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1 | INTRODUCTION

| Jannicke Gallinger! @ |
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Abstract

Plant volatiles play an important role in intra- and interspecific plant communication,
inducing direct and indirect defenses against insect pests. However, it remains
unknown whether volatile interactions between undamaged cultivars alter host
plant volatile emissions and their perception by insect pests. Here, we tested the
effects of exposure of a spring barley, Hordeum vuigare L., cultivar, Salome, to
volatiles from other cultivars: Fairytale and Anakin. We found that exposing Salome
to Fairytale induced a significantly higher emission of trans-B-ocimene and two
unidentified compounds compared when exposed to Anakin. Aphids were repelled
at a higher concentration of trans-B-ocimene. Salome exposure to Fairytale had
significant repulsive effects on aphid olfactory preference, yet not when Salome was
exposed to Anakin. We demonstrate that volatile interactions between specific
undamaged plants can induce changes in volatile emission by receiver plants
enhancing certain compounds, which can disrupt aphid olfactory preferences. Our
results highlight the significant roles of volatiles in plant-plant interactions, affecting
plant-insect interactions in suppressing insect pests. This has important implications

for crop protection and sustainable agriculture.
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2016), mechanical touch (Markovic et al., 2014) and airborne VOCs
(Ninkovic et al, 2013). A diverse range of different VOCs are

Plants share complex habitats, where interactions with neighbouring
plants and other organisms are inevitable. They also use diverse
signals and cues to interact with their neighbouring plants including:
responses to the quality of light (Keuskamp et al., 2010), acoustic
signals (Appel & Cocroft, 2014), root-exudates (Biedrzycki et al.,
2010), root emitted volatile organic compounds (VOCs) (Delory et al.,

produced and released by plants, providing information about the
plant's current physiological state (Dudareva et al., 2013). Such plant-
emitted VOCs serve important roles in the detection of neighbours,
as well as inter- and intraspecific plant interaction mediators, as they
carry important information about neighbouring plants (Ninkovic
et al., 2016, 2020). The VOCs perceived from neighbouring plants,
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therefore, can be essential for host plants to prepare for resource
competition, self-protection against herbivores and microbes, or
natural enemy attractions (Turlings & Erb, 2018).

Damaged as well as undamaged plants have been shown to
release distinct volatile compounds that can affect tritrophic
interactions in the ecosystem (Erb et al., 2015; Ninkovic et al.,
2013). Plant VOCs play vital roles as cues and signals in plant-plant
interactions (Ninkovic et al, 2020) and can stimulate or prime
defense responses in neighbouring plants (Brilli et al., 2019; Heil
& Karban, 2010). When plants are attacked by herbivores, herbivore-
induced plant volatiles (HIPVs) are released (Clavijo McCormick et al.,
2012), which function as direct repellents for herbivores or as
attractants for natural enemies (Aartsma et al., 2017; Turlings & Erb,
2018). Furthermore, plants use volatile cues from undamaged plants
to gather information on their neighbours and adapt to competition
with proper morphological and physiological responses (Kegge &
Pierik, 2010). This phenomenon, so-called allelobiosis, could possibly
account for insect suppression in mixed plantings (Pettersson et al.,
2003). Volatiles from onion plants can induce changes in potato
volatile emissions making them less attractive to aphids in the
laboratory and field experiments (Ninkovic et al., 2013). Previous
studies further suggest a high specificity of such volatile-based
plant-plant interactions depending on the species or even cultivar
identity of interacting plants (Karban et al., 2006; Kheam et al., 2023;
Ninkovic et al., 2013). For example, volatiles emitted from one
specific barley cultivar significantly affect biomass allocation in
another cultivar, leading to increased root biomass production, while
other cultivars do not (Ninkovic, 2003). A growing body of literature
provides substantial evidence that volatiles from undamaged plants
can shift a variety of properties in neighbouring plants; however, it is
still not well documented whether volatile interactions between
undamaged plants from different cultivars affect plant volatile
emissions and subsequent interactions in insect herbivores.

The evolutionary history of insects and plants is highly
interconnected in nature. Insects use plant volatiles as cues to assess
not only whether they are selecting the right host plant species but
also to determine the nutritional quality of the host and the
presence/absence of other insects (Bruce & Pickett, 2011). For
instance, the damaged Rumex confertus released high levels of VOCs,
that potentially repelled the weevil Hypera rumicis L. at high
concentrations of 25 and 125 ngmn™! (Piesik et al., 2015). Another
weevil (Sitophilus granaries) was also repelled by high concentrations
(100 and 1000 ngmn™1) of most cereal volatiles (Piesik & Wenda-
Piesik, 2015). The filbert aphid, Myzocallis coryli Goetze, showed low
acceptance of leaves of certain cultivars of hazel (Corylus L.) with a
high content of phenolic acids (Gantner et al., 2019). Phloem-feeding
insects can use olfactory cues to identify suitable host plants, despite
the evaluation of food quality, determined by the abundance of
primary and secondary metabolites in the plant sap (Gallinger &
Gross, 2020; Gallinger et al., 2020). Therefore, insects have evolved
sensitive olfactory systems, located mainly on the antenna and

