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Behavioral responses of a herbivorous mite and its potential
predatory mirid to synthetic plant volatiles

N. Giagoudis', E. Anastasaki?, P. Milonas?, G. Broufas' and M. Pappas"

Summary Herbivore-induced plant volatiles (HIPVs) mediate tritrophic interactions among plants,
herbivores and their natural enemies. Using Y-tube olfactometer bioassays, we evaluated the behav-
ioral responses of the zoophytophagous predator Macrolophus pygmaeus (Hemiptera: Miridae) and the
herbivorous mite Tetranychus urticae (Acari: Tetranychidae) to ten synthetic volatile compounds asso-
ciated with HIPV blends emitted by pepper (Capsicum annuum) plants under herbivore attack. Each
compound (methyl salicylate [MeSA], farnesene, [mix of isomers] decanal, (+)-3-carene, (-)-B-pinene,
(1S)-(-)-a-pinene, nonanal, hexanal, (Z)-3-hexenyl acetate, and 1H-indole) was tested at three concen-
trations (1, 10 and 100 ppm) against a hexane solvent control. At 100 ppm, M. pygmaeus was significant-
ly attracted to MeSA and farnesene and significantly repelled by (+)-3-carene; neither attractant elicit-
ed a response at 10 ppm. Tetranychus urticae showed no attraction to any compound but was strong-
ly repelled by (+)-3-carene at all three concentrations tested. Results demonstrate that HIPVs can dif-
ferentially influence predator and herbivore behaviour in a dose-dependent manner. The identifica-
tion of (+)-3-carene as a potent repellent for T. urticae and of MeSA and farnesene as attractants for M.
pygmaeus provides a basis for volatile-based IPM strategies that integrate pest deterrence with natu-
ral enemy attraction within the crop, which could represent a practical tool supporting conservation
biological control in pepper.

Additional Keywords: herbivore-induced volatiles, integrated pest management, predator recruitment, tri-

trophic interactions

Introduction

Plants have developed a wide range of de-
fense strategies against herbivores, gener-
ally categorised as direct or indirect. Direct
defenses include physical barriers, such as
trichomes and thickened cuticles, as well as
chemical traits, including secondary metab-
olites such as alkaloids and phenolic com-
pounds, and defense proteins such as pro-
tease inhibitors, all of which decrease plant
palatability or impair herbivore fitness. In-
direct defenses operate by producing and
emitting chemical signals that recruit natu-
ral enemies of herbivores, primarily volatile
organic compounds (VOCs) released into
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the surrounding environment (Dicke and
Sabelis, 1988; Vet and Dicke, 1992). These de-
fenses can be constitutive (always present
at baseline levels) or induced in response to
damage (Karban and Baldwin, 1997; Heil and
Baldwin, 2002).

Plants emit a complex mixture of VOCs,
including terpenoids, green leaf volatiles
(GLVs), benzenoids, and amino acid deriv-
atives, whose composition is influenced by
plant species, developmental stage, and en-
vironmental factors (Dudareva et al., 2006;
Holopainen and Gershenzon, 2010). Dur-
ing herbivore attack, plants produce a spe-
cific subset of these compounds, designat-
ed herbivore-induced plant volatiles (HIPVs),
generated via active biosynthetic pathways
triggered by elicitors in herbivore secretions
and saliva (Hare, 2011).

HIPVs serve as informational signals
within tritrophic interactions, transmit-
ting cues regarding plant condition and
the presence and nature of attacking her-
bivores to natural enemies such as parasit-
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oids, predatory mites, and insects (Dicke
et al.,, 1990; Turlings et al., 1990). Through
these tritrophic interactions, plants can in-
directly reduce herbivore pressure by facil-
itating the location and recruitment of nat-
ural enemies (Turlings and Erb, 2018; Otto et
al., 2025). Prior exposure to HIPVs can prime
plant defenses, enabling faster and stron-
ger responses to subsequent attack (Riahi
et al., 2022). Nevertheless, the composition
of HIPV blends exhibits substantial variabil-
ity: both the plant species and the identi-
ty of the attacking herbivore influence the
qualitative and quantitative composition of
the emitted blend (Geervliet et al., 1997; Van
den Boom et al., 2004), and infestation in-
tensity can further modify the chemical pro-
file (Ayelo et al., 2021). This specificity means
that responses observed in a particular
plant-herbivore pairing cannot be broadly
generalised, and that HIPVs may not always
confer an indirect defensive advantage, at
times attracting generalist herbivores or
failing to elicit the expected responses in
natural enemies (Pefnaflor and Bento, 2013).

