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Abstract

Recent studies have demonstrated that cultivar mixtures can reduce aphid plant acceptance and population development.
It is still unknown as to which underlying mechanisms may contribute to this phenomenon. We investigated the effects of
volatile interactions between undamaged barley cultivars on aphid feeding behavior and performance in the laboratory.
Spring barley (Hordeum vulgare L.) cultivar Salome was exposed to volatiles from Fairytale (SeF), Anakin (SeA), or clean
air (Se0). We used an electrical penetration graph to test the effect of exposure to neighbor volatiles on the feeding behavior
and performance of bird cherry-oat aphids (Rhopalosiphum padi L.). We also assessed aphid relative growth rate, intrinsic
rate of increase, and development time on exposed and unexposed Salome plants. Aphids spent significantly longer time on
epidermis and mesophyll plant tissues on SeF than Se0, and no difference was observed between SeA and Se0. Significant
decreases in the duration of phloem ingestion and phloem sustained ingestion were recorded in SeF showing that volatile-
induced effects cause difficulty for aphids to feed. However, no differences in these variables were detected between SeA
and Se(0. We also observed reduced aphid relative growth rate and intrinsic rate of increase on SeF compared to Se0 and
SeA. Our study demonstrated that, in a specific combination, exposure of one barley cultivar to volatiles from another one
can change aphid feeding behavior and performance, probably due to changes in host plant properties/quality. Our results
provide an insightful explanation of mechanisms responsible for the reduced aphid population development previously
observed in the field.
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Volatile interactions between specific cultivars could be
the underlying mechanism, which reduces aphid popula-
tion development in cultivar mixtures in the field.

Introduction

Plant diversity contributes to ecosystem stability (Prieto
et al. 2015; Isbell et al. 2017), while in agroecosystems,
botanical diversity can reduce damage by insect pests,
improve biological pest control and increase food produc-
tion (Ratnadass et al. 2012). Combining different culti-
vars in mixtures to increase within field diversity has been
suggested as a promising strategy to reduce pest pressure
(Tooker and Frank 2012; Koricheva and Hayes 2018; Snyder
et al. 2020). The quality of evidence for pest suppression in
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cultivar mixtures is varied, as some studies show that cul-
tivar mixtures can reduce aphid population sizes (Shoffner
and Tooker 2013; Snyder et al. 2020), while others report
the lack of effects on aphids (Mansion-Vaquié et al. 2019;
Grettenberger and Tooker 2020). Understanding these
inconsistent effects of cultivar mixtures on aphids is impor-
tant from both an ecological and practical perspective and
could be achieved by clarifying the underlying mechanisms
responsible for reduced aphid abundance.

Plant species diversity or genotypic diversity could affect
pest insects via several mechanisms including dilution effect,
abundance of natural enemies, and associational resistance.
The dilution effect leads to reduced pest population spread
via increased host plant finding time (Malézieux et al. 2009;
Hambick et al. 2014). The natural enemy hypothesis pre-
dicts that diverse plant communities host a higher abundance
of natural enemies, which could suppress herbivorous pests
(Cook-Patton et al. 2011). The cultivar mixtures can attract
more natural enemies than pure stands (Ninkovic et al.
2011). Associational resistances involve specific plant asso-
ciations that provide physical and chemical barriers that sup-
press insect pests (Malézieux et al. 2009; Dahlin et al. 2018).
Volatile interactions between undamaged neighboring plants
via changes in receiving plant physiology can potentially
present one of the underlying mechanisms for reduced aphid
performance (Ninkovic et al. 2016).

Volatile organic compounds (VOCs) play a major role
as cues and signals in trophic interactions (Ninkovic et al.
2020), and can stimulate or prime defense responses in
neighboring plants (Heil and Karban 2010; Brilli et al.
2019). Herbivore-induced plant volatiles (HIPVs) induce
changes in the neighboring plants directly and indirectly,
which can both lead to pest suppression and attraction of
their natural enemies (Ninkovic et al. 2001; Dicke and Bald-
win 2010; War et al. 2011; Karban et al. 2014). Volatile
interactions between undamaged plants can also change the
physiology of the receiving plants with subsequent influence
on organisms through higher trophic levels (Ninkovic et al.
2006). This phenomenon, known as allelobiosis (Petters-
son et al. 2003), could potentially be responsible for aphid
suppression in cultivar mixtures. For instance, Dahlin et al.
(2018) reported that mixing specific barley cultivars signifi-
cantly reduced aphid population development in a field trial,
while volatile interactions in the same cultivar combinations
reduced aphid plant acceptance in a laboratory test. This
clearly indicates that volatile interactions between specific
cultivars can affect the early stages of aphid establishment
in plants.

