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Abstract

The “ecology of fear”, i.e., physiological and behavioral alterations displayed by pests in response to predation risk, has
recently been proposed as a sustainable alternative to chemicals for pest control. However, the development of such a strategy
requires a detailed understanding of the signals and cues underlying the pest-antagonist interaction and eliciting the prey
behavioral alteration. Here, we characterized the substrate-borne vibrations produced during the interaction between the green
peach aphid Myzus persicae and its antagonists, the parasitoid wasp Aphidius colemani and the ladybug Adalia bipunctata.
Thereafter, coupling the electrical penetration graph (EPG) with a stimulus controller, we evaluated whether the playback of
the vibrations, alone and in combination with the alarm pheromone, impacted aphid probing behavior and interaction with
the host plant. Aphids responded to vibrations exhibiting longer non-probing, shorter intracellular probes, i.e. the behavior
through which the insect evaluates host plant quality, delay in accessing the phloem vessels and decrease of the frequency
of phloem salivation events. In contrast, on plants treated with the alarm pheromone, insects displayed longer intracellular
probes. We hypothesize that the alarm pheromone, signaling a distant threat, might induce a careful evaluation of the host
plant in order to decide the magnitude of the reaction. On the other hand, vibrations might indicate a closely approaching
threat pushing the aphid to rush the host evaluation process and the whole feeding process. The possible repercussion of the
behavioral alterations observed on the dynamics of aphid-borne plant virus transmission is also discussed.

Keywords Electrical penetration graph (EPG) - Biotremology - Ecology of fear - Vector-borne plant viruses - Alarm
pheromone
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plant tissues during their trophic activity, or indirectly, by
transmitting viruses capable of seriously compromising
agricultural productivity (Dedryver et al. 2010).

To date, aphids control still majorly relies on pesticides,
although more and more active substances have been sub-
jected to evaluation and ban by the European supervisory
authorities (Regulation (EU) No 485/2013 2013; Regula-
tion (EU) 2018/113 2018; European Food Safety Author-
ity (EFSA) 2013, 2018a, 2018b). The lethal and sublethal
effects of some broad-spectrum active substances on pol-
linators and natural enemies used for biological control
are largely reported in scientific literature (Serrdo et al.
2022; Panini et al. 2021; Biondi et al. 2012, 2013; Ricu-
pero et al. 2020; Calvo-Agudo et al. 2019; Sanchez-Bayo
et al. 2016). Beside their negative impact on beneficial
insects and the ecosystem services they provide, pesticides
cause environmental degradation, plant physiology altera-
tion (Shahid et al. 2021; Sharma et al. 2019) and, lastly,
harm to human health (Nicolopoulou-Stamati et al. 2016;
Thompson et al. 2020). In addition, the misuse of pesti-
cides has contributed to the insurgence of aphid popula-
tions resistant to most commercially available toxicants
(Bass et al. 2014, 2015; Hawkins et al 2019; Panini et al.
2021; Troczka et al. 2021). Overall, these environmental,
social and technical concerns call for research on sustain-
able alternative to chemicals for pest control.

The “ecology of fear”, i.e. physiological and behavioral
alterations displayed by an insect in response to the preda-
tion risk, has been recently proposed as a new eco-friendly
venue to contain phytophagous insect populations below
economic thresholds (Pekas et al. 2023). However, the
design of bio-inspired control tools and strategies aimed
at manipulating pest behavior and disrupt pest-plant inter-
actions exploiting the ecology of fear requires an intimate
understanding of the multimodal intra- and inter-specific
communication of insects with their antagonists (Polajnar
et al. 2015; Nieri et al. 2022; Zapponi et al. 2023; Avosani
et al. 2023).

Insects perceive the threat posed by an approaching antag-
onist through chemical, visual, and vibrational cues. Aphids
do not possess tympanal sensory organs and are theoretically
not responsive to air-borne vibrations; in contrast, several
studies have demonstrated that substrate-borne vibrations,
possibly perceived through mechanoreceptors located on the
antennae, elicit a wide array of context-dependent behav-
ioral responses (Bromley et al. 1980; Lima and Dill 1990;
Humphreys et al. 2021). Substrate-borne vibrations have
also been suggested to be a relevant component of natural
enemies eavesdropping, as well as intra-specific communica-
tion and triggering of collective defenses in aphid colonies
(Roitberg and Myers 1978; Clegg and Barlow 1982; Brodsky
and Barlow 1986; Francke et al. 2008; Fréchette et al. 2008;
Gish 2021; Kubota 1985; McAllister and Roitberg 1987,
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Losey and Denno 1998; Hartbauer 2010; Yack 2016; Parent
et al. 2022).

The perception of the approaching threat is nonetheless
assumed not to be only vibrations-based; the latter indeed is
deemed to complement other warning cues, as visual cues
and alarm pheromones (Vandermoten et al. 2012). While
visual cues alert the aphid without triggering a defensive
response, strong reactions were reported to the combination
of pheromone and vibrations (Roitberg and Myers 1978;
Gish 2021). The alarm pheromone alone does not warrant
a drastic response by the perceiving aphid (Roitberg and
Myers 1978); in addition, cornicle secretion and emission of
the alarm pheromone may be less widespread than assumed,
given the energetic cost associated to such behavior, with
lipids being the main limiting factor for phloem feeders
(Alfaress et al. 2018). Therefore, the pheromone could serve
as a “sensitizer”, rather than directly work as a warning sig-
nal, thus making the aphid more reactive to other warning
cues as incidental vibrations.

While previous studies have investigated aphids’ response
to generic (i.e., not specific) vibrations (Lee et al. 2012), no
information are available on how specific substrate-borne
vibrations incidentally produced during aphids’ interaction
with natural enemies might affect probing (all the behaviors
performed from stylets insertion into the host plant tissues
to withdrawal) and feeding (sap ingestion, or in the case
of aphids, salivation in phloem and phloem sap ingestion)
behaviors. Such behaviors are associated with host plant
acceptance and settling, together with the transmission of
aphid-borne plant viruses.