GLVs are key categories within HIPV
blends, which are rapidly emitted upon cell
membrane disruption via the lipoxygen-
ase pathway and form part of the general
wound response, as well as monoterpenes
and sesquiterpenes whose biosynthesis is
more specifically linked to herbivore rec-
ognition (Matsui, 2006). The production of
GLVs is primarily regulated through the jas-
monic acid (JA) and salicylic acid (SA) sig-
naling pathways, JA predominantly activat-
ed by tissue-damaging herbivores such as
chewing insects and cell-content feeders,
while SA more strongly associated with re-
sponses to phloem-feeding insects and bio-
trophic pathogens, though neither path-
way is exclusive to a single attacker type
and substantial overlap occurs (Dicke and-
Baldwin, 2010; Thaler et al., 2012). Crosstalk
between these pathways enables plants to
fine-tune their volatile emission profile in re-
sponse to the identity of specific attackers,
producing qualitatively distinct HIPV blends
that reflect the nature of the biotic chal-
lenge (Zhang et al., 2020).
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Pepper (Capsicum annuum) is an eco-
nomically important vegetable crop cul-
tivated worldwide and is susceptible to a
broad range of herbivorous pests, making
it a relevant system for studying arthropod-
induced plant defense responses (Floren-
cio-Ortiz et al., 2018). Among the key pests
affecting pepper, the two-spotted spider
mite Tetranychus urticae Koch (Acari: Tet-
ranychidae) is a polyphagous herbivore of
major economic significance. In tomato, T.
urticae feeding has been shown to activate
both the JA and SA pathways and to trig-
ger the emission of volatile terpenoids and
methyl salicylate, components of indirect
defense (Kant et al., 2004; Alba et al., 2015).
Analogous responses have been directly
demonstrated in pepper: T. urticae infesta-
tion of C. annuum induced both JA and SA
signaling, substantially altered the volatile
emission profile, including a pronounced in-
crease in methyl salicylate emission, and en-
hanced the attractiveness of infested plants
to predatory arthropods (Zhang et al., 2020).

The zoophytophagous predatory mirid
Macrolophus pygmaeus (Rambour) (Hemip-
tera: Miridae) is a commercially deployed bi-
ological control agent widely used in green-
house cropping systems, known to exploit
volatile cues to locate herbivore-infest-
ed plants and orient toward suitable prey
(Lins et al., 2014; Pérez-Hedo et al., 2018a).
Beyond direct predation, the phytopha-
gy of M. pygmaeus also triggers the release
of plant volatiles that can recruit additional
natural enemies, generating cascading tri-
trophic effects that amplify its biocontrol
value (Zhang et al., 2022). Moreover, the vol-
atile blend induced by mirid phytophagy
has been shown to influence the coloniza-
tion behavior of subsequent herbivores on
the same plant (Silva et al., 2021a), suggest-
ing that these predators contribute to crop
protection through multiple, interconnect-
ed chemical mechanisms. However, where-
as the responses of M. pygmaeus to complex
plant volatile blends have been character-
ised in tomato-based systems (Pérez-He-
do et al., 2018b), its behavioral responses
to individually tested synthetic HIPV com-
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pounds from pepper remain poorly under-
stood. The volatile blend emitted by Capsi-
cum annuum plants under arthropod attack
has been characterised in response to multi-
ple herbivore guilds, including zoophytoph-
agous mirids (Bouagga et al., 2018), the spi-
der mite T. urticae (Zhang et al., 2020; Zhang
et al., 2023), thrips (Esmaeily et al., 2025),
aphids (Ali et al., 2022), and lepidopter-
an larvae (Cardoza and Tumlinson, 2006,
Yuan et al., 2022), revealing a chemically di-
verse HIPV repertoire spanning green leaf
volatiles, monoterpenes, sesquiterpenes,
aliphatic aldehydes, and aromatic com-
pounds. Whether individual constituents of
this blend differ in their capacity to attract
or repel M. pygmaeus and T. urticae remains
to be established.

Interest in using HIPVs as tools for inte-
grated pest management (IPM) has grown
significantly. Based on push-pull principles,
where stimuli are employed to make the
protected resource less attractive to pests
while guiding them toward alternative, ap-
pealing sources (Cook et al., 2007), the stra-
tegic use of synthetic HIPVs to both repel
herbivorous pests and attract natural ene-
mies is seen as a promising volatile-based
IPM strategy (Pefaflor and Bento, 2013).
Methyl salicylate (MeSA) has been shown in
field tests to attract beneficial arthropods,
including predatory insects and parasit-
oids (James, 2003), whereas (E)-B-farnesene,
an aphid alarm pheromone, acts as a kairo-
mone, drawing predators and parasitoids to
aphid-infested plants (Francis et al., 2004).
However, behavioral responses to individ-
ual VOCs depend heavily on dose and con-
text and can differ markedly between single
compounds and complex blends (Kaplan,
2012, Holopainen and Blande, 2013). There-
fore, systematic testing of these compounds
under controlled conditions is crucial for
their effective and informed use in volatile-
based IPM approaches.

This study aimed to analyse how M. pyg-
maeus and T. urticae respond to ten plant-
derived