We hypothesized that the genetic identity of emitting cul-
tivar expressed through their specific volatile profile plays
an important role in the induction of defense responses
in receiving cultivar and affect aphid performance. The
primary aim of this study was to investigate the effect of

@ Springer

volatile interactions between specific barley cultivars on
(i) aphid feeding behavior, (ii) aphid relative growth rate,
intrinsic rate, and development time on receiving cultivar
after exposure to volatiles from another cultivar, and (iii) test
whether aphid responses are dependent on specific cultivar
used as an emitter.

Materials and methods
Plants and insects

Spring barley (Hordeum vulgare L.) cultivars Salome (Nor-
daat Saatzucht GmbH, Germany), Fairytale and Anakin
(Sejet Plant Breeding, Denmark) were used in this study,
because some of these cultivars in combination can reduce
aphid plant acceptance in the laboratory and lower popula-
tion size in the field (Dahlin et al. 2018). The pedigrees of
the cultivars were Auriga X (Publican X Beatrix) for Salome,
Colston X (Receipt X Power) for Fairytale and Tumbler X
Response for Anakin. These cultivars were obtained from
Scandinavian Seed AB, Linkoping, Sweden. Before sowing,
seeds were germinated in Petri dishes between two filter
papers for 24 h at room temperature. One seed was sown per
pot (9X9x7 cm), filled with P-soil (Hasselfors, Sweden),
and kept in the growing chamber for 9 days at 18-22 °C,
50-60% relative humidity, and L16:D8 h photoperiod.

As a model insect, we used the bird cherry-oat
aphid (Rhopalosiphum padi L.), which is one of the most
important pests in cereals. The aphids used in this experi-
ment were reared on oat (Avena sativa L.) cultivar Belinda in
separate growing chambers under the same growing condi-
tions as for the plants.

Plant volatile exposure

To study the effects of volatile interactions between different
barley cultivars on aphid feeding behavior and performance,
we used twin Perspex cages (Ninkovic 2003). These cages
are divided into two chambers—inducing and responding
(each 10x 10x40 cm), connected by a circular opening
(7 cm diameter) in the middle wall. Air entered into the sys-
tem 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 L/min. 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 an exposing system at the one-
leaf stage (7 days old). The exposure time was 5 days. The
receiving cultivar Salome was exposed to: volatiles from
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Fairytale (SeF), volatiles from Anakin (SeA), and clean air
(Se0).

Electrical penetration graph recording setup

Aphid stylet activities are commonly monitored by an elec-
trical penetration graph (EPG) device to determine different
plant tissues where resistance can occur (Tjallingii 2006).
We used an EPG system to determine whether the volatile
interactions between barley cultivars induce plant resistance
affecting aphid feeding behavior. The experimental setup
was placed in a Faraday cage for electrical noise isolation.
After a 5-day exposure to either Fairytale (SeF), Anakin
(SeA), or clean air (Se0), receiving cultivar (Salome) plants
were moved from exposing the system to a Faraday cage.
The second leaf of the plants was fixed with transparent
nylon strips with tape at the ends. Because aphids prefer to
settle on the abaxial leaf side, this side was faced up (Pet-
tersson et al. 2017). Adult apterous aphids of R. padi were
collected from colonies using a marten-hair brush (size 0)
and starved in a Petri dish for a period of 30 min. A vacuum
on a small hole in a pipet tip was deployed to fix aphids
(Schliephake et al. 2013). Water-soluble silver glue was
placed on the middle-back of the aphid dorsum to attach
a thin gold wire of about 1.5-2.5 cm in length to the aphid
(18 microns in diameter). The other end of the gold wire was
connected to a copper wire electrode soldered to a brass nail
that functioned as an aphid electrode and was inserted into
the input of the EPG headstage amplifier. Another electrode
with a length of 8 cm was placed in the soil.

An eight-channel Giga-8 DC EPG system was employed.
Devices with 1G Ohm were used to monitor the probing
and feeding behavior of aphids on the different treatments
evaluated (EPG Systems, Wageningen, The Netherlands).
A USB analog/digital converter card (DI 710-UL) was used
to transfer the EPG signals to a PC computer. The duration
of the recording was eight hours. To ensure the proper data
remained in limited output signals, the adjustments of volt-
ages on the EPG system were manually attempted for later
analysis. The aphids that produced nymphs, died, or left the
plant were discarded from the analysis. EPG signals were
acquired and analyzed using Stylet + software for Windows
(EPG systems).