If vibrations emitted by foraging antagonists, or by aphids
perceiving the antagonist, are important cues underlying
aphids’ response to the threat, such vibrations could theoreti-
cally be exploited for devising new control strategies alter-
native to conventional pesticides based on the principle of
behavioral manipulation.

Here, we isolated and characterized the substrate-borne
vibrations produced during the interaction of the green
peach aphid Myzus persicae Sulzer (Aphididae, Hemiptera)
with the predator Adalia bipunctata Linnaeus (Coccinel-
lidae, Coleoptera) and the parasitoid Aphidius colemani
Viereck (Braconidae, Hymenoptera). Coupling the electri-
cal penetration graph technique (EPG) (McLean and Kinsey
1964; Tjallingii 1978) with a stimulus controller, we fur-
therly explored the possibility to exploit antagonist-emitted
or aphid-emitted vibrations, either played back alone or in
combination with the alarm pheromone, to alter aphids prob-
ing and feeding behaviors associated with host plant recogni-
tion and acceptance, and virus transmission.
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Materials and methods
Plants and insects rearing protocol

One-week old dwarf pea plants (Pisum sativum, Pisello a
grano rugoso progress n.9, Moon Garden Srl) were used
for aphids rearing. Seeds were sown indoor in transparent
plastic pots filled with perlite (PERALIT25—Perlite Itali-
ana srl, MI, Italia) after being soaked in water for 30 min.

Myzus persicae colonies were maintained under con-
trolled conditions (21 +1 °C, L16:D8, 60+ 5% RH), in
a climatic chamber (Pfeuffer GmbH, Germany) on dwarf
pea plants inside 200 ml cups half filled with wet perlite
(PERALIT25—Perlite Italiana srl, MI, Italia). Colonies
were replaced once a week, transferring pieces of leaves
or stem colonized by aphids in newly prepared cups with
fresh plants.

Two-weeks old Aphidius colemani males and
females (Aphipar500®, Koppert B.V, Netherlands;
AphidiPAK500®, Bioplanet Italia) were kept at 24 + 2 °C,
L16:D8, 60+5% RH in 15X 15 cm plastic cages with net
on the lid. Parasitoids were fed with honey and water.
Before being released inside the arena used for vibra-
tions recordings (see below), the females were moved to
a cup with 3—4 aphids and observed for few minutes; only
active females displaying searching behaviors or probing
the plant with the ovipositor were used in the experiment;
oviposition attempts were prevented by suddenly remov-
ing the female from the cage when too close to an aphid.

Adalia bipunctata larvae (Aphidalia 100®, Koppert Ita-
lia; Adalia80°, Bioplanet Italia) were kept at 24 +2 °C,
L16:D8, 60+5% RH in 15 % 15 cm plastic cages filled
with cardboard provided only with water until being used
in the trial. The cage was filled with pieces of cardboard
or sawdust. The predation trial was performed using fourth
instar larvae.

Substrate-borne vibrations recording

The trials were carried inside a soundproof chamber
(TREBI GmbH), on an antivibration table (Standa LTD).
Vibrational cues were recorded using a laser Doppler
vibrometer (VibroGo, Polytec GmbH, Germany) focused
on the reflective sticker that was placed on the stem of
a pea plant (diameter 2-3 mm), approximately 1-2 cm
below the apical shoot where aphids were feeding. Record-
ings were acquired using the software BK Connect (ver-
sion 2021.1, Hottinger Briiel and Kjer, Nerum, Denmark)
with 8 kHz sample rate and 32-bit depth resolution and
were stored in the hard drive of a computer connected to
the laser through a data acquisition device (LAN-XI type

3050-B-040, Hottinger Briiel and Kjer). In each trial, to
associate vibrations and insects’ behaviors, the plant and
the insects were filmed using camera (Canon EOS 80D
(W), Canon Inc. Japan) with the laser plugged in as exter-
nal microphone.

We recorded vibrations produced during the interac-
tion with the natural enemies in two conditions: i) single
M. persicae parthenogenetic female; ii) one partheno-
genetic female together with her progeny. We tested the
female with her offspring given that several authors have
reported vibrational signaling as important component
of anti-predator behaviors in parent-offspring interaction
(Cocroft 1996; Ramaswamy and Cocroft 2009; Hamel and
Cocroft 2012).

For each recording session, a replicate was prepared
24 h before recording with one adult female of M. persi-
cae on a six-day old dwarf pea plant, in order to acclimate
insects to the experimental room and obtain nymphs (0-3
nymphs produced in 24 h).

The reflective sticker was glued on the stem of the plant
the day before the recording to avoid any disturbance.

The video-laser recordings had a total duration of
20 min. During the first five minutes, the aphids were
alone on the plant inside the arena; thereafter, the natural
enemy was released inside the arena and left interacting
with the prey/host for the following 15 min. The replicates
were 20 for each aphid/antagonist combination (80 record-
ings in total): 40 recordings for the system M. persicae
adult female and predator/parasitoid (20 with A. bipunc-
tata larvae, 20 with A. colemani) and 40 for the system M.
persicae adult female plus nymphs and predator/parasitoid
(20 with A. bipunctata, 20 with A. colemani).

Videos were analyzed with the software Boris (Friard
and Gamba 2016; BORIS (unito.it)) in order to select the
behaviors performed by the natural enemies (and the asso-
ciated vibrations) that triggered a behavioral response in
aphids clearly visible in the videos (and the associated
vibrations). The analysis consisted in reporting the pres-
ence of at least one reaction per aphid to antagonists’
activities. Only the first reaction was considered, regard-
less of the time required to react.

