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ABSTRACT

+ Plants under herbivore attack emit distinct blends of herbivore-induced plant volatiles
(HIPVs) which serve as signalling cues for predatory insects. This concept of indirect
plant defence has tremendous potential in sustainable insect pest control. It represents
a cornerstone of alternatives to synthetic pesticides in integrated pest management
(IPM) strategies. The composition of HIPVs determines the effectiveness of predatory
insect attraction and is vulnerable to disturbance by multiple biotic and abiotic factors
above- and belowground. Residues of the most widely used herbicide (glyphosate) are
persistent pollutants in agricultural soils, where they increasingly affect plant physiol-
ogy, with cascading effects on species interactions.

Editor + Here, we tested whether herbicide legacy in soil affects plant performance, aphid her-

V. Pastor bivory, and aphid-induced volatile organic compound (VOC) emissions in oat plants,

and tested whether the preference of predatory ladybirds towards aphid-infested plants

Received: 10 June 2025; is affected by herbicide legacy in the soil.

Accepted: 9 September 2025 + Soil herbicide legacy reduced chlorophyll activity and plant height, but did not affect
plant biomass nor aphid populations. Five compounds in the emitted VOC profile
were significantly affected by soil history of herbicide use, which, in turn, affected lady-
bird orientation behaviour. In a choice assay, ladybirds preferred the odour of plants
growing in herbicide-free soil.

+ These results reveal a subtle layer of effects of herbicide legacy in soil on emission of
HIPVs, with cascading effects on predatory insect behaviour. Our results demonstrate
that essential ecosystem services in the aboveground plant space, such as natural pest
control, may be reduced by soil pollution with anthropogenic pesticides such as glyph-
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osate, causing mismatches in plant—insect communication.

INTRODUCTION

By the beginning of this millennium 15.5% of ice-free land was
devoted to growing crops, and 47.6% to agriculture as a whole,
making agroecosystems the dominant terrestrial biome on
earth (Ellis et al. 2010). In Europe, farmland constitutes the
most extensive habitat for wildlife and harbours more than
50% of bird species (Emmerson et al. 2016). Furthermore, the
intensification of agriculture, which started after the second
world war, has had significant impact on biodiversity in agroe-
cosystems (Emmerson et al. 2016; Raven & Wagner 2021). In
fact, agriculture is now the single biggest driver of biodiversity
loss globally, with long-term studies showing drastic declines
in insect taxonomic diversity and biomass over the past few
decades (Kehoe et al. 2017; Ziesche et al. 2024). This loss of
biodiversity can have serious ramifications for ecosystem ser-
vices provided by insects and other arthropods. Predators and
parasitoids are important natural control agents of insect pest
outbreaks in agroecosystems but, similar to many other taxa,
their abundance and diversity have declined over the past
decades (Bianchi et al. 2006; Rusch et al. 2016; Ali et al. 2018).
Meanwhile the abundance of pest insects such as aphids have
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increased (Lundgren & Fausti 2015; Ziesche et al. 2024). Eco-
system services are essential components of functional agricul-
tural landscapes (Bennett et al. 2021). Two vital ecosystem
services executed by insects are pollination and pest control,
both of which are highly reliant on olfactory cues (Kielty
et al. 1996; Dickens 1999; Francis et al. 2004; Wright &
Schiestl 2009; Makinen et al. 2024).

The vast majority of plants are sessile organisms, unable to
relocate under unfavourable conditions. This has prompted
adaptations to the environment, including high physiological
and phytochemical plasticity, which ensures persistence in con-
ditions at the edge of their physiological range (Nawaz
et al. 2023). Examples include the induction of specialized
metabolites for protection against abiotic stressors such as
UV-light and ozone, and against biotic stressors such as patho-
gen infection and herbivore infestation (Hartmann 2007). Her-
bivore control, however, is often provided by natural enemies,
which either prey on or parasitize herbivorous insects to the
benefit of the plant (Boldorini et al. 2024). To locate their prey,
predatory insects orientate using olfactory cues released by
plants under herbivore attack (Pare & Tumlinson 1999; War
et al. 2011). These cues, known as herbivore-induced plant
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volatiles (HIPVs), are comprised of volatile organic com-
pounds (VOCs) and released in a highly specific manner,
determined by plant species, insect species, feeding type, sali-
vary proteins, microbial composition of the feeding organelle,
and diverse other biotic and abiotic factors (Alborn et al. 2007;
Takemoto & Takabayashi 2015; Turlings & Erb 2018).