We split the EPG data collection into two experiments,
where the first one compared aphid feeding on SeF versus
Se0 and the second one compared aphid feeding on SeA
versus Se0. In each experiment, aphids were run on the EPG
device for six trials, where in each trial we tested four aphids
on treatment and four aphids on control. We tested one trial
(8 plants) per day until we obtained 20 replicates for SeF
and 19 replicates for Se0 (experiment 1) and 22 replicates
for SeA and 23 replicates for Se0 (experiment 2).

Due to limited space (an 8-channel EPG device) for
simultaneous observations, we run only one treatment
against control at a time, in order to accumulate a sufficient
sample size for each comparison in as a short time as pos-
sible, which ensures similar conditions for the aphids and
the plants used. This sets a major limitation on our study, as
we cannot directly compare data for SeF with SeA, but need
to imply differences between them via relative comparisons
with the control treatment.

Electrical penetration graph waveforms
and variables

The “Stylet+a” software (EPG Systems) was used to ana-
lyze the data from the Stylet+d program (Tjallingii and
Esch 1993). This software defines clear waveform patterns
to determine different phases of stylet performance during
aphid penetration and feeding. We used online EPG-Calc
6.1.7 software to calculate different EPG variables (Gior-
danengo 2014). Consequently, waveform data were calcu-
lated based on the several sequential and non-sequential
variables of standardized EPG-variable listed on epgsys-
tems.eu. Twenty-nine different EPG variables were used to
assess the aphid feeding behavior on different treatments
in both experiments. Waveforms in certain phases of aphid
feeding behavior were selected for analyses, including: none
probing (NP), probing (Pr), pathway (C), potential drops
(Pd), sieve element salivation (E1), phloem sap ingestion
(E2), stylet penetration difficulties (F), and xylem phase (G)
(Tjallingii 1990). Waveform “NP” refers to none probing
behavior, which is described as no contact or penetration
between stylet and plant tissues (studied variables: number
of non-probing (n_NP), average of non-probing (a_NP),
and duration of non-probing (s_NP)). Waveform “Pr” refers
to the general probing activity, during which the stylet
penetrates the plant tissues (studied variables: number of
probing (n_Pr), average of probing (a_Pr), total duration of
probing (s_Pr), number of first brief probes (n_bPr), and
time to first probe (t> 1Pr)). Waveform “C” refers to the
pathway phase, described as intercellular penetration move-
ments of the stylet (studied variables: number of C (n_C),
average of C (a_C), and total duration of C (s_C)). Wave-
form potential drops “Pd” describe brief intracellular stylet
punctures in the stylet pathway (studied variables: number
of potential drop (Pd), and total duration of potential drop
(s_Pd). Phloem activity consists of two waveforms: E1 and
E2. Waveform “E1” refers to sieve element salivation at the
beginning of the phloem phase (studied variables: time to
first E (t> 1E), number of single E1 (n_sgE1), number of E1
(n_E1), and total duration of E1 (s_E1)). Waveform “E2”
refers to phloem sap ingestion with concurrent salivation
(studied variables: time to first E2 (t> 1E2), number of E2
(n_E2), total duration of E2 (s_E2), time to first sustained E2
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(t> 1sE2), number of sustained E2 (n_sE2), total duration
of sustained E2 (s_sE2), number of E12 (n_E12), and total
duration of E12 (s_E12)). Waveform “G” refers to active
xylem sap/water ingestion activity (studied variables: num-
ber of G (n_G), and total duration of G (s_G)). Waveform
“F” is the derailed stylet mechanics, indicating stylet pen-
etration difficulties (studied variables: number of times stylet
derailed (n_F), and total duration of stylet derailed (s_F).

Aphid relative growth rate

To test aphid growth, 24-h-old aphids were introduced
to receiving cultivar (Salome) after the plants had been
exposed for 5 days to volatiles of Fairytale, Anakin, or
clean air. The observations were carried out in the expos-
ing system where the receivers with aphids were exposed to
volatiles from emitters until the end of the experiment. To
produce first-instar nymphs, adult apterae of R. padi were
randomly selected from aphid culture and placed on eight-
day-old oat plants for a period of 24 h. The first instars (24-
h-old nymphs) were weighted by using the microbalance
(Mettler Toledo, USA). One 24-h-old nymph was placed
on each receiving plant (Salome). After 5 days, each nymph
was re-weighed and the procedure was repeated in several
trials, resulting in 16 replicates for the SeF, 18 replicates for
SeA, and 22 replicates for Se0. We used aphid weights to
calculate the mean relative growth rate based on the equation
suggested by Radford (1967):

MRGR (ng/pg/day) = (log W,—log W,) /1,—1,

where MRGR =mean relative growth rate, W, = weight
at the first weighing, W, =weight at the second weighing,
and t,—t, =the time (days) between first (¢;) and second (#,)
weighing.