maxillary palpi that consist of different types of olfactory receptor

neurons has evolved in insects (Singh et al, 2019), to precisely
recognize chemical cues in the surrounding environments (Field et al.,
2000). The different olfactory receptor neurons with unique
molecular structures in sensillae are responsible for insect volatile
detections (Bruce & Pickett, 2011). In particular, aphids can utilize the
sensory receptors to detect colour, shape, texture and odour released
by plants (Bruce et al., 2005) and they can use specific volatile blends
or single compounds to locate their host plants (Pettersson et al.,
2017). These studies indicate that certain concentrations of specific
plant volatiles could affect different groups of insect host-searching
behaviours.

Aphids with their rapid growth and potential to spread, are
major pests that pose substantial challenges to food security, and
the development of sustainable agricultural practices (Pettersson
et al., 2017). Chemical insecticides are still extensively used in
cropping systems and have resulted in evolutionary responses in
aphids. Aphids have led to the development of individual resistance
(Foster et al., 2017) and their defense against natural enemies
through the acquisition of heritable symbionts (Oliver et al., 2003).
Therefore, the rapid development of alternative strategies to
control aphid populations is needed for sustainable crop protection.
One of those potential biological alternatives against aphids could
be based on the effects of plant-plant communication via volatile
interactions in genotypically diverse cultivar mixtures. Previous
studies reported that plant-plant communication in certain cultivar
mixtures can increase the resilience of the crop to insect pests
(Dahlin et al., 2018; Grettenberger & Tooker, 2016; Kheam et al.,
2023; Shoffner & Tooker, 2013). Field studies showed that
significant decreases in aphid populations were observed in the
mixtures of Salome and Fairytale barley cultivars as compared to
their pure stands. There was no such pattern in the Salome and
Anakin mixtures compared to pure stands. Laboratory studies
showed that the volatile interactions reduced plant acceptance by
aphids in Salome exposed to Fairytale (SeF), but not in Salome
exposed to Anakin (SeA) (Dahlin et al., 2018). Additionally, aphid
feeding behaviour was disrupted and performance was reduced in
SeF, but not in SeA (Kheam et al., 2023). The results of these studies
suggest that plant-plant volatile interactions between specific
cultivars may contribute to changes in host plants that make them
less suitable for aphids. However, the mechanisms of volatile
interactions in specific cultivar mixtures against aphid host plant
searching behaviours has yet to be established. A better under-
standing of the effects of volatile interactions in cultivar mixtures on
aphid's host choices may, in the future, contribute to the
development of sustainable management strategies.

Here we investigate the potential effects of volatile interactions
between different undamaged barley cultivars on (i) the plant volatile
emissions and (ii) consequences for aphid's olfactory attraction to
host plants. We hypothesize that VOCs from emitting cultivars can
induce changes of volatile emissions in receiving cultivars depending
on the genotypic identity of the emitter and that such changes in

olfactory cues can affect aphid host choice.
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COMMUNICATION BETWEEN UNDAMAGED PLANTS

2 | METHODS
2.1 | Plants and insects

We used three different spring barley cultivars (Hordeum vulgare L.) in
this study including: cultivars Salome (Nordaat Saatzucht GmbH),
Fairytale and Anakin (Sejet Plant Breeding), since some of these
cultivars in combination can decrease aphid plant acceptance in the
laboratory and lower population size in the field (Dahlin et al., 2018;
Kheam et al, 2023). All three cultivars have different pedigrees:
Auriga x (Publican x Beatrix) for Salome, Colston x (Receipt x Power) for
Fairytale, and (Tumbler x Response) for Anakin. Scandinavian Seed
AB supplied seeds of the three cultivars. Before sowing, seeds were
germinated between two filter papers in Petri dishes for 24 h at room
temperature. Twelve seeds were sown per pot (9 x 9 x 7 cm), filled with
P-soil (Hasselfors), and kept in the growing chamber for 9 days at
18-22°C, 50%-60% relative humidity, and L16:D8 h photoperiod.

The bird cherry-oat aphids (Rhopalosiphum padi L.), one of the
most important pests in cereals were used as a model study insect.
The wingless aphids used in the experiments were the fourth instar
aphids and the adult aphids. The aphids were reared on oat (Avena
sativa L.) cultivar Belinda in a separate growing chamber under the
same growing conditions as the barley plants.