The emitted HIPV blend is a complex and specific mixtures
of compounds from multiple compound classes, including
various indole derivatives (terpenoids) with high chemical
diversity, aromatic compounds, and green leaf volatiles
(GLVs), which are enzymatic degradation products of cell wall
lipids (Dudareva et al. 2013; Liu et al. 2019). In line with their
diversity, their biosynthesis is regulated by at least three path-
ways (Maffei 2010). Green leaf volatiles are a product of the
lipoxygenase pathway, where the hydroperoxide lyase enzyme
produces hexanol derivatives from C18 cell wall lipids (Bate &
Rothstein 1998; Blée 1998). Terpenoids are synthesized from
isoprene units mainly within the mevalonate pathway (Lich-
tenthaler ef al. 1997). Sesquiterpenes have been found to be
derived from the methylerythritol phosphate pathway or a
metabolic crosstalk between the mevalonate pathway and the
methylerythritol phosphate pathway (Maffei 2010). Aromatic
compounds, such as methyl salicylate (MeSA), indole and phe-
nolic acid derivatives, are products of the shikimate pathway
(Bennett & Wallsgrove 1994).

In addition to herbivore feeding, recent studies show that
biotic and abiotic plant growth conditions, such as the micro-
bial rhizosphere setting and agrochemical use, respectively, can
impact the amount and composition of emitted VOCs
(Mauch-Mani et al. 2017; Meier & Hunter 2019; Fuchs
et al. 2024). In this study, we focus on the effects of persistent
agrochemical pollution of agricultural soils on HIPVs — a topic
which has only recently started to gain attention (Cesco
et al. 2021; Fuchs et al. 2021). Many agrochemicals are
intended to interact with plant biochemical regulation, either
to boost crop performance and resistance, or to kill undesired
plants in crop production areas (Lamberth et al. 2013). Herbi-
cides are excessively used in GMO cropping systems, but also
in non-GMO crop production (Van Bruggen et al. 2018;
Ospina et al. 2024). The regular use of herbicides has been
established as a fast and affordable method of weed control
(Bonny 2016). In particular, the use of glyphosate-based herbi-
cides has exponentially grown in the past decades, which has
resulted in global pollution of agricultural soils by glyphosate
residues (Benbrook 2016; Maggi et al. 2020). The effects of
these residues on VOC emissions, insect behaviour and multi-
trophic interactions have been little studied, and their impact
on plant physiology and ecosystem services is virtually
unknown.

Glyphosate residues are now found in the majority of agroe-
cosystems globally (Maggi et al. 2020). These compounds kill
plants by blocking an enzyme in the shikimate pathway which
prevents the biosynthesis of essential aromatic amino acids
(Benbrook 2016). In a long-term field trial and in greenhouse
studies, we have shown that glyphosate residues in soil affect
phytohormone concentration in strawberry, potato, and oat
(Fuchs et al. 2022), herbivore-induced phenolic compound
concentrations in strawberry leaves and fruits (Fuchs
et al. 2022; Fuchs, Helander, et al. 2024), and alkaloid concen-
trations in potato leaves (Rainio ef al. 2020). Moreover, in a
functional lab study it has been shown that plant VOCs in
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particular are affected by glyphosate application, which may
affect beneficial insect behaviour, such as predatory insects,
essential for sustainable pest control (D’Alessandro et al. 2006).
However, it is not known whether the existence of glyphosate
residues in soil affect HIPV emissions and the olfactory beha-
vioural responses of predatory insects.

Aphids are a common pest on cereal species, transfering
destructive diseases, such as barley yellow dwarf virus (Nancar-
row et al. 2021). They are efficiently controlled by multiple
predatory insects, where ladybird beetles and their larvae are
among the most effective representatives (Fuchs et al. 2017;
Krey et al. 2021). Many aphid predators, including ladybirds,
locate their prey via HIPVs (Ziist & Agrawal 2016; Aljbory &
Chen 2018). In a greenhouse study, we investigated the
soil-mediated impact of long-term use — 8 consecutive years —
of glyphosate-based herbicide on: (1) plant and aphid perfor-
mance, (2) plant emission of VOCs infested by aphids, and (3)
the behaviour of aphid predators in response to HIPVs released
by aphid-infested oat plants.