Aphid development time

The 24-h-old nymphs of R. padi were placed between the
first leaf and stem of a single Salome plant in the receiv-
ing cages. If the nymph disappeared (e.g., due to unsuc-
cessful establishment or mortality), a new 24-h nymph was
released the next day. The nymphs were monitored until they
produced the first offspring. The day of introducing 24-h-
old nymphs on the plant was counted as day 1. The aphid
development time was calculated from day 1 to the day of
producing the first offspring. The experiment was repeated
in several trials until there were 20 replicates for SeF, 18 for
SeA, and 19 for Se0. The observations of aphid development
and intrinsic rate of increase were carried out in the same
way as for the aphid relative growth rate.
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Aphid intrinsic rate of increase

After development time observations, we started recording
the intrinsic rate of increase (r,,). The day of producing the
first offspring was recorded as day 1, and the total number
of nymphs produced on each plant was counted after the
following 5 days. We obtained 20 replicates for SeF, 18 for
SeA, and 19 for Se0. The fecundity of an individual aphid
to the intrinsic rate of increase (r,,) was calculated based
on Wyatt and White (1977):

Fm = (InMyxc)/d

where M, is the number of nymphs produced by the adult
in the first d days of reproduction after the adult molt. The
constant (¢ =0.738) is an approximation of the proportion of
the total fecundity produced in the first days of reproduction.

Statistical analyses

The statistical analyses were carried out with the R statisti-
cal software (R Core Team 2021). Due to the non-normal
distributions of most EPG data, the Wilcoxon rank-sum
test (unpaired test) was used for the majority of the vari-
ables. For the variables that met the assumptions of para-
metric tests, general linear models (GLM) were employed
(package Ime4). We used GLM with the Poisson family to
analyze count data (e.g., number of probing) and Gamma
family to analyze the continuous variables (e.g., time to
first sustained E2). The models were validated by graphic
examination of residual plots (Zuur et al. 2010) and overd-
ispersion tests in the DHARMa package. The a =0.05 sig-
nificance level was applied to test the differences between
treatments. Twenty-nine variables were analyzed and com-
pared for each experiment (Table 1).

Generalized linear models (GLMER) were used to ana-
lyze response variables aphid development time, intrinsic
rate of increase, and relative growth rate, by using the
Gamma family with a log link. As a fixed factor, we used
the cultivar combination with the categories of SeF, SeA,
and Se0, and as a random effect we used trial. The control
treatment was used as a reference category in the models,
but in order to obtain estimates, errors and p values for
pairwise comparisons between SeA and SeF, we rerun the
models with SeA as the reference category.
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Results
Aphid feeding behavior

The different variables used to analyze aphid R. padi feed-
ing behavior at different phases are summarized in Table 1.
A significant increase in the number of aphid non-probing
(Wilcoxon, p=0.02) and probing (Wilcoxon, p=0.01) was

Table 1 Comparisons of feeding behavior variables (means + SEM)
of Rhopalosiphum padi on cultivar Salome exposed to Fairytale
(SeF) and Salome exposed to clean air (Se0) for experiment 1, and
Salome exposed to Anakin (SeA) and Salome exposed to clean
air (Se0) for experiment 2. Most of the variables were analyzed by

recorded in SeF compared to Se0. It took approximately
twice as long for aphids to probe on SeF compared to
Se0. The average duration of aphid probing was signifi-
cantly lower in SeF than in Se0 (GLM, Estimate= —0.51,
SE=0.24, t= —2.06, p=0.04). No significant differences
between SeA and Se0 were detected in non-probing and
probing phases (Table 1).

Wilcoxon rank-sum test and the variables with (a) in the table were
analyzed by using GLM models to compare the differences between
treatments in each experiment with p<0.05. Statistical differences
between treatments are highlighted in bold and with asterisks