2.2 | Plant volatile exposure

Twin Perspex cages (Ninkovic, 2003) were used to explore the
effects of volatile interactions between different barley cultivars on
the receiving plant's volatile profiles and aphid's preference and
repellency. In brief (Figure 1a), these cages are divided into two
chambers—inducing and responding (each 10x 10x40cm), con-
nected by a circular opening (7 cm diameter) in the middle wall. Air
entered into the system through the chamber with an emitter plant
and passed through the hole in the middle wall into the chamber with
a receiver plant, before being vented outside the room. Airflow in the
system was 1.2 Lmin™L. Each individual potted plant was placed in a
Petri dish to avoid the potential interactions between plants by root
exudates. Plants were watered by an automated drop system (DGT
Volmatic) for 2 min every day without adding extra fertilizers. The
plants were placed in the exposing system at the one-leaf stage (7
days old). The plant exposure time was 5 days. Salome, the receiving
cultivar, was exposed to Fairytale volatiles (SeF), Anakin volatiles
(SeA), or clean air (Se0). Se0 was used as the absolute control (Dahlin
et al., 2018; Kheam et al., 2023).

2.3 | VOCs collections

The impact of exposure on the VOC release of receiving Salome
plants was investigated by gas chromatography-mass spectrometry
(GC-MS). Headspace samples were collected from 12 plants per pot
from unexposed Salome plants and Salome that were previously
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exposed to VOCs from Anakin or Fairytale, after 5 days of exposure
(Figure 1a). Four replicates of each treatment were sampled in
parallel per day and repeated three times resulting in 9-11 replicates
per exposing treatment (unexposed Salome: n=9, SeA: n =10, SeF:
n=11). Pots with 12 barley plants were enclosed in polyethylene
terephthalate oven plastic bags (35 x 43 cm; Melita) and these bags
were baked in the oven for 2h at 140°C before the volatile
collection. The volatiles were collected with a push-pull system for
24 h. Charcoal-filtered air was pushed in to the oven bags with a flow
of 600mLmin"! while pulling the air out of the bags over an
adsorbent trap with 400 mL min™t. The VOCs were trapped on Tenax
TA sample tubes (60/80 mesh size; GLScience) containing 80 mg
adsorbent. 1-nonene was used as an internal standard for quality
control purposes, by injecting 20 ng on the top of the collection tube
mesh right before headspace collections. Volatiles were released
from the adsorbent tubes by thermal desorption with an Optics 3
Injector (GLScience) at 250°C. The thermal desorbed compounds
were separated using an Agilent 7890 N GC system equipped with an
HP-1MS capillary column (30 x 0.25 mm id x 0.25 um film thickness,
100% dimethylpolysiloxane) coupled to an Agilent 5975C mass
spectrometer (Agilent Technologies Inc.). Injection was employed
using helium as carrier gas (Helium 6.0) with a flow of 1.3 mL min™™.
The GC temperature programme was as follows: Initial oven
temperature of 30°C was held for 2min, increased at a rate of
5Kmin~! to 150°C, followed by a rate of 10K min™? to the final
temperature of 250°C and held for 15min. The GC inlet line
temperature was 250°C, and the ion source temperature was 180°C.
The quadrupole mass detector was operated in the electron impact
mode at 70 eV, MS gain was set to 10. All data were obtained by

collecting the full-scan mass spectra within the range of 40-500 m/z.

2.4 | Volatile analyses

The volatile compounds from the chromatograms were identified and
quantified with the ‘Automated Mass Spectral Deconvolution and
Identification System’ (V. 2.71; National Institute of Standards and
Technology) according to (Gross et al, 2019). The settings for
deconvolution were set to medium sensitivity and resolution, and a
high shape requirement with a component width of 32 and one adjacent
peak subtraction. Identification criteria were applied as follows: match
factor > 80% with relative retention index deviation < 5% +0.01 from
the reference value. The match factor penalty was set to very strong
with a maximum penalty of 25. A signal-to-noise ratio filter of <300 was
applied. Only compounds where identities were confirmed by the

analysis of authentic standards were reported as identified.
2.5 | Olfactory bioassay with barley plants
A two-way airflow olfactometer was used to measure the olfactory

responses of aphids. The olfactometer consisted of two stimulus
zones, in two arms directly opposite to each other connected by a
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FIGURE 1 (See caption on next page).
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COMMUNICATION BETWEEN UNDAMAGED PLANTS

neutral central zone separating them. The airflow of 180 mLmin™!

was set in the olfactometer to ensure discrete air currents in the side
zones (Dahlin et al., 2015; Ninkovic et al., 2013; Tous-Fandos
et al,, 2023).