MATERIAL AND METHODS
Soil herbicide history

Soil was collected from a long-term common garden study site
established in 2014 to functionally study the impact of glypho-
sate residues in soil on non-target organisms. The study site is
located in southwest Finland, with 24 plots where
glyphosate-based herbicide (GBH) (Roundup Gold) has been
used annually according to manufacturer’s recommendations
on 12 plots, whereas the same number of plots were sprayed
with the corresponding amount of water and served as control
plots (for details see Helander et al. 2019). From each of the 24
plots, soil was collected in spring 2022, 2 weeks after treatment
of the area with the recommended dose of glyphosate-based
herbicides (6.4 L ha™', corresponding to 3 kg glyphosate
active ingredient per hectare; Helander et al. 2019). Approx.
100 L of soil was randomly collected from all 12 treated plots
and 100 L from control plots. The soil was immediately trans-
ferred to 24 pots per soil treatment in the greenhouse.

Plant setup

On 15 May, soil was transferred to the greenhouse and distrib-
uted into 48 square pots, with an edge length of 15 cm. Green-
house conditions were ambient light and temperature, with
minimum temperature set to 16°C and active ventilation from
26°C. Each pot received nine oat (Avenae sativa) seedlings
arranged in three rows with three seedlings per row. Plants
were grown in a greenhouse for 6 weeks before being enclosed
in aphid proof cages. At the end of the experiment, in July,
after the insect behaviour bioassay (see below), we measured
the foliar chlorophyll content with a hand-held optical chloro-
phyll meter (Soil Plant Analysis Development SPAD-502 Plus;
Konica Minolta, Japan) (Keronen et al. 2023). Measurements
with the SPAD-502 produce relative values that are propor-
tional to the amount of chlorophyll in the leaf. As we were only
interested in relative differences between the treatments, we did
not convert the measurements into absolute values. We abbre-
viate the presented measurements as the SPAD value. Follow-
ing collection of SPAD values, plant height was measured, and
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aboveground biomass collected and dried for 6 days in a dehu-
midified room at 28°C.

Herbivory bioassay

The experiment started with 48 pots, 12 per treatment for the
four treatments (Control, Control + aphid, GBH, GBH + a-
phid). For the aphid and VOC studies, we neglected the
aphid-free pots, reducing pot number to 24. Additionally, we
reduced the number of experimental pots based on availability
of insect cages to eight per treatment. 50 adult bird-cherry oat
aphids (Rhopalosiphum padi) were added to each of the 16 pots
(8 pots filled with GBH soil and 8 pots with control soil).
Aphids were transferred individually with a fine paintbrush
and added to the experimental plants. Each pot was placed
individually in a perforated cage (Bug Dorm 4E3074) to pre-
vent aphid movement between the pots. All aphids had been
reared on young oat plants grown in commercially available
plant substrate (Kekkild Garden Viherkasvimulta). Aphid num-
bers were recorded once per week through 3 consecutive weeks.
Aphids were counted for 15 min per plant. In cases when
15 min did not suffice to count all aphids per pot, the percent-
age of the remaining plant surface was estimated and aphid
numbers extrapolated for the entire plant surface per pot
(Fuchs et al. 2024). Due to the high number of aphids, this
method was applied to all the pots. To ensure reliable results
from this method, we counted all aphids on one of the pots
after applying the estimation method, and deviation was found
to be <3%.