Variables Experiment 1 Experiment 2

SeF Se0 P SeA Se0 p
Number of replicates 20 19 22 23
None-probing and probing (tissue penetration)
1. Number of none probing (n_NP) 6.4+1.03 3.42 +0.66 0.02% 6.77+1.46 6.83+0.92 0.76(a)
2. Average of none probing (a_NP) (min) 10.4 +4.66 19.51+9.45 0.71 11.08 +£2.73 9.34+1.86 0.91
3. Total duration of none probing (s_NP) (min) 54.77+14.21 52.21422.22 0.47 71.53+17.52 69.44+13.18 0.61
4. Number of probing (n_Pr) 6.35+1.02 3.35+0.64 0.01* 6.55+1.47 6.7+0.92 0.68(a)
5. Average of probing (a_Pr) (min) 134.07 +£30.17 234.31+38.74 0.03*(a) 183.32+39.38 122.44+27.57 0.38(a)
6. Total duration of probing (s_Pr) (min) 425.02+£12.22  427.6+22.21 0.47 408.34+17.52 410.44+13.18 0.61
7. Number of first brief probe (<3 min) (n_bPr)  0.75+0.28 0.79+0.27 0.75 0.59+0.2 0.48+0.19 0.60(a)
8. Time to first probing (t> 1Pr) 15.98 +9.42 10.55+4.36 0.98 3.87+1.55 11.96 +4.64 0.53
Pathway phase
9. Number of C 13.35+1.57 742+1.21 0.007* 13.45+2.28 16.74+1.7 0.12
10. Average of C (min) 7.36+0.46 9.58+1.51 0.54 6.84+0.53 6.61+0.58 0.53
11. Total duration of C (min) 99.72 +12.93 56.45 + 8.15 0.03* 86.6+14.33 104.14+11.29 0.22
12. Number of potential drop (Pd) 73.35+10.75 37.11+491 0.01%* 69.05+14 86.83+12.03 0.13
13. Total duration of potential drop (s_Pd) (min) 5.25+0.73 2.7+0.36 0.01* 497+1.03 6.3+0.83 0.6
Phloem phase
14. Time to first E (t> 1E) 96.35+15.85 73.27+16.52 0.29(a) 89.79+22.94 108.35+21.2 0.36
15. Number of single E1 (n_sgE1) 0.95+0.36 0.53+£0.3 0.15 1.77+£0.35 1.83+£0.43 0.79
16. Number of E1 (n_E1) 4.4+0.61 3+0.71 0.05% 4.18+0.66 4.57+0.66 0.71
17. Total duration of E1 (s_E1) (min) 3.56 +1.49 2.1+091 0.03* 7.14+2.1 11.89+3.1 0.38
18. Time to first E2 (t> 1E2) 125.39+20.14  76.54+16.3 0.09 113.55+£28.19 156.89+24.48 0.09
19. Number of E2 (n_E2) 3.45+0.55 2.47+0.6 0.11 2.23+0.34 2.48+0.35 0.62
20. Total duration of E2 (s_E2) (min) 202.11+35.98 314.93+32.32 0.05*% 227.56+33.64 148.6+2591 0.09
21. Time to first sustained E2 (t> 1sE2) (min) 215.04 +33.62 90.15+17.08 0.008* 180.17+36.68 241.6+34.81 0.19
22. Number of sustained E2 (n_sE2) 1.15+0.2 1.21+0.12 0.56 1.41+0.25 1.13+0.16 0.40(a)
23. Total duration of sustained E2 (s_sE2) (min) 197.01+36.3 312.8 + 32.69 0.03* 226.01+33.71 144.87+25.83 0.09
24. Number of E12 3.45+0.55 2.42+0.58 0.09 2.18+0.34 2.39+0.34 0.65
25. Total duration of E12 (min) 204.25+35.9 316.42+32.43 0.05*% 233.34+34.06 157.66+26.63 0.1
Xylem phase
26. Number of G (n_G) 1.55+ 0.4 0.47 +0.14 0.001*(a) 1.14+0.18 1.83+0.15 0.004*
27. Total duration of G (s_G) (min) 44.87 +11.99 11.42+5.49 0.01* 67.03+15.54 101.97 +12.08 0.01*
Stylet penetration difficulty
28. Number of Stylet derailed (n_F) 1.7+£0.3 1.32+0.36 0.33(a) 1.09 +0.35 2.17+0.43 0.04*
29. Total duration of Stylet derailed (s_F) (min) ~ 74.63 +23.31 42.64+19.29 0.09 19.78 +6.11 43.42+12.4 0.12
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In SeF, the number of aphid attempts in C phase (pathway
phase) was significantly higher (Wilcoxon, p =0.006) and
aphids spent considerably more time in C phase (Wilcoxon,
p=0.03) than in Se0. There was also a significant increase
in the number of potential drops (Pd) and total duration of
potential drops (Wilcoxon, p=0.01, p=0.01, respectively)
in SeF compared to Se0. In contrast, no differences in these
variables were detected between SeA and SeO (Table 1).