We conducted three olfactory experiments to compare aphid
preferences and repellency for different plant odours. We first com-
pared the aphid's cultivar preferences by offering the volatiles from
(a) Fairytale versus Salome, and (b) Anakin versus Salome by offering
odours from both cultivars simultaneously against each other
(Figure 4a). Second the aphid's preferences for odours from previous
exposed plants: (a) SeF versus a SeO, and (b) SeA versus SeO -
(Figure 4c). Finally, we investigated the potential repellency of odours
from previously exposed plants: (a) SeF, and (b) SeA when offered
against air from an empty cage (0) (Figure 4e). The arms of the
olfactometer were connected to the odours sources from the two-
chamber cages containing plants. The sucking pump and air
flowmeters were used to control the airflow and provide a consistent
flow of 180 mL min™! in all olfactometers. We used different sets of
plants in each experiment.

The wingless aphids were randomly collected from the stock
cultures using a fine paintbrush and placed in Petri dishes with moist
filter paper to prevent dehydration. The aphids were then left in the
experiment room for about 30 min to acclimatize before the
experiments. A single wingless aphid was introduced into the central
zone of the olfactometer through a hole on the top and after an
adaptation period of 10min the position of the aphid in the
olfactometer was recorded at 3 min intervals over a 30 min period.
One aphid was tested once. A clean olfactometer was used for each
aphid. The olfactometers were cleaned with 10% Teepol L (TEEPOL)
and rinsed with 70% ethanol solution and distilled water and left to
air dry. To avoid the influence of lighting conditions outside the
laboratory on aphid behaviours, the olfactory experiments were
conducted in a dark room under artificial light (Osram FQ80W/840
HO Constant Lumilux Cool White (4000 K)) at 60 umol m™2s™* above
the olfactometer. These experiments were carried out between 9:00
and 17:00 during the day. The average room temperature was about
20°C with the 40%-50% of relative humidity.

The total number of visits of a single aphid per a single arm after
10 recordings was regarded as one replicate. If an aphid did not
move for longer than 10 min, these individuals were discarded and
not included in the analyses. The aphid visits into middle (central)
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zone were not taken for the analyses. Data were expressed as the
total of individual aphid visits per olfactometer arm during the
observation period. Each comparison was replicated with 20 to 24

individuals.

2.6 | Olfactory bioassay with trans-B-ocimene
compound

To confirm the olfactory responses of aphids to the more abundance
volatile in SeF, the dose olfactory responses of trans-B-ocimene
experiments were conducted by using serial dilutions based on the
quantified amount in the headspace. Trans-B-ocimene (299% purity;
Toronto Research Chemical Inc.) was diluted to five different
concentrations (0.01, 0.1, 1, 10 and 100 ng uL‘l) in methanol. Due
to the dynamic characteristics of plant volatile emission over diurnal
and ontogenetic time (Schuman et al., 2016), these five concentra-
tions were tested in the olfactometer experiments to determine the
effects of trans--ocimene and its relevant concentrations on aphid
preference. Aphid olfactory responses to the different concentrations
of trans-B-ocimene were tested against methanol as a control
(Figure 5a). Each diluted concentration of trans-B-ocimene and
methanol was dosed at a volume of 10 pg on small pieces of filter
paper, allowed to evaporate for 1-2 min and placed into glass tubes
(2.5 mm diameter) connected to holes in the sides of the olfactometer
arms. The observation and experiment protocol is the same as the
testing aphid responses to barley plant's odour. Each pair comparison

was replicated with 19-22 individuals.

2.7 | Statistical analyses

The Olfactory response and volatile profile data were analyzed by
using R statistical software (R Core Team, 2022). Data visualization
was realized using functions from ‘ggplot2’ package (Wickham, 2016).
2.7.1 | Aphid olfactory responses

Wilcoxon matched-pairs test was used to analyze the pair-choice test
for aphid olfactory responses.

FIGURE 1 The overall composition of volatile emissions from Salome is not different after exposing to other emitter cultivars or air. (a)
Volatile collection process. 1. Plant exposure: Before the volatile collection, one pot with 12 barley plants (9-day) was exposed to volatiles from
other barley cultivars or to air for 5 days. The exposures included Salome exposed to air (Se0), Salome exposed to Anakin (SeA) and Salome
exposed to Fairytale (SeF). 2. Volatile organic compound (VOC) collection: Push-pull volatile collections of plant headspace were taken from
unexposed Salome plants and Salome plants that were previously exposed to VOCs from Anakin or Fairytale. 3. VOC analyses: Thermal
desorption-gas chromatography (GC)-mass spectrometry (MS) was used for chemical analysis of plant VOCs followed by identification and
quantification with ‘Automated Mass Spectral Deconvolution and Identification System’. (b) Nonmetric multidimensional scaling (NMDS) plot
visualizing Bray-Curtis dissimilarities calculated from proportional VOC compositions emitted from barley plants. Each point represents the
volatile profile emitted from 12 cv. Salome after 5 days exposure to air (unexposed = grey circles, n=9), to VOCs from cv. Anakin (green
triangles, n = 10) or VOCs from cv. Fairytale (blue squares, n = 11); 3-day stress: 0.119.
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2.7.2 | VOCs of profile compositions