Volatile organic compound measurements

After the last aphid count on 20 July, VOCs were collected in a
shaded greenhouse chamber at 18-20°C for 1 h per pot, fol-
lowing published protocols (Giron-Calva et al. 2017). Three
plants per pot for a total of 16 pots (8 per treatment control +
aphid and GBH + aphid) were enclosed in an airtight polyeth-
ylene terephthalate oven bag (25 x 38 cm; Look® Uunipussi
Eskimo Oy). One opening in the bag was used for the intro-
duction of charcoal filtered air (220 mL min~') and on the
opposite side of the bag we inserted a stainless-steel tube filled
with 200 mg Tenax TA 60/80 adsorbent (Markes Interna-
tional), which trapped the VOCs and was connected to a vac-
uum pump (KNF) with a flow rate of 200 mL min~! for 1 h.
VOCs were collected from four pots simultaneously, allowing
for eight samples per day on two consecutive mornings
between 08:00 h and 10:00 h. We calibrated airflows with a
flowmeter every morning, before the trapping started, using
a bubble film calibrator (mini-Buck Calibrator, Buck). VOCs
were collected by dynamic headspace sampling. VOC samples
were analysed by gas chromatography—mass spectrometry
(GC-MS), and ChemStation software was used for further
compound identification and quantification. The majority of
the detected compounds belonged to one of three compound
classes: green leaf volatiles, monoterpenes, or sesquiterpenes.

GC-MS analysis

To prevent loss of VOCs from the sampling tubes, samples
were stored at 4°C until analysis by GC-MS. The compounds
trapped in the tubes were desorbed with a thermal desorption
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unit (TD-100; Markes International) at 250°C for 10 min, and
cryofocused at —10°C in split-less mode onto an HP-5 capil-
lary column (60 m, 250 pm x 0.25 pm; Agilent) (Saunier
et al. 2023). We identified compounds by comparing their
mass spectra with those of pure standards and compounds in
the NIST library (v. 20). The standard mix consisted of 21 ter-
penoid and 9 green leaf volatiles. Integrated peak areas were
converted into amounts (ng) using external pure standards
(Sigma Aldrich, Germany). For compounds without pure stan-
dards, we used data from chemically similar compounds for
quantification (i.e., o-pinene for monoterpenes). We calculated
VOC emissions in ng g~ min™' (g of dry leaf mass). The
majority of the detected compounds belonged to one of three
compound classes: green leaf volatiles, monoterpenes, or ses-
quiterpenes. Total VOC emission was calculated as the sum of
all integrated peak areas per sample. Emissions were normal-
ized to plant dry weight (ng g~' min™").

Predatory insect behaviour assay

Subsequent to VOC collection, we removed the Tenax adsor-
bent filter and the suction tube from the bagged plants and
connected the opening in the oven bags to the upper ends of a
Y-shaped glass tube with a diameter of ca. 4 cm (Y-tube olfac-
tometer). The airflow of clean air into the plant bag was
increased to 400 mL min~' to increase the transport of plant
VOC-enriched air into each arm of the Y-tube olfactometer.
Airflow was analysed with the mini-Buck Calibrator and
adjusted to minimize any difference in airflow between the two
arms. Adult individuals of the two-spotted ladybirds (Adalia
bipunctata) were purchased from Katz Biotech AG and main-
tained on an ad libitum aphid diet until the experiment. To
ensure no additional factors were affecting the behavioural
decision of ladybirds before the experiments, 10 ladybirds were
tested for their preferences in a controlled air test, where empty
bags were connected to the air flow and the Y-tube olfactome-
ter (Meza et al. 2020; Roberts et al. 2023).

For the behavioural assay towards plant odour, ladybirds
were excluded from food for 48 h before the Y-tube test
(Maikinen et al. 2024). Tests were conducted in a shaded green-
house chamber at 25°C with an artificial light source directly
over the test area to minimize light bias. Insect behaviour was
recorded for a maximum of 5 min per ladybird and a beha-
vioural decision was recorded when the insect spent 10 s or
longer in one of the arms of the olfactometer. In total we tested
10 adult ladybirds for each treatment combination (Control vs.
air, GBH vs. air, Control vs. GBH). Plants were replaced after
every second ladybird was tested, and the position of the odour
sources was alternated to prevent directional bias in the Y-tube
setup.