In the case of the phloem phases, aphids had a slightly
higher number of attempts to salivation phase (E1) (Wil-
coxon, p=0.05) with significantly longer duration (E1) in
SeF compared to Se0 (Wilcoxon, p=0.03). The total dura-
tion of the phloem ingestion phase (E2) was slightly shorter
(Wilcoxon, p=0.05), and the total duration of sustained
phloem ingestion (SE2) was significantly reduced (Wilcoxon,
p=0.03) in SeF compared to Se0. Time to the first sustained
phloem ingestion (¢ > 1sE2) was significantly longer in SeF
than Se0 (Wilcoxon, p =0.008). On the other hand, there
were no differences in these variables between SeA and Se0
(Table 1).

The number of attempts and the total duration of xylem
ingestion (G) were higher in SeF than in Se0 (GLM, Esti-
mate=1.18, SE=0.37, t=3.13, p=0.001; Wilcoxon,
p=0.01, respectively). Interestingly, these two variables
were lower in SeA than Se0 (Wilcoxon, p=0.004, p=0.01,
respectively) (Table 1). There was a significantly lower
number of stylet derailment (F) (Wilcoxon, p=0.04) but
there was no difference in the total time of stylet derailment
between SeA and Se0 (Wilcoxon, p=0.12). No differences
in these variables were detected between SeF and Se0.

Overall, in experiment 1, SeF aphids spent 48% of the
time in non-phloem ingestion phases vs. 32% in Se0, 43%
vs. 66% in phloem ingestion and 9% vs. 2% in xylem inges-
tion, whereas in experiment 2, SeA aphids spent 37% of
time in non-phloem ingestion vs. 45% in Se0, 49% vs. 33%
in phloem ingestion, and 14% vs. 21% in xylem ingestion.

Aphid growth and development

The relative growth rate of individual R. padi nymphs
after 5 days ranged from 0.29 to 0.66 pg/day. The GLM
analysis showed that the relative growth rate of aphids was
significantly reduced in SeF compared to Se0 (GLM, Esti-
mate=— 0.12, SE=0.05, r=— 2.26, p=0.02) and SeA
(GLM, Estimate=— 0.14, SE=0.05, t=— 2.45, p=0.01).
However, no significant differences between SeA and Se0
(GLM, Estimate=0.01, SE=0.05, t=0.30, p=0.76) were
detected (Fig. 1).

The development time of aphids ranged from 5 to 8 days
to reach the adult stage and produce the first batch of new
offspring. A significant increase was detected in SeF com-
pared to SeA (GLM, Estimate=0.1, SE=0.03, r=2.81,
p=0.004), while no difference was observed between
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Fig.1 Mean relative growth rate of Rhopalosiphum padi on Salome
exposed to Fairytale (SeF), Salome exposed to Anakin (SeA), and
Salome exposed to clean air (Se0). Error lines represent standard
error of mean (SEM). Letters above the bars represent statistical sig-
nificance at p <0.05 using GLM analyses
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Fig.2 Mean development time of Rhopalosiphum padi on Salome
exposed to Fairytale (SeF), Salome exposed to Anakin (SeA), and
Salome exposed to clean air (Se0). Error lines represent standard
error of mean (SEM). Letters above the bars represent statistical sig-
nificance at p <0.05 using GLM analyses
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SeF and Se0 (GLM, Estimate =0.05, SE=0.04, r=1.46,
p=0.14) (Fig. 2).

The potential of aphids to produce new nymphs ranged
from 0.47 to 0.64 per day. We observed that aphids on SeF
had a significantly lower intrinsic rate compared to on Se0
(GLM, Estimate=— 0.07, SE=0.02, r=- 2.61, p=0.008)
and SeA (GLM, Estimate=— 0.08, SE=0.02, r=— 2.99,
p=0.002), respectively. In contrast, aphid intrinsic rate
did not significantly differ on SeA and Se0 (GLM, Esti-
mate=0.007, SE=0.02, r=0.26, p=0.79) (Fig. 3).

Discussion

This study revealed that volatile interactions between certain
undamaged barley cultivars lead to significant ecological
effects by interrupting aphid feeding behavior and reduc-
ing performance on exposed plants. We have shown that
aphid feeding behavior, growth rate, and intrinsic rate were
significantly reduced on Salome after exposure to Fairytale,
but no differences were found after exposure to Anakin. Our
results confirmed the hypothesis that the genetic identity
of emitter cultivar expressed through their specific volatile
profile can induce resistance factors in the receiving culti-
var, which affect aphid performance. A recent field study
shows that aphid populations decreased most in the mix-
ture of Salome and Fairytale compared to their pure stands,
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Fig.3 Mean intrinsic rate of increase (r,,,) of Rhopalosiphum padi on
Salome exposed to Fairytale (SeF), Salome exposed to Anakin (SeA),
and Salome exposed to clean air (Se0). Error lines represent standard
error of mean (SEM). Letters above the bars represent statistical sig-
nificance at p <0.05 using GLM analyses

but not in Salome and Anakin mixture (Dahlin et al. 2018).
Under field conditions, several potential mechanisms could
contribute to reduced aphid performance (e.g., root inter-
actions, direct competition). However, our findings suggest
that volatile interactions between specific undamaged culti-
vars present one of the underlying mechanisms responsible
for disrupting aphid feeding and population development in
cultivar mixtures.