For the characterization of the vibrations produced
during the aphid-antagonist interaction, audio files were
analyzed with BK Connect software, with a frequency
resolution of 4 Hz, 800 lines, Hanning FFT type and 75%
overlap. The peak amplitude of vibrations (as velocity of
substrate displacement, mm/s) and the dominant frequency
(Hz) were measured. Since the vibrations produced dur-
ing the interactions were incidental, i.e., derived from
insect movement (Straufl et al. 2021), only the record-
ings with the best signal-to-noise ratio were chosen for
characterization.

@ Springer



1930

Journal of Pest Science (2024) 97:1927-1942

Impact of vibrations and alarm pheromone on aphid
probing and feeding behavior

The aim of this trial was to evaluate if aphids’ probing
and insect-plant interaction might be altered by vibrations
associated to antagonistic encounters. Since intra-specific
communication in aphids is reportedly mediated by alarm
pheromones, and we cannot exclude that the response behav-
iors observed in the behavioral essay were only induced by
the pheromone released by tested aphids, we evaluated the
effect of vibrations and alarm pheromone either alone or
in combination. Using the EPG technique, we analyzed the
probing behavior of aphids on one-week old pea plants (the
species used for insect rearing and for the behavioral essay)
in response to: i) vibrations directly produced by the natural
enemy during foraging (A. bipunctata chewing, see results
section); ii) vibrations produced by the aphid in response
to the natural enemy (M. persicae twitching; see the results
section); ii) pheromone alone (E-beta-farnesene); iii) vibra-
tion and pheromone combined (chewing + pheromone and
twitching + pheromone).

The vibrations were played back on pea plants using
linear resonant actuators (LRAs) (9 mm X 3.4 mm; Fyber
Labs, Inc., Kirkland, WA, USA) attached with dental wax
(Surgident PeripheryWax, Australia) to the stem of the plant.
LRAs were connected through an audio interface (AIR
192114, M-Audio, USA) to a laptop (HP 250 G7) and the
audio file was played back in loop with Audacity® for the
duration of EPG recordings (6 h). Audio files used for the
EPG playback experiment were prepared using Raven Pro
1.6 (The Cornell Lab of Ornithology, Ithaca, NY, USA).
Before starting each EPG trial with vibrations, the quality
of the playback and the correct functioning of LRAs were
tested by recording the vibrations on the plant stem for 10 s
with the laser (see results section).

The alarm pheromone (E-beta-farnesene) (or clean air in
case of the control; see below) was delivered to each plant
with plastic tubes (diameter) connected to the ampoule of
the stimulus controller (Stimulus Controller CS 55, ©2018
Ockenfels Syntech GmbH), at an air flow rate of 0.5 L/min.
A rubber septum loaded with 10 uL of a 1:10 solution of
E-beta-farnesene (Bedoukian Research, Inc USA) and hex-
ane (100 ug of E-beta-farnesene loaded each time) (Cui et al.
2012) was inserted in the ampoule. The rubber septa were
previously prepared and kept in freezer until one hour before
each pheromone trial.

For the vibrations-alone treatment, the LRAs were turned
on and transmitted the signal for the duration of the EPG
recording while the stimulus controller was emitting clean
air over the plant. For the vibration 4+ pheromone treatment,
LRAs were turned on and transmitted the signal while the
stimulus controller was emitting the pheromone. For the
pheromone-treatment, LRAs were turned off while the
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stimulus controller was emitting the pheromone. The control
consisted of no treatment on the plant with LRAs turned off
and clean airflow.

We carried out 20 replicates (twenty 6 h EPG recordings)
per each of the five treatments plus the control.

For the EPG, M. persicae apterous adults were collected
with a paintbrush from pea plants and starved in a Petri
dish for one hour. Afterward, the insects were immobilized
with a vacuum device (Aspeed 3.0 3A Healthcare s.r.l.) and
connected using a water-based silver glue (EPG-Systems,
Wageningen, The Netherlands) to a thin gold wire (18 pm
diameter, 3 cm length) glued with an acetone-based silver
glue (Ted Pella, INC), to a 2 cm copper wire welded to a
brass nail. Aphids were then placed on the pea plants (abax-
ial portion of an apical leaf) at approximately 10 cm dis-
tance from the linear resonant actuators (LRAs). The prob-
ing behavior of aphids was monitored for six hours using a
Giga-8dd device (EPG Systems, Wageningen, The Nether-
lands), from 11am to 5 pm. Each replicate corresponded to
a single combination of aphid-plant. From six to eight EPG
channels were used per day; the treatment applied to each
plant was the same for each run for impossibility of convey-
ing different playback files from the same audio interface.
Recordings were performed inside a Faraday cage, in an
acclimatized room (20 +2 °C, 30% RH) provided with arti-
ficial illumination. EPG signals were recorded and analyzed
using Stylet + software for Windows (EPG Systems, Wage-
ningen, The Netherlands). EPG waveforms were interpreted
according to “aphid waveform characteristics” file available

on EPG Systems website (Aphid waveform characteristics
(epgsystems.eu)) as follows: waveform np (non-probing

behavior), C (stylets pathway, i.e. stylets moving intercel-
lularly searching for phloem vessels), pd (potential drop,
brief intracellular probes performed to assess the host plant
quality), pd-II1, pd-II2, pd-II3 (potential drop subphases,
respectively, watery saliva injection and possible egestion,
egestion and/or salivation, and active ingestion of cell pro-
toplasm), Ele (extracellular salivation, namely a salivation
event during the pathway phase rather than inside phloem
vessels), E1 (phloem salivation), E2 (phloem ingestion), G
(xylem feeding), waveform F (derailed stylets, namely dif-
ficulties in stylets intercellular penetration), phloem-pd (ppd,
brief stylets insertion inside phloem vessels or companion
cells that are also composed by three subphases—ppd-II1,
ppd-112, ppd-I113—and usually precedes the onset of phloem
phase) (Jiménez et al. 2018, 2020a, 2020b, Jiménez Ruiz
2019, ). The implication of these waveforms for the trans-
mission of viruses is summarized in Table 1.