Statistics

All statistical analyses were conducted in R v. 4.4.2. Plant
performance parameters (height, biomass, SPAD) were ana-
lysed with ANOVA. Normality of residuals was assessed
using the Shapiro—Wilk test. The results indicated no signif-
icant deviation from normality, confirming that the assump-
tion of normality was met. In the case where ANOVA
showed significance differences, we performed a Tukey
post-hoc test comparing the individual treatments. Aphid
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Table 1. The results of ANOVA for differences between treatments (Con-
trol, Control + aphid, GBH, GBH + aphid) for biomass (g plant™' dry
weight), SPAD value (representing plant photosynthetic activity) and plant
height (in cm) are shown.

variable sum of squares df F-value P-value
Biomass 6.275 3 1.337 0.3477
SPAD 34.3239 3 2.9844 0.0432
Height 396.5208 3 6.8459 <0.001

P-values in bold indicate significant differences. N = 8.

populations were tested in a generalized linear model
(GLM). Aphid numbers were tested against soil treatment,
including week as a random factor to account for multiple
testing of the same plants. Plant VOCs were first analysed
by performing nonmetric multidimensional scaling (NMDS)
analyses of all 16 compounds (vegan:metaMDS). We used a
Bray—Curtis dissimilarity matrix (vegan:vegdist) with Wis-
consin double standardization and two dimensions
(stress = 0.167) for ordination. We tested whether soil GBH
residues, herbivory, plant genotype, or their interactions
affected VOC emissions via permutational ANOVA (PER-
MANOVA; 9999 permutations; vegan::adonis). Emission rate
of individual VOCs was compared with a t-test corrected
for multiple testing (Benjamini-Hochberg correction). Total
VOC emission was compared between the two treatments
using a two-sample t-test. Assumptions of normality and
homogeneity of variances were tested prior to analysis.
Behavioural decision of ladybirds between treatments were
recorded as binomial data and analysed with a Chi-square
test.

RESULTS
Plant and aphid performance

Plant biomass did not differ between treatments (Table 1).
Plants had increased height in the control treatment without
aphids compared to all other plants (Table 1, Fig. 1). Chloro-
phyll activity measured as SPAD value differed between control
plants and plants growing in soil containing GBH residues, but
only in the aphid-free treatment (Table 1, Fig. 1).

Following the addition of 50 adult aphids, aphid numbers
increased rapidly to several thousand individuals per pot
within 3 weeks, but their numbers did not differ significantly
between the treatments (Fig. 2).

VOC analysis

In all 16 samples, 16 VOCs were consistently found (Table 2).
PERMANOVA revealed a significant difference in the emitted
VOCs between the treatments (Pseudo-F = 3.88, R® = 0.28,
P = 0.024). NMDS analysis revealed a marginal significant dif-
ference in the emitted volatile composition (F = 4.25;
P =0.08; Fig. 3). Total VOC emission rate did not signifi-
cantly differ between the treatments (#(14) = 0.74, P = 0.49).
The t-tests revealed that three green leaf volatile compounds,
(E)-2-hexenal, (Z)-3-hexen-1-ol and (Z)-3-hexenyl acetate,
were emitted in higher concentrations by plants growing in
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soil with a GBH history, while concentrations of the sesquiter-
pene (E)-B-ocimene and the benzoate ester methyl-salicylate
were emitted in larger quantities by control plants (Table 2).

Insect behaviour assay

Comparing the behaviour of adult ladybirds subjected to an
airflow of cleaned air against cleaned air showed no difference
in preference of the beetles, which demonstrates the unbiased
behavioural responses of ladybirds in the Y-tube olfactometer
(Fig. 4). When testing aphid-infested plants of any of the treat-
ments against clean air, ladybirds significantly oriented towards
the plant odour (Fig. 4). However, when testing plants of dif-
ferent treatments against each other, a significantly larger ori-
entation towards the plant odour emitted by aphid-infested oat
plants growing in control soil was observed when compared to
those growing in GBH soil (Fig. 4).

DISCUSSION

Our study shows that the state of the soil impacts plant bio-
chemistry and aboveground plant—insect interactions. Specifi-
cally, the use of glyphosate-based herbicides altered the
emission of herbivore-induced plant volatiles (HIPVs) in
aphid-infested oat plants, with a cascading effect on the olfac-
tory preference of aphid predatory ladybirds (Adalia bipunc-
tata). Among the tested plant performance parameters, height
and chlorophyll activity were highest in aphid-free plants grow-
ing in control soil. Aphid numbers were not affected by GBH
treatment.