Both constitutive and induced resistance to aphids can be
located in specific plant tissues, and monitoring aphid sty-
let activity by electrical penetration graph (EPG) technique
has been used for the identification of plant tissues where
resistance factors against aphids are expressed (Tjallingii
2006). Constitutive resistance factors located in the periph-
eral layers of the plant tissues make R. padi probed slower on
resistant than on susceptible genotypes of Triticum aestivum
L. (Singh et al. 2020). In the present study, volatile interac-
tions between undamaged barley cultivars triggered a simi-
lar probing behavior in R. padi. Thus, in SeF aphids spent
more time in the pathway phase, and longer to reach the first
sustained phloem ingestion phase than on Se0, while there
was no difference between SeA and Se0. This suggests that
only volatiles from specific cultivar could induce resistance
factors in epidermis and mesophyll. Volatiles from damaged
plants can induce late responses by regulating the primary
and secondary metabolism in the receiving plants (Brosset
and Blande 2022). The observed negative effects of aphid
feeding behavior from mesophyll to phloem on SeF sug-
gest that volatiles from undamaged Fairytale could trigger
a response in the receiving plant (Salome) through enhanc-
ing resistance factors against aphids. These changes in the
aphid feeding behaviors during the pathway could suggest
both inter- and intracellular factors. Plant susceptibility to
aphids can depend on the morphological characteristics of
plant tissues. It has been shown that large intercellular space
appearing with a smaller number of mesophyll cells, thin-
ner leaves and thinner guard cells in vascular bundles could
make plants more susceptible to aphids (Singh et al. 2020).

Also, changes in plant physiology may affect signaling
pathways, expression of defense-related genes, and phloem
sap quality (Dinant et al. 2010; Leybourne et al. 2019).
These changes could be induced by volatile interactions, and
disrupt aphid feeding behavior from epidermis and meso-
phyll to phloem, resulting in reduced aphid weight and off-
spring production. Our EPG data showed that volatiles from
Fairytale can induce resistance in Salome and interfere in
aphid feeding behavior from mesophyll to phloem, and thus
reduce aphid performance.

Along the pathway to the phloem, aphid’s stylet punctures
cells, which is indicated by potential drops (Tjallingii and
Esch 1993). In the pre-phloem phase, the number and total
duration of potential drops were significantly higher on SeF
compared to Se0 (experiment 1), whereas no differences
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were detected in SeA compared to Se0 (experiment 2). How-
ever, the importance of the increased number of potential
drops in plant resistance against aphids is still unknown (Sun
et al. 2018). Volatiles from damaged plants, such as methyl
salicylate, induce effects on the leaf surface resistance fac-
tor, prolonging the time until the first probe on exposed,
compared to unexposed, barley plants (Ninkovic et al. 2021).
The recent review paper suggested that volatile cues can
induce early responses by changing the receiving plant sur-
face (Brosset and Blande 2022). Conversely, the EPG data
in the current study showed no differences in the duration of
non-probing between SeF and Se0 or between SeA and Se0,
indicating the absence of induced surface resistance by the
volatiles from undamaged plants.

Aphids must overcome host plant defenses associated
with phloem to succeed in phloem sap ingestion (Tjallingii
2006). The salivation period (E1) is recognized as the ini-
tiation of phloem activities and it is usually followed by the
phloem sap ingestion period (E2). Our results showed that
the frequency and duration of salivation (E1) were signifi-
cantly higher in SeF compared to Se0, but not significantly
higher in SeA compared to Se0. Several proteins are found
in watery saliva, some of which play important roles in bio-
chemical activity and could either function as elicitors or
suppressors of plant defense (Goodspeed et al. 2012). For
instance, the salivation into the sieve elements during feed-
ing suppresses phloem wound responses causing phloem
occlusion, which is considered as a physical barrier prevent-
ing blockage of the sieve elements (Pettersson et al. 2017).
It is suggested that higher levels of glycerol, trehalose,
asparagine, and octopamine play important roles as defen-
sive chemical compounds for phloem resistance (Greenslade
et al. 2016). The observed higher frequency of aphid saliva-
tion in Salome exposed to Fairytale plants may suggest that
receiver plant resistance occurs in phloem through activating
defensive chemicals.