EPG variables were measured following Backus et al.
(2007). Per each waveform, the following non-sequential
variables were calculated and compared: i) number of
waveform events per insect (NWEI) (namely, the sum of
the waveform events during the 6 h recording); ii) waveform
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Table 1 Summary of aphids’ electrical penetration graph (EPG) waveforms involved in virus transmission

EPG waveforms

Implication for virus transmission

References

Pd-111—Potential drop subphase II-1
Pd-I12—Potential drop subphase II-2
Pd-113—Potential drop subphase 1I-3
Ppd—Phloem potential drop

E1—Phloem watery salivation

E2—Passive phloem sap ingestion

Inoculation of non-persistent viruses

Inoculation of semi-persistent viruses

Acquisition of non-persistent viruses

Inoculation of semi-persistent phloem-limited viruses

Inoculation of persistent phloem-limited viruses

Acquisition of phloem-limited viruses

Martin et al. 1997; Powell 2005
Moreno et al. 2012; Jiménez et al. 2021a, 2021b
Martin et al. 1997; Collar and Fereres 1998

Jiménez et al. 2018; Jiménez et al. 2021a,
2021b

Tjallingii 2006; Fereres and Moreno 2009;
Jiménez et al. 2020a, 2021b

Prado and Tjallingi 1994

duration (WDI) (the sum of duration of a particular wave-
form events during the 6 h recording); iii) waveform dura-
tion per event per insect (WDEI) (the average duration of a
single waveform event), iv) proportion of individuals that
produced a specific waveform (PPW), v) total probing time.
The sequential variables considered were: i) time to first
probe from the start of the recording; ii) time from the begin-
ning of the first probe to first pd; iii) time from start of EPG
to first E1; iv) time from first probe to first E1; v) time from
start of EPG to first E2; vi) time from start of EPG to first
sustained E2 (longer than 10 min); vii) time from first probe
to first E2; viii) time from first probe to first sustained E2;
ix) time from start of EPG to first phloem-pd; x) time from
the beginning of first probe to first phloem-pd; xi) and time
from first phloem-pd to first E2. The proportion of individu-
als producing a specific waveform (PPW) was also analyzed.
EPG variables were processed using the automatic EPG-
Excel Data Workbook developed by Sarria et al. (2009).

Statistical Analyses

Statistical analyses were carried out using R, version 4.1.0
(R Core Team, 2021). Probing behavioral differences
between the treatments and the control (i.e., sequential and
non-sequential EPG variables) were investigated with a lin-
ear mixed-effect model (LME), using the control as model
baseline; the dates of the EPG recordings were included

as random effect. The EPG data were transformed with In
(x+1) or \/ (x) to reduce heteroscedasticity and improve
normal distribution. Models were run using the “glm-
mTMB” package (Magnusson et al. 2017), while residual
distribution was checked using the “DHARMa” package
(Hartig and Hartig 2021). In case of a statistically significant
effect (P <0.05) of model variables, pairwise comparison
was conducted by Tukey’s HSD (honest significant differ-
ences) test using “emmeans” package (Lenth 2021).

Bar charts were generated using the “ggplot2” package.

Results
Behavioral response of aphids to the antagonists

After their release inside the arena, antagonists displayed
a series of behaviors that can be divided in behaviors not
involving physical contact (walking and foraging) and
behaviors involving physical contact (touching between
individuals; oviposition attempts by the parasitoid; preda-
tor chewing a prey) with the prey/host.

All the behavioral responses of aphids clearly visible in
the videos and the related triggering behaviors performed
by the antagonists are reported in Tables 2, 3 and in Fig. 1.

The following main response behaviors displayed by the
aphids in reaction to the antagonists, or by conspecifics in

Table 2 Behavioral responses displayed by single adult apterous Myzus persicae in response to the antagonist (behavior displayed by the antago-

nist not involving a physical interaction with the prey/host)

Adult alone

Antagonist Antagonist behavior ~ Observations

Aphids’ behavioral response

Aphids clearly

visible in video

Walking  Rubbing  Dropping  Twitching  No
response
(%)
Adalia bipunctata Walking 20 0 0 90 20
Aphidius colemani ~ Walking 20 0 0 0 0 100 20

“Observations” stands for the number of times the antagonist displayed the behavior during the 20 reps carried out per antagonist. For each rep,

one adult M. persicae was used
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Table 3 Behavioral responses displayed by single adult apterous Myzus persicae and nymphs in response to the antagonist (behaviors displayed by the antagonist not involving a physical inter-

action with the prey/host)

@ Springer

Adult+Nymphs

Aphids clearly

Aphids’ behavioral response

Observations

Antagonist (or aphid) behavior

Antagonist

visible in video

No response (%)

Rubbing Dropping Twitching

Walking

Nymphs  Adult Nymphs Adult Nymphs Adult Nymphs

Adult

56
33

94.6%
30.3%

0
0

20

Walking

Adalia bipunctata

NA NA NA

NA

Chewing adult M. persicae

10
20
16

Chewing nymph M. persicae

Walking

60
36

100%
33.3%

Aphidius colemani

NA NA NA

NA

Twitching by M. persicae adult (in

response to oviposition attempt)

We included also the twitching exhibited by adult M. persicae in response to oviposition attempts by the parasitoid Aphidius colemani, that triggered a response in surrounding nymphs. “Obser-

vations” stands for the number of times the antagonist displayed the behavior during the 20 reps carried out per antagonist. For each rep, one adult and three nymphs were used (thus a total of

20 adults and 60 nymphs per antagonist species). Percentages were calculated considering only aphids that were clearly visible in the video

response to aphids’ reacting to the antagonists, were identi-
fied: 1) twitching and kicking response; ii) escape (as walk-
ing away or dropping of the plant); iii) rubbing. Twitching
and kicking, hereafter “twitching”, consisted in a vigorous
movement of the abdomen accompanied by forceful kicks
with one or both hind legs, without stylet withdrawal (Hart-
bauer 2010). Whereas, walking and dropping off the plant
involved stylets withdrawal. A rubbing event consisted in
the aphid continuously rubbing the plant with the legs after
a disturbance (Kubota 1985).