To calculate and visualize differences in plant VOC compositions we
used the ‘vegan’ package (Oksanen et al., 2022). Nonmetric
multidimensional scaling plots were used to visualize Bray-Curtis
dissimilarities of the VOC composition from Salome plants after
exposure to air or volatiles from Anakin or Fairytale calculated using
the metaMDS function. Wisconsin double standardization was used
for scaling. Permutational multivariate analysis of variance (PERMA-
NOVA) was used to test for discrimination between differently
exposed plant volatile profiles. Bray-Curtis distance matrix was
calculated with vegdist function and was used for permutation testing
using adonis2 function with 10 000 permutations. The sampling day

was included as strata to preserve the effect of the sampling day.

2.7.3 | Fold change of single compounds

The peak area per gram dry weight was used to calculate the fold
change in the emission of single volatile compounds. Therefore, the
mean peak area per gram dry biomass from unexposed plants was
calculated per day, accounting for daily variation. The logarithmic
ratio of the peak area per dry weight from each exposed plant sample
to the mean of unexposed plants from the corresponding day was

calculated as

eak area
exposuredaym("T) +1

Fold-change = log (1)

eak area :
mean(controlday[,-](pT + 1)

To visualize the change of the emission of single compounds
from Salome induced by exposure to different cultivars a heatmap
was generated based on the mean fold-change. Generalized linear
models with Gamma (log link) distributions were fitted to compare
the fold-change between Anakin and Fairytale exposed Salome
plants. The identity of the emitter cultivar and the sampling day were
fitted as fixed effects. The model fit was visually inspected as
recommended by Zuur et al. (2010). Differences in fold-change of
single compounds from Salome plants exposed to Anakin or Fairytale
were calculated using estimated marginal means and 95% confidence
intervals with the emmeans function from the ‘emmeans’ package
(Length, 2022). Additionally, the peak are per g dry weight of trans-p-

ocimene was analysed in the same way.

3 | RESULTS

3.1 | Volatile emissions of host plants after
exposure

To identify changes in the volatile emission of Salome plants after
exposure to VOCs from Fairytale, Anakin or air, the headspace of
previously exposed Salome plants was collected and analyzed via

GC. In total, 62 components were analyzed from the Salome
headspace samples. The exposure to air or VOCs from the other
barley cultivars did not lead to a differentiation of the overall
composition of VOCs released from Salome (Figure 1b, PERMA-
NOVA, F=0.51, p=0.58, n=30).

As changes in the release of single compounds, or rather, shifts in
specific blends of plant VOCs can be important for host recognition
of insects, induced fold changes of single volatile compounds were
analyzed and visualized as heatmap (Figure 2). Only three com-
pounds, trans-B-ocimene and two unidentified compounds (Rl 855
and Rl 1093) changed significantly different after exposure to
Fairytale or Anakin VOCs (Figure 2). Trans-B-ocimene, Rl 855 and
Rl 1093 were statistically increased in SeF compared to SeA
(Figure 3b,c, general linear model [GLM], Estimate = 6.27, SE = 2.59,
p=0.02; Estimate=0.51, SE=0.19, p=0.01; Estimate=0.02, SE=
0.01, p = 0.04), respectively. Comparing the peak area per biomass (g
dry weight) of trans-B-ocimene released from unexposed and
exposed Salome plants, SeF was significantly higher in trans-f-
ocimene compared to Salome exposed to air (Figure 3a, GLM,
Estimate = 4.47, SE = 2.22, p = 0.01). No differences in the peak area
of trans-B-ocimene were detected between SeA and SeO (Figure 3a,
GLM, Estimate=2.29, SE=1.16, p=0.25) and between SeF and
SeA (Figure 3a, GLM, Estimate =0.51, SE =0.24, p = 0.36).

3.2 | Olfactory preference of R. padi for barley
plants

A series of olfactory experiments were conducted to assess the
preferences of R. padi for odours from individual unexposed cultivars
and exposed Salome plants. We first tested whether R. padi has a
general preference for cv. Salome or the cultivars used as emitters
(Anakin and Fairytale), odours of unexposed plants were offered
simultaneously in olfactometer trials. R. padi individuals did not show
an olfactory preference for Anakin over Salome (Figure 4b, Wilcoxon,
V=63, p=0.53, n=20), nor Fairytale over Salome (Figure 4b,
Wilcoxon, V =50.5, p=0.37, n = 20).

