on the reaction observed
in Experiment 1, where the trend in favor of aphid
feeding on herbicide treated plants started on day 1
and continued until the last day of the experiment
(day 10), with significant differences found on day 3, it
is clear that the process takes days rather than hours or
minutes. The differences in SAFA, MUFA and PUFA
concentrations were significantly higher when plants
were treated with the herbicide quizalofop-P-tefuryl.
The previous study also showed that the herbicide
presence in phloem sap coincided with higher fecun-
dity of cannabis aphids (Durak et al. 2021).

The highest aphid population on day 3 after her-
bicide application matches the residue kinetics of
quizalofop-P-tefuryl. In the present study the half-life
of this compound was 3.5 days in leaves of herbicide-
treated plants and 3.7 days in leaves of plants treated
with the herbicide and infested with aphids. The de-
crease of quizalofop-P-tefuryl in leaves coincided with
the increase of aphid fecundity on day 3. On days 5,
7 and 10 it was still higher in herbicide-treated plants
but the difference between herbicide treated and un-
treated plants was statistically insignificant.

It was demonstrated that the application of herbi-
cide containing quizalofop-P-tefuryl did not affect the
fatty acid desaturation pathway in hemp leaves. The
compound belongs to the class of aryloxyphenoxy-
propionic herbicides (commonly called ‘FOPs’) such
as diclofop-P and fluazifop-P, which are taken up via
leaves and hinder the de novo synthesis of fatty acids
by inhibition of the enzyme Acetyl-CoA carboxylase
(ACCase) (EFSA 2008). This effect, however, is re-
stricted to monocotyledons, so dicotyledonous plants,
like hemp, should not exhibit this effect. Quizalofop-P-
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-tefuryl is non-persistent in the environment, having
soil DT90 values ranging from 0.30 to 1.16 days (Ohl-
rogge 1994). Quizalofop-POtefuryl DT50 in plant ma-
trix was in the range 0.7-5.6 days. The half-lives on black
gram (Vigna mungo) were 0.47 and 0.64 days after appli-
cation of 40 g - ha™ and 80 g - ha™' of active substance,
respectively (Mukhopadhyay et al. 2012). Some of the
herbicide fluid was taken up by the aphids with the plant
sap, changing the usual composition of their diet and
causing stress. As a result of the threat, the fecundity of
aphids was raised and their population increased, which
resulted in stronger defensive reactions of plants.

Conclusions

Quizalofop-P-tefuryl rapidly degraded in leaves and
was non-persistent in hemp plants. The application of
a herbicide containing this compound did not affect
the fatty acid desaturation pathway, suggesting it can
be safely used as a graminicide to control grasses in
hemp crops. However, P. cannabis aphids feeding on
hemp plants treated with this herbicide increased their
population. The statistical significance of this phenom-
enon was demonstrated on day 3 after herbicide treat-
ment. Reprogramming of the concentrations of FAs
was observed; the significant increase in myristic acid
(C14:0), belonging to saturated fatty acids and oleic
acid (C18:1) being a monounsaturated fatty acid was
detected, with 7- to 9-fold and 2.5-fold increases, re-
spectively. This effect is attributed to the defense reac-
tion of plants subjected to strong biotic stress caused
by aphid feeding. A significant decrease of polyunsatu-
rated fatty acid, primarily a-linolenic acid, which acts
as the precursor in the jasmonate signaling pathway,
was possibly caused by aphids to suppress the defense
mechanism of plants in their favor.

The study revealed that non-target plant protection
products can significantly increase insect pest popu-
lation. Indication of such treatments and compounds
is crucial for improving pest management strategies.
Aphid feeding and quizalofop-P-tefuryl application
strongly affected the FAs composition in hemp leaves
especially in interaction with the herbicide, which
showed that some effects can be detected solely by
complex investigation of several jointly operating fac-
tors. Multifactorial studies can greatly help in better
understanding the phenomena observed in agricul-
tural fields treated with plant protection products.
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