Only five aphids out of the total responded to natural
enemies walking over the plant; in particular, no reaction to
the parasitoid walk was ever observed.

Adalia bipunctata larvae chewing either adults or nymphs
elicited a response in about 70% of the observed aphids sur-
rounding the attacked ones, which reacted mainly by walk-
ing away from the larvae (48,5%), and secondarily by rub-
bing (15,2%). In 16 recordings (N =20, adult M. persicae
with nymphs), oviposition attempts by the parasitoid on the
adult female were observed, causing the aphid to immedi-
ately react defensively by twitching. Simultaneously, 67%
of the nymphs reacted to the mother twitching by moving
away (25%), twitching themselves (22,2%), or dropping off
the plant (13,9%).

Substrate-borne characterization of triggering
behaviors

Given that ladybug chewing and aphid twitching were the
main behaviors apparently triggering aphids’ response,
vibrations associated to chewing and twitching were char-
acterized and used in the EPG trial.

For the twitching vibrations, we analyzed 20 sections of
10 s from 20 trials and 44 single pulses obtained by 17 tri-
als; for chewing vibrations, we analyzed 20 sections of 10 s
each obtained by 16 trials (Figs. 2, 3). For the EPG-playback
experiment, one chewing selection of 10 s and one of twitch-
ing of 30 s were selected to be played back in loop.

The average (+ SD) dominant frequency (Hz) and ampli-
tude (mm/s) for the signals were: i) chewing selections:
124.20 +54.23 Hz and 2.52 +5.08 mm/s; ii) twitching
selections: 159.20+75.67 Hz and 0.0033 +0.0041 mm/s;
iii) twitching pulses: 218 £ 108.15 Hz and
0.0099 +0.0156 mm/s.

The chewing selection used in the EPG-playback experi-
ment was characterized by dominant frequency and ampli-
tude of 112 Hz and 0.00141 mm/s, respectively, while 80 Hz
and 0.00455 mm/s (with a second highest peak at 460 Hz,
0.00391 mm/s) were the frequency and amplitude of the
twitching selection (Figs. 2, 3).

Playbacks were verified before the beginning of each 6 h
EPG recording round with airflow on. The average dominant
frequency and amplitude among the chewing playbacks were
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Fig. 1 Behavioral responses exhibited by Myzus persicae adults (A) or adults and first-instar nymphs (B) to the antagonist (only behaviors non
involving physical contact). expressed as percentage of the aphids visible in videos

203.20 + 149.32 Hz and 0.00475 +0.00661 mm/s, respec-
tively, while in twitching playbacks were 379.66 +99.16 Hz
and 0.05572+0.07613 mm/s.

Vibrations and pheromone impact on aphids
probing and feeding behavior

The aphids spent a significantly longer time with stylets out
of the plant tissues (non-probing activity; np WDI) on plants
treated with the chewing vibration compared to the control
(z=2.474; p=0.0134). The difference with the other treat-
ments was non-statistically significant (Fig. 4).

The single intracellular punctures (pd WDEI) were sig-
nificantly longer on plants treated either with pheromones
alone (r=3.198, p=0.021), or with pheromone coupled
with both chewing (+=3.103, p=0.0285), and twitching
(¢=3.122, p=0.0270) compared to the control. The dif-
ferences between pheromone + twitching and twitching

alone (1=4.225, p<0.001) and pheromone + chewing and
chewing alone (=3.209, p=0.021) were statistically sig-
nificant. Additionally, the duration of the single cell proto-
plasm ingestion events (pd II-3 WDEI) of the intracellular
punctures (pd) was significantly shorter on plants treated
with the twitching compared to pheromone alone (¢=4.480,
p <0.001), pheromone + twitching (r=4.017, p=0.001), and
pheromone + chewing (r=3.619, p =0.006).

On plants treated with the twitching vibration, M. per-
sicae exhibited a shorter total duration of the single intra-
cellular salivation events (pd II1 WDEI) compared to both
control plants (t=3.854; p=0.002) and the other treatments
(chewing (+=3.089, p=0.029); pheromone (#+=5.106,
p <0.001), pheromone + twitching (1=5.590, p <0.001);
pheromone + chewing (#=5.553, p <0.001) (Fig. 5).

Twitching playback also significantly shortened the
overall duration of the ingestion of cell protoplasm (pd
113 WDI) compared to control (r=3.175, p=0.0231) and
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Fig.2 Oscillogram (A). Spectrogram (B) and hanning FFT spectrum (C) of the 10 s chewing selection suitable for EPG-playback experiment

other treatments (chewing (=3.618, p=0.006); pheromone
(t=3.373, p=0.012), pheromone + twitching (¢=3.190,
p <0.022); pheromone + chewing (t=3.530, p =0.008).

The combination of pheromone and twitching induced
an increase in the number (ppd NWEI) and duration (ppd
WDEI) of the brief penetration of phloem and companion
cells (ppd) compared to the control (ppd NWEI: z=2.081,
p=0.037; ppd WDEI: r=2.740, p=0.0797). The phloem
intracellular punctures events (ppd WDEI) were signifi-
cantly longer on plants treated with the combination phero-
mone + twitching compared to twitching alone (r=3.482;
p=0.011).