To confirm with the volatile emission changes in plant exposure
results, the impact of exposure to volatiles from other cultivars
(plant-plant volatile interaction) on the olfactory attraction of R. padi
for Salome plants was then investigated. Aphids were significantly less
attracted to the odours of Salome plants that were previously exposed
to Fairytale VOCs than unexposed Salome plants (Figure 4d, Wilcoxon,
V=127.5, p=0.01, n = 24). Aphids did not show a preference for SeA
VOCs over unexposed Salome plants when offered simultaneously
(Figure 4d, Wilcoxon, V =40.5, p =0.09, n = 24).

We additionally evaluated the avoidance responses for R. padi to
the odours of previously exposed Salome plants. Aphids significantly
preferred air over odours from Salome exposed previously to
Fairytale VOCs (Figure 4f, Wilcoxon, V=131, p=0.04, n=20). In
contrast, odour of Salome exposed previously to Anakin VOCs were
more significantly attractive for R. padi individuals than air (Figure 4f,
Wilcoxon, V=39.5, p=0.04, n=22).
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FIGURE 3 Exposure to Fairytale volatile organic compounds (VOCs) increases trans-B-ocimene, Rl 855 and RI 1093 released from Salome.
(@) Amount (peak area) of trans-B-ocimene per biomass (g dry weight) released from Salome after exposure to Anakin (SeA), Fairytale (SeF), or air
(Se0). (b) Fold change in trans-B-ocimene, (c) Rl 855 and (d) RI 1093 release from Salome in response to Fairytale or Anakin VOC exposure. Boxes
represent the interquartile range (IQR) and whiskers extend to 1.5 x IQR. Bars represent the 95% confidence intervals with the estimated
marginal means (EMMs) as dots, obtained from generalized linear models fitted with Gamma (log link) distributions. Letters indicate statistical
differences between EMMs of groups at the 0.05 significance level. [Color figure can be viewed at wileyonlinelibrary.com]

3.3 | Olfactory preference of R. padi for pure trans-
B-ocimene compound

To confirm whether trans-B-ocimene has an impact on aphid behaviour,
we performed a series of olfactory experiments with five different
concentrations of trans-B-ocimene (0.01, 0.1, 1, 10 and 100 ng uL’l)
against Methanol (solvent control). No difference was detected at lower
concentration of trans-B-ocimene (0.01, 0.1 and 1 ng uL™) compared to
methanol (Figure 5b, Wilcoxon, V=78.5,p=0.32,n=22; V=45, p=0.23,
n=22; V=525, p=0.15 n=20), respectively. At the two highest
concentrations (10 and 100 ng uL™Y), R. padi significantly preferred the
control arm and avoided the trans-B-ocimene (Figure 5b, Wilcoxon,
V=495, p=003, n=22; V=315, p=0.01, n=19), respectively.

4 | DISCUSSION

Our findings demonstrate that volatile interactions between specific
undamaged cultivars can enhance the emission of certain volatile

compounds in receiving plants, resulting in the disruption of aphid

olfactory responses. The phenomenon is context specific, depending
on the genotypic identity of the emitting plants. This study, therefore,
highlights the significant roles of VOCs in plant-plant communica-
tions, affecting plant-insect interactions in cultivar mixture cropping

systems.

4.1 | Airborne interactions between undamaged
plants alter volatile emission of receiving plants

Plants have the capacity to detect and respond to the surrounding
environments by chemical cues, including emitted volatiles from
neighbouring plants (Brosset & Blande, 2022; Ninkovic et al., 2016).
Constitutively emitted VOCs contain unique information about
genotype identity (Dahlin et al., 2018), which receiving plants can
detect and use to identify neighbours, then respond through growth
adaptation (Ninkovic, 2003). It has been previously shown that the
three individual cultivars examined in this study (Salome, Anakin, and
Fairytale) had distinct constitutively produced volatile emissions
(Dahlin et al., 2018). Our fold change analyses highlighted that the

FIGURE 2 Exposure to emitter volatiles induces changes in the volatile organic compound (VOC) emission of receiver. Heatmap visualization
of the mean values of fold change of single compounds emitted from Salome exposed to Anakin (SeA) (n = 10) and Salome exposed to Fairytale
(SeF) (n=11). The fold change value represents the logarithmic ratio of the peak area per dry weight from each exposed plant sample to the
mean of unexposed plants. The scale ranges from dark red, indicating a strong decrease of VOC emission to a highly increased (dark blue)
emission of the compound in response to exposure to VOCs from Anakin or Fairytale relative to the emission from unexposed Salome plants.
Asterisks(*) indicate significant changes from GLM analyses (p < 0.05). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Aphid shows repellent effects from odours in Salome exposed to Fairytale (SeF) against air and less attraction in Salome exposed
Fairytale (SeF) against Salome exposed to air (Se0). Before the olfactory experiment, one pot with 12 barley plants (9-day) was exposed to or not
exposed to other barley cultivars as emitter for 5 days. The exposed/unexposed pot with 12 barley cultivar (14-day) was placed in each cage
connected to an olfactometer and a suction pump that was used to facilitate airflow from the plants through the olfactometer. A wingless adult
aphid was placed in the middle of the olfactometer. (a) Aphid preference test between individual cultivars: unexposed Fairytale (emitter) against
unexposed Salome (receiver). (b) Aphid preference test on odours between individual cultivars: unexposed Anakin (A) against unexposed Salome
(S) (n = 20), and unexposed Fairytale (F) against unexposed Salome (S) (n = 20). (c) Aphid preference test between exposed Salome against