Our results demonstrate that soil pollution with GBH resi-
dues does not affect crop biomass, but chlorophyll value
(SPAD) and plant height were reduced. Furthermore, SPAD
value was only reduced by soil GBH treatments without aphid
herbivory, indicating that aphid herbivory may have a stimula-
tory effect on photosynthesis (Nietupski et al. 2022). However,
there are many indirect effects that are seldomly studied in
relation to agrochemical pollution that can affect ecological
dynamics and ecosystem services, such as pest control and pol-
lination (Fuchs et al. 2021). Our results indicate that these
mechanisms may cause an erosion of plant-insect communica-
tion. We show that residues of the herbicide glyphosate affected
the emission of HIPVs in oat plants, decreasing their attractive-
ness to ladybirds. This is consistent with recently published
theoretical work highlighting the potential of pesticide residues
to disrupt biochemical pathways vital for plant—insect commu-
nication (Fuchs et al. 2021; Ramos et al. 2023). Efficacy in nat-
ural pest control of pest insects relies on timing and abundance
of natural enemies, as well as functioning communication
between plants and predators and parasitoids (de Vos & Jan-
der 2010; Fuchs et al. 2017). Many of these animal groups
locate their prey by perception of an HIPV signature specific to
the species and abundance of the pest (Pérez-Hedo et al. 2021).

At the biochemical level, glyphosate blocks an enzyme in
the shikimate pathway and thereby inhibits the biosynthesis
of essential aromatic amino acids (Duke & Powles 2008).
These amino acids are the building blocks for a tremendous
number of plant metabolites, including many specialized sec-
ondary metabolites that play a role in plant-insect interac-
tions (Sharon et al. 1992; Marchiosi et al. 2009; Tzin &
Galili 2010; Vogt 2010; Fuchs et al. 2021). Consequently,
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Fig. 1. Mean (mean + SE) biomass (g dry weight), chlorophyll activity (SPAD value), and plant height (cm) between treatments (Control + Aphid, Control,
GBH + Aphid, GBH) with Tukey post-hoc test. Different letters indicate significant differences between treatments (N = 8).

Table 2. Emission rate of individual VOCs was compared with t-test cor-
rected for multiple testing (Benjamini-Hochberg correction) between oat
plants growing in soil with GBH residues and control soil.

compound GBH + Aphids Control + Aphids P-value
(E)-2-HEXENAL 3.06 + 0.62* 0.97 + 0.1 0.015
(Z)-3-hexen-1-ol 23.23 + 3.30% 12.48 + 2.20 0.021
Hexanol 3.64 + 0.96 3.49 + 1.06 0.915
o-pinene 1.70 £ 0.25 1.57 £ 0.19 0.692
Benzaldehyde 2517 £ 2.21 29.46 + 3.01 0.275
(Z)-3-hexenyl acetate 65.82 + 7.66* 42.16 + 6.67 0.038
Limonene 3.13 £ 0.38 2.13 £ 0.37 0.081
Octanal 3.93 + 0.84 427 + 0.44 0.732
(E)-B-ocimene 119.40 + 12.71 192.07 + 15.66* 0.004
Acetophenone 79.74 £ 7.62 65.98 + 8.82 0.261
Linalool 10.13 £ 1.28 8.94 + 1.96 0.625
Nonanal 37.50 + 4.19 32.13 £ 2.99 0.320
Methyl-salicylate 2.63 + 0.37 11.46 + 2.53* 0.013
Decanal 117.32 £ 20.42 110.17 £ 10.28 0.762
Borneol 4.85 + 0.96 3.13 £ 0.28 0.128
B-farnesene 11.00 £ 0.80 8.96 + 1.42 0.238
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Fig. 2. Mean aphid populations (mean + SE) per pot for 3 weeks following
inoculation with 50 aphids per pot. Population size was compared with a
generalized linear model (N = 8).