The proportion of aphids displaying stylets derailment
events (F waveform PPW), indicating difficulties in the

@ Springer

intercellular stylets penetration, was higher on plants
treated with the twitching vibrations compared to control
plants (z=2.034, p =0.042), but not significantly different
from the other treatments.

The proportion of individuals (PPW) performing watery
salivation phase (E1) on plants treated with chewing
vibrations was lower compared to control (z= —2.061;
p=0.039), but similar to the other treatments. Moreover,
on plants treated with chewing (z=2.338; p=0.019) and
twitching (z=2.249; p=0.024), the aphids required a
longer time to perform the first phloem salivation event
compared to the control. For a summary of the EPG
results, see Tables 4, 5.
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Fig.3 Oscillogram (A). Spectrogram (B) and hanning FFT spectrum (C) of the 30 s twitching selection suitable for EPG-playback experiment

Discussion

In this study we investigated how substrate-borne vibra-
tions emitted during the aphid-antagonist interaction,
alone or in combination with the alarm pheromone, may
impact the probing behavior of M. persicae. Two were the
substrate-borne vibrations associated with behaviors that
elicited a response in the aphids: the vibration produced by
the ladybug A. bipunctata while chewing the prey, and the
twitching associated with the aphid response (abdominal
twitching and kicking) to the oviposition attempt by the
parasitoid A. colemani.

When the two vibrations, coupled or not with the alarm
pheromone, were played back on pea plants, we observed
that: i) in response to the chewing vibration alone, aphids
tended to spend longer time with the stylets out of the host
plant tissues compared to control plants; ii) on plants treated
with both chewing and twitching, aphids took more time to
engage with phloem salivation (E1). Additionally, with the
chewing playback, the proportion of individuals performing
phloem salivation events was significantly lower than in the
control; iii) the playback of the twitching vibration triggered
more frequent stylets derailment events (waveform F) and
caused a significant shortening of the intracellular salivation
and protoplasm ingestion; iv) in contrast, aphids exposed to
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the alarm pheromone, both alone or in combination with
the vibrations, tended to perform longer intracellular probes
events (pd); v) the combination pheromone + twitching trig-
gered more and longer quick penetrations of phloem and
companion cells (ppds).

In our experiments, chewing vibrations induced a “freez-
ing” response, causing the aphid to remain still with stylets
out of the plant (without probing) for a time significantly
longer than in control plants. Remaining still is one of the
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most common prey responses to incidental vibrations pro-
duced by a potential enemy, possibly to avoid the production
of vibrational cues that could be eavesdropped revealing the
prey’s location (Meyhofer et al. 1997; Djemai et al. 2001;
Kojima et al. 2012). Therefore, the chewing vibration could
represent for the aphid an immediate strong warning cues of
a closely located menace to which the individual responds
by interrupting probing activities and possibly getting ready
to escape. Additionally, the playback of the chewing and the
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Table 4 Linear mixed-effect model (LME) results of the EPG vari- Table 4 (continued)
ables for which significances were observed - -
EPG variables Estimate Std. error zvalue Pr(>lzl)
EPG variables Estimate Std. error z value Pr(>Izl)
Twitching + phero- 0239  0.139 1.720 0.086

np WDI mone
(Intercept) 6.633 0.256 25925 <2e—-16 kx* Pheromone 0.282  0.135 2.097 0.036 *
Chewing 0.874  0.353 2.474 0.013 * ppd NWEI
Twitching 0.170  0.357 0.476 0.634 (Intercept) 1.725  0.303 5.691 1.26e—08 ***
Chewing + phero- 0.316  0.367 0.862 0.389 Chewing 0.423  0.386 1.094 0.274

mone Twitching 0315  0.367 0.857 0.391
Twitching +phero- 0421 0.357 1.178 0.239 Chewing + phero- 0329  0.379 0.870 0.385

mone mone
Pheromone 0.483 0346 1398 0.162 Twitching+phero- ~ 0.710  0.341 2.081 0.037 *
np WDEI mone
(Intercept) 46.337  0.231 20.105 <2e—16 ‘*** Pheromone 0.084  0.380 0.220 0.826
Chewing 10376  0.318 3.262 0.001 ok ppd WDI
Twitching 0373  0.317 1.179 0.238 (Intercept) 3.604  0.661 5.455 4.90e—08 ***
Chewing + phero- 0417  0.319 1.308 0.191 Chewing 0.839  0.960 0.874 0.382

mone Twitching 0.486  0.904 0.538 0.591
Twitching + phero- 0492  0.304 1.619 0.105 Chewing + phero- 0.802  0.936 0.857 0.391

mone mone
Pheromone 0.638  0.295 2.160  0.031 * Twitching+phero-  1.844  0.830 2221 0.026 *
pd WDEI mone
(Intercept) 1.743 0.017 102.530 <2e—16 *#** Pheromone 0.317  0.929 0.341 0.733
Chewing —-0.001  0.023 —0.030 0.975 ppd WDEI
Twitching -0.026  0.024 —1.080 0.281 (Intercept) 4278  0.156 27516 <2e—16 ***
Chewing + phero- 0.076  0.024 3.100 0.002 *k Chewing 0204 0.224 0.909 0.363

mone Twitching -0.158  0.220 —-0.718 0473
Twitching + phero-  0.074  0.024 3.120  0.002 o Chewing + phero- 0411 0224 1.836  0.066

mone mone
Pheromone 0.073  0.023 3.200 0.001 o Twitching+phero-  0.583  0.213 2.740 0.006 ik
pd-113 WDI mone
(Intercept) 4.390 0.229 19.185 <2e—16 *** Pheromone 0.231 0.234 0.987 0.324
Chewing 0.069  0.303 0.226 0.821 F PPW
Twitching -0.961 0.303 -3.175 0.002 (Intercept) 0.539  0.476 1.133  0.257
Chewing + phero- 0.084  0.306 0.275 0.783 ok Chewing 0.154  0.664 0.232 0.816

mone Twitching 0.560  0.702 0.797 0.425
Twitching + phero- 0.012  0.292 0.040 0.968 Chewing + phero- ~0762 0.672 —1.135 0.257

mone mone
Pheromone —-0.008 0284  -0.028 0.978 Twitching+phero- —1.386  0.681  —2.034 0.042 *
pd-111 WDEI mone
(Intercept) 1.162 0.015 76.130 <2e—16 *** Pheromone —0.452 0.633 —-0.714 0475
Chewing -0.018 0.021 —0.850 0.394 El PPW
Twitching -0.082 0.021 —3.850 0.000 kol (Intercept) 1.674  0.629 2.661 0.008 ok
Chewing + phero- 0.038  0.022 1.730 0.084 Chewing —-1.579  0.766 —2.061 0.039 *

mone Twitching —-1.055 0.785 —1.344 0.179
Twitching +phero-  0.035  0.021 1.660  0.096 Chewing+phero-  —0.065 0.892  —0.072 0.942

mone mone
Pheromone 0022 0.021 1.050 0.292 Twitching+phero- ~ 0.061  0.888 0.068 0.946
pd-113 WDEI mone
(Intercept) 1.577  0.100 15832 <2e—16 *** Pheromone -0.393 0.807 —0.487 0.626
Chewing -0.006 0.137 —0.046 0.963 Time form start of EPG to Ist E1
Twitching -0.312  0.139 —2.246 0.025 * (Intercept) 88.516  8.637 10248 <2e—16 ***
Chewing + phero- 0.198  0.143 1.388 0.165 Chewing 27.872 11.921 2.338 0.019 *

mone Twitching 27.127 12.062 2.249 0.025 *
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Table 4 (continued)

Table 5 Pairwise comparisons with Tukey’s adjustment

EPG variables Estimate Std. error z value Pr(>Izl) EPG variables Comparison t ratio p value
Chewing + phero- 2.221 12.384 0.179 0.858 pd WDEI Control/pheromone —-3.198 0.0216
mone Control/chewing + pheromone —-3.103  0.0285
Twitching +phero-  10.999  12.062 0912 0.362 Control/twitching + pheromone ~ —3.122  0.0270
frone Twitching + pheromone/twitch- 4255  0.0006
Pheromone 6.295 11.672 0.539 0.590 ing
% of probing time spent in F Chewing + pheromone/chewing 3.209  0.0210
(Intercept) 3618 0192 18849 <2e—16 *** 4111 WDEI Control/twitching 3854 0.0026
Chewing —0006 0262  —0.024 0.981 Chewing/twitching 3.089  0.0297
Twitching 0489 0258 1.898  0.058 Pheromone/twitching 5106 <.0001
Chewing +phero-  0.194 0303 0.639 0.523 Twitching + pheromone/twitch-  5.590  <.0001
mone ing
Twitching +phero- ~ —0.122 0332 -0.368 0.713 Chewing + pheromone/twitching ~ 5.553  <.0001
frone pd-I13 WDEI  Pheromone/twitching 4480  0.0003
Pheromone 0.162 0.271 0.596 0.551 Lo .
Twitching + pheromone/twitch- 4.017  0.0015
The total duration of np waveforms (np WDI), the average duration ing
of a single np waveform (np WDEI), the average duration of a single Chewing + pheromone/twitching 3.619  0.0058
pd waveform (pd WDEI), the total duration of pd-II3 waveforms (pd- pd-II3 WDI  Control/twitching 3175  0.0231
113 WDI), the average duration of a single pd-II1 and pd-II3 wave- . o
form (pd-I11 WDEIL, pd-1I3 WDEI), the total number of phloem-pd Chewing/twitching 3.618 00058
waveforms (ppd NWEI), the total duration of ppd waveforms (ppd Pheromone/twitching 3.373 00127
WDI), the average duration of a single ppd waveform (ppd WDEI), Twitching 4+ pheromone/twitch- 3.190 0.0221
the proportion of individuals producing F and E1 waveforms (F PPW; ing
E1 PPW), the time from start of EPG to first E1 and the % of prob- Chewing + pheromone/twitching ~ 3.530  0.0078
ing time spent in F of M. persicae exposed to vibrations and/or alarm ppd WDEI Control/twitching + pheromone ~ —2.740  0.0797
pheromone on pea plants
Twitching + pheromone/twitch- 3482 0.0106

Significance codes: 0; “*** 0.001; “**’ 0.01; “*> 0.05; *” 0.1; “* 1

twitching vibrations interfered with the phloem phase, with
aphids on plants treated with vibrations showing a delayed
access to phloem vessels and salivation onset. Furthermore,
chewing significantly affected the proportion of individuals
performing phloem salivation (E1 waveform). The altera-
tion of the phloem-related activities in response to vibra-
tions derived from aphid-antagonist interactions could have
relevant effects on the transmission of persistent phloem
limited viruses (Jiménez et al. 2021a, 2021b) and deserve
further dedicated investigations.

In contrast, rather than causing a prolonged cessation of
the probing activity, the alarm pheromone stimulated in the
exposed aphids a more careful evaluation of the host plant
quality through longer intracellular probes, independently
of vibrations. The vibrations played no role in this behavio-
ral alteration, indicating that longer intracellular probes and
host tasting/testing is dependent on the perception of the
alarm pheromone alone. The host plant quality indeed might
determine the magnitude of the aphid response to the warn-
ing cue, with more costly defensive strategies, as abandoning
the plant, occurring only in harsher environments and on
poor quality hosts (Lima and Dill 1990). No other patterns
related to probing and feeding by the green peach aphid
were significantly affected by the pheromone, at least on
pea plants and under our experimental conditions. Therefore,
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Only significant results are reported for the following EPG variables:
the average duration of a single pd, pd-II1, pd-1I3, ppd waveform (pd
WDEI, pd-1I1 WDEI; pd-1I3 WDEI; ppd WDEI) and the total dura-
tion of pd-II3 waveforms (pd-113 WDI)

the alarm pheromone, warning the aphid about a “distant”
approaching threat, possibly elicits a more accurate assess-
ment of the host plant; if the host plant quality matches aphid
requirements, the individual will remain on the plant and
engage in probing and feeding activity independently on the
warning cue. On the other hand, longer potential drops, and
specifically longer II-3 subphases and associated pulses, are
putatively associated with higher transmission efficiency of
non-persistent viruses (Collar and Fereres 1998). Therefore,
the aphid behavioral response to the alarm pheromone might
significantly impact the dynamics of non-persistent viruses
transmission; overall, our findings call for dedicated inves-
tigations exploring how antagonist-vector interaction may
shape the epidemiology of vector-borne plant pathogens,
focusing on infective vector response to multiple warning
cues in terms of transmission efficiency.

Vibrations possibly convey a message different from the
one conveyed by the pheromone, warning the aphid about
a closely approaching threat to which the insect respond
by hurrying the host evaluation process and disturbing the
phloem phase. The playback of the twitching vibrations
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indeed caused a significant decrease of the duration of the
intracellular salivations (II-1) and ingestions (II-3). Moreo-
ver, both chewing and twitching vibrations caused a delay in
the onset of watery phloematic salivation, probably related
to the longer non-probing time with chewing, and the higher
frequency of stylets derailment (F) patterns with twitching.
Our findings about probing and feeding activities impair-
ment in response to cues associated with an approaching
predator are consistent with previous observations on leaf-
hoppers, which similarly exhibit delayed and less frequent
feeding when exposed to predation risk (Tholt et al. 2018;
Beleznai et al. 2015). Overall, we suggest this delay in the
onset of trophic activities is part of a defensive strategy,
as inserting the stylets and engaging with phloem phase
expose the insect to predation and delay defensive responses.
Indeed, stylets withdrawal during phloem ingestion would
result in considerable efforts and in delayed escape for the
prey; therefore, the presence of a predator, or in our case the
perception of vibrational cues evoking an imminent preda-
tion, increase insect alertness and decrease the insect-plant
interactions. This non-consumptive effect evoked by antago-
nist cues as vibrations might have relevant implications for
the pest population dynamic in the long-term, which deserve
further investigation.

Furthermore, our findings are also consistent with pre-
vious observations by Lee et al. (2012), who reported a
significant alteration of phloem-related activities in M. per-
sicae upon exposure to acoustic stimuli at 100 and above
1000 Hz. In fact, the recorded amplitude peak of our chew-
ing and twitching vibrations, both altering the phloem phase,
occurred at 100 Hz (Figs. 2, 3). We suggest that this behav-
ioral alteration was caused by the substrate-borne compo-
nent of the acoustic stimulus (Seok et al. 2010; Lee et al.
2012; Caldwell 2014).

The longer stylets derailment patterns observed in aphids
on plants “treated” with the twitching vibration, rather than
representing a real difficulty in stylets penetration caused
by the playback, might just have resulted from the individu-
als starting twitching after sensing the incidental vibrations
produced by conspecifics twitching. Indeed, during the
twitching the stylets remain within the host plant tissues
serving as anchorage while the individual twitches and kicks
in response to the signaling of conspecifics threatened by
a parasitoid (Hartbauer 2010); the anchorage for twitching
may generate the stylets derailment pathway.

The only apparent “synergistic” effect observed coupling
vibrations and pheromone was the higher number and longer
duration of quick stylets insertion in phloem vessels and
companion cells (phloem-pds), that aphids perform to assess
the phloem characteristics before engaging with sustained
salivation and ingestion. One explanation to such results
could be that this alteration of the “phloem tasting” pattern
is an artifact triggered by the perception of two contrasting

information that alone would normally convey different
messages (the pheromone induces a longer host screening
process, while the twitching hurries it up). Alternatively,
consistently with previous data, the alarm pheromone, rather
than directly eliciting drastic responses to the threat, makes
aphids more sensitive and prone to react to other warning
cues as substrate-borne vibrations (Montgomery and Nault
1978; Clegg and Barlow 1982). Therefore, the two messages
combined represents possibly a strong warning inducing the
aphid to carefully assess the characteristics of the phloem
sap before engaging with an activity as sustained feeding
that would make them more vulnerable to antagonists. In
this way, a deeper evaluation of the plant is achieved before
deciding the magnitude of the reaction to the threat.

Independently of the underlying biological explanation,
phloem-pds are associated with the transmission of semi-
persistent phloem restricted viruses, thus the playback of
twitching combined with the release of pheromone could
have a strong impact on the aphid-borne plant viruses epi-
demiology (Collar and Fereres 1998; Jiménez et al. 2020a,
2020b). The absence of other effects to E-beta-farnesene
was maybe due to the habituation of the aphid to the alarm
pheromone, and a sensitization to further warning stimuli.

We cannot exclude that the activation of plant defenses in
response to substrate-borne vibrations could have also been
a component of the alteration of probing and feeding behav-
ioral patterns observed in the present study; further research
is needed to investigate the impact of vibrations intended to
be used in pest control on the plant phenotype (Appel and
Cocroft 2014; Virant-Doberlet et al. 2019).

Overall, our data show that the playback of incidental
vibrations produced during the aphid-antagonist interaction
bear the potential to alter the aphid-plant interaction. The
vibrational signals, in addition to the direct impact on the
aphid, might have a major impact even on the epidemiology
of vector-borne plant pathogens.

Further studies should expand on our findings investi-
gating i) the impact of such vibrations on other host plant-
aphid species systems and ii) on the bionomic of both
aphids and beneficial insects, besides iii) the possibility to
integrate vibrations with other sustainable control tools as
biopesticides.
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