unexposed Salome as control. (d) Aphid preference test on odours between receiving cultivars: SeA against Se0 (n = 22), and SeF against Se0 (n =
24). (e) Aphid avoidance test between exposed Salome cultivar against Air. (f) Aphid avoidance test on odours between receiving cultivars

against air: SeA against Air (n = 22), and SeF against Air (n = 20). Error bars indicate the standard error of the mean. Asterisks indicate significant

differences according to the Wilcoxon signed-rank test (p < 0.05). [Color figure can be viewed at wileyonlinelibrary.com]

emission of trans-B-ocimene and two unidentified compounds were
significantly increased in Salome exposed Fairytale, but not when
Salome was exposed to Anakin. It, therefore, seems that Salome can
distinguish between different neighbouring cultivars by perceiving
volatiles and activating specific biological pathways, altering its own
volatile emissions in response. To our knowledge, this study presents
the first evidence that volatiles released by specific undamaged
cultivars can prompt neighbouring cultivars to alter their physiologi-
cal state by emitting greater quantities of specific volatile com-
pounds. This highlights the significant involvement of VOCs in
interactions between undamaged plants.

Plants discriminate between the emitted volatiles of different
neighbours (Kigathi et al., 2019; Ninkovic et al., 2016, 2020). In studies
of interactions between different plant species, Ninkovic et al. (2013)
revealed that volatile compounds from undamaged onions can
enhance the release of certain volatile compounds from receiving
potatoes. Ninkovic (2003) also showed that exposure to specific
cultivars could alter the pattern of biomass allocation for receiving
plants, away from leaves and in favour of roots. As a result, these
receiving plants become more competitive for limited nutrition and
water resources. Given the evidence from these previous studies and
our own, it is clear that plants are capable of detecting, responding to,
and distinguishing between neighbouring plants, depending on the
identity of the emitters. The identification of a competitive neighbour
can therefore lead to specific morphological and physiological

adaptations to better tolerate resource competition.

While the mechanisms of VOC perception in plants are not well
understood, the effects are context-dependent (Hemachandran et al.,
2017). The observed rise in specific volatile emissions in receiving
plants may be attributed to active mechanisms of volatile-mediated
plant-plant interactions, which encourage specific physiological
pathways, such as induced or primed defenses. In this case, the
observed increased emission of certain volatiles in our study could
possibly be a mechanism to induce or prime defenses in receiving
plants. Another possible mechanism, which cannot be excluded at
this stage, is a passive one: the adhesion of volatiles to the surface of
recipient plants, which could be re-emitted later (Li & Blande, 2015).
Therefore, further research is needed to uncover the underlying
mechanisms of the observed effects between specific undamaged

plants.

4.2 | Aphid olfactory responses to specific
airborne-induced plant volatiles

Plant volatiles are olfactory cues that can be detected and utilized by
insects in host plant location and selection (Bruce et al., 2005). In line
with the emitter-specific impact on the VOC emission of receiving
Salome plants, R. padi showed emitter-dependent preferences for
differently-exposed Salome plants. While aphids were less attracted
to Salome after exposure to Fairytale, compared to SeO, no

preference was detected when offering Salome previously exposed
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FIGURE 5 Trans-B-ocimene repels Rhopalosiphum padi; aphid shows repellent effects from trans-B-ocimene (= 10 ng uL™%) against solvent

(methanol). (a) Aphid avoidance setup. Two-arm olfactometer was use

d: The light blue colour represents the arm of trans-B-ocimene and the

grey colour represents the arm of solvent as control (methanol). Five series of trans-B-ocimene dilutions (0.01, 0.1, 1, 10 and 100 ng uL™ against

solvent were tested in olfactometer. Each 10 ug of each dilution conc

entration was placed on a small piece of filter paper in each glass tube

connected to an olfactometer and a suction pump that was used to facilitate airflow from the glass tube through the olfactometer. A wingless
adult aphid was placed in the middle of the olfactometer. (b) Aphid avoidance tests were conducted on trans-B-ocimene at five different
concentrations against solvents: 0.01 ng uL™! against solvent (n = 22), 0.1 ng uL™! against solvent (n = 22), 1 ng uL™? against solvent (n = 20),

10 ng uL™? against solvent (n = 22) and 100 ng uL™? against solvent (n =

n.s. represent no significant differences and asterisks(*) represent signi

[Color figure can be viewed at wileyonlinelibrary.com]

to Anakin or to air. This highlights that the changes in volatile
emissions induced by certain emitters can impact the behavioural
responses of herbivorous insects. Accordingly, Tous-Fandos et al.
(2023) showed that the alternation in the odour profile of specific
wheat cultivar mixtures affects the host preference of aphids.