Phloem resistance factors could be due to the mechani-
cal blocking of the sieve element after puncturing and the
changes in the composition of the phloem sap (Van Helden
and Tjallingii 1993), e.g., ratios of phloem sap components
(amino acids and sugar) (Will and Van Bel 2006; Dinant
et al. 2010), or the presence of certain proteins responsi-
ble for phloem sealing (Mutti et al. 2008). The changes in
host plant morphology and physiology could also induce
phloem-based resistance, by reducing phloem sap inges-
tion (Guo et al. 2012; Greenslade et al. 2016; Simon et al.
2017). The observed shorter duration in phloem ingestion
and sustained phloem ingestion suggest that phloem-based
resistance could occur in SeF. Still, it is unknown whether
volatile interactions between undamaged plants may induce
phloem resistance factors, which may create difficulties for
aphids to engage in phloem after salivation and to maintain
phloem ingestion.

@ Springer

Aphids may ingest xylem in order to balance the osmotic
effects related to a huge amount of phloem sap ingestion
(Pompon et al. 2010). Our data revealed that aphids spent
a significantly shorter duration in phloem ingestion and
a longer duration of xylem ingestion in SeF compared to
Se0. This result is in line with a recent study suggesting
that aphids increase xylem ingestion due to the reduction in
phloem sap ingestion (Escudero-Martinez et al. 2021). In
addition, aphid starvation is shown to increase xylem inges-
tion (Ramirez and Niemeyer 2000). According to these find-
ings, we can speculate that the increase in xylem ingestion
could be due to the poor quality of phloem sap, which is also
indicated by decreased phloem sap ingestion on SeF.

The development time, fecundity, individual size, life
span and reproduction of aphids can be related to the qual-
ity of the host plant (Berminghnam and Wikinson 2009;
Srisakrapikoop et al. 2021). Our data show that there is a
significant reduction in aphid relative growth rate and intrin-
sic rate in SeF, compared to Se0 and SeA (Figs. 1 and 3).
The observed reduction in aphid growth corresponds to the
disruption of feeding behavior on SeF, showing that there is
a linkage between aphid feeding behavior and performance.
It is possible that certain volatiles from Fairytale directly
affect Salome as host, which effectively delays aphid feed-
ing behavior and growth. The observed significantly lower
number of aphid offspring and weight on SeF could be due
to the changes in phloem sap quality, which is also indicated
by the shorter duration of phloem ingestion and sustained
phloem ingestion. This supports our hypothesis that volatiles
from a specific emitter could negatively affect the phloem
sap quality and shorten phloem ingestion duration, which
consequently reduces aphid weight and offspring production.

The volatile cues from Geranium macrorrhizum (Ame-
line et al. 2002) and the volatiles from Ocimum basilicum,
marigold and Tagetes patula, basil (Dardouri et al. 2020),
as companion plants, have been shown to disrupt feeding
behavior and reduce the performance of Myzus persicae on
sweet pepper. In these studies, the negative effects of volatile
interactions on aphids could be observed in a certain com-
panion plant, which is similar to the reduction in R. padi
performance in laboratory tests on certain wheat cultivar
mixtures (Cascone et al. 2015; Grettenberger and Tooker
2017). Our results also confirmed the findings of the field
study by Dahlin et al. (2018) where aphid population size
was significantly reduced in the mixture of Salome and Fair-
ytale, but not in a combination of Salome and Anakin, and
pure stands, suggesting that the induced resistance responses
in receiving plants are emitter and receiver specific/depend-
ent. This provides good evidence that certain volatiles from
specific emitters could potentially directly affect aphid feed-
ing and indirectly influence the phloem sap quality of the
receiving plant, which contributes to reducing aphid weight
and number of offspring.



Journal of Pest Science (2023) 96:1049-1059

1057

Our study showed strong indications that volatile inter-
actions between cultivars of the same crop species affect
aphid response and performance through induced changes
in their host plants, but these effects are specific to neigh-
boring cultivar identity. Future studies should focus on vol-
atiles-induced physiological changes within plants that are
responsible for reduced aphid feeding and performance. An
improved understanding of the underlying mechanisms of
volatile interactions between cultivars in cultivar mixtures
will contribute to the development of the integrated pest
management, leading to the development of crop manage-
ment systems at higher levels of integration.
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