sublethal doses of glyphosate and its residues have been
linked to changes in phytohormone concentrations and phe-
nolic compounds (Fuchs, Laihonen, et al. 2022; Fuchs,
Helander, et al. 2024). We expected that glyphosate would
affect the emission of VOCs derived from the shikimate
pathway because of their biosynthetic link to the mode of
action of glyphosate (Fuchs et al. 2021). In line with this,
our results show a reduction in methyl salicylate, which is a
derivative of the phytohormone salicylic acid and a biosyn-
thetic product of the shikimate pathway (Huang et al. 2020).
Increased GLV emission related to glyphosate residues in soil
may be an indirect consequence of altered cell wall lipid

Plant Biology

Compound emission rate is presented in ng g~' min~'. Compounds with a
significantly different emission rate are highlighted in bold. N = 8.
*P < 0.05.

composition, which determines the ratios of emitted GLVs
(D’Alessandro et al. 2006; Zobiole et al. 2010).

Green leaf volatiles (GLVs) are ubiquitously found in vola-
tile blends in the plant kingdom related to their biosynthetic
origin as breakdown products of cell wall lipids (Ameye
et al. 2018). Their concentrations in volatile blends indicates
the degree of plant damage from cell wall damage, which
often correlates with the degree of herbivory and may serve as
a foraging cue for generalist predatory insects and
higher-order predators (Ameye et al. 2018; Matsui & Engel-
berth 2022). Our results demonstrate an induction of GLVs in
plants growing in soil with a glyphosate history, which did
not cause higher attraction of aphid-predatory ladybirds. GLV
emission is often found to be higher in plants attacked by
chewing and biting insects (Matsui & Engelberth 2022), which
are generally not the preferred prey of ladybirds (Slog-
gett 2022). Increased GLV concentrations may consequently
not be an olfactory cue eliciting preference in the behaviour

5
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Fig. 3. Non-metric multidimensional scaling ordination based on 16 leaf VOC compound emissions rates (ng g~

" min™"), collected from 9 oat (Avena sativa)

plant per pot. Shapes are clustered by treatment (Control, GBH). Circle colours correspond to treatment affiliation in Figs. 1 and 2 (N = 8).
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Fig. 4. Olfactory orientation of ladybirds in Y-tube olfactometer. Ten insects
were tested per combination (Control vs. air, GBH vs. air, Control vs. GBH).
Asterisks indicate significance: *P < 0.05, **P < 0.01.

of ladybirds. Instead, higher concentrations of (E)-B-ocimene
and methyl salicylate (MeSA) emitted by plants in the control
treatment appeared to be attractive to the ladybirds in our
study. Salicylic acid is generally involved in plant responses to
piercing-sucking herbivores such as aphids, and an induction
in the emission of MeSA has been shown to increase preda-
tory insect abundance in a field trial (Lee et al. 2022). This
may also be the main metabolite driving ladybird attraction in
our study. Additionally, (E)-B-Ocimene is a common plant
volatile, which has effects on the behaviour of a variety of
insects and may contribute to the higher attraction of

6

predatory ladybirds to control plants (Shimoda et al. 2012;
Farré-Armengol et al. 2017). In functional behavioural studies,
(E)-B-Ocimene attracted the predatory mite Phytoseiulus per-
similis and the parasitoid Aphytis melinus (Dicke et al. 1990;
Mohammed et al. 2020). However, further functional studies
are required to determine the specific role of the individual
compounds in the volatile blend.

Our results provide the first empirical evidence that a soil
legacy of glyphosate use alters the composition of HIPVs in oat
plants as induced by aphid infestation. This resulted in a beha-
vioural preference of ladybirds towards control plants during a
choice assay attributed to changes in five VOCs. Compromis-
ing the ability of plants to attract natural enemies due to herbi-
cide residues could lead to more damage from pests and,
consequently, the need for increased use of insecticides. This is
alarming as it would put further pressure on the already threat-
ened biodiversity in agroecosystems. This study was made
under controlled conditions in a greenhouse, focusing on the
interactions between one species of plant (oat), a herbivorous
insect (bird cherry-oat aphid) and an insect predator (two-
spotted ladybird). Further studies are required to investigate
how widespread this phenomenon is among different crop
plant species and predators of their pests. Of particular impor-
tance would be studies on insect communities, which could
shed light on the impact of glyphosate residues on pest pres-
sure, and abundance and diversity of predators and parasitoids
in realistic field conditions.
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