The reduced attraction and increased avoidance of aphids to the
host plant odour could be due to the effects of specific chemical
compounds (Webster et al., 2010). trans-B-ocimene, emitted at
higher levels in SeF, induced a significant avoidance response in
aphids, indicating the potential role of trans-B-ocimene in aphid host
preference. The olfactory responses of aphids to the other two
unidentified compounds remain unknown. Further chemical identifi-
cation is needed to discern the roles of these compounds as cues for
aphid detection and the location of their host plants. Nonetheless,
our findings support the hypothesis that aphids can respond to
particular compounds at specific concentrations, influencing their
search for a host plant (Webster, 2012; Webster et al., 2010).

19), respectively. Error bars indicate the standard error of the mean. The
ficant differences according to the Wilcoxon signed-rank test (p < 0.05).

Trans-B-ocimene is known to be a HIPV that effectively repels
insect pests (Thompson et al., 2022). Externally applying B-ocimene
can trigger induced defense in recipient plants, resulting in subse-
quent adverse effects on the olfactory responses, settling, feeding
behaviours and overall performance of aphids (Cascone et al., 2015;
Kang et al., 2018). Interestingly, exposure to the volatiles of a specific
undamaged cultivar can enhance trans-B-ocimene production in
undamaged plants as well. As trans-B-ocimene has repulsive effects
on aphids, it may serve as a relevant compound for sustainable pest
control in crop production.

The specific ratios of each VOC could contribute to aphid
behavioural responses (Dardouri et al., 2019), and certain compound
blends could be more repellent than single VOCs (Bruce & Pickett,
2011; Dardouri et al., 2019; Deletre et al., 2016). As not all volatile
compounds used by R. padi for host plant detection are currently
identified, we compared the composition of all detected plant

volatiles, which showed no significant difference in response to the
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exposure. However, the shifts in emissions of specific combinations
of VOCs influential to R. padi behavioural activity can be relevant for

the observed olfactory preferences.

4.3 | Ecological aspects of cultivar mixtures in pest
control

This study provides fresh knowledge of the potential specificity of
volatile-mediated plant-plant interactions, affecting plant-insect
interactions and highlighting the significant roles of VOCs in pest
control. Our results support the hypothesis that plants can use
emitted volatiles from specific neighbouring plants to prepare for
growth adaptation, future threat or stress (Ninkovic et al., 2020).
Aphids, like many other herbivorous insects, use plant volatiles as
olfactory cues to make crucial decisions regarding host plant
selection, feeding and overall development (Pettersson et al., 2017).
The volatile components of plants carry information about their
quality for the aphids. The observed repellent effects on aphids in
certain cultivar mixtures suggest that aphids struggle to find suitable
host plants in these instances. This could reduce the establishment of
new aphid colonies due to prolongation of searching for host plants
and increased exposure to natural enemies in the agroecosystem.
Volatile interactions between undamaged Salome plants exposed to
Fairytale can induce responses in receiving plants which disrupt aphid
feeding and reduce their performance (Kheam et al., 2023). In the
field, the reduction of aphid populations observed in specific cultivar
mixtures, such as Salome-Fairytale mixtures (Dahlin et al., 2018), is
consistent with the mechanistic explanation proposed from the
results of our laboratory experiments. All of these findings indicate
that volatile interactions between plants constitute a potential
underlying mechanism of insect pest suppression in cultivar mixtures
and, on a broader scale, suggest their potential in pest management

to enhance the sustainability of cropping systems.

5 | CONCLUSION

Plants detect VOCs emitted by their specific, undamaged neighbours
and respond by altering their own volatile emissions, thus enhancing
their defenses. Our results suggest that volatile interactions in
specific cultivar mixtures have a major implication for plant-insect
interactions and bear potential as an effective approach for the
development of integrated pest management in crop protection. The
observed increasing trans-3-ocimene in plant-plant communication
and its repellent effects on insect pests suggest this compound is a
suitable candidate for sustainable agricultural pest control. Currently,
control measures for insect pests by cultivar mixtures are still limited,
but exploring volatile-mediated plant-plant communications to
understand interactions among plants, insect pests, natural enemies,
and diseases will help us determine the novel points of control that
will open the door for wider adoption of cultivar mixtures in

sustainable agricultural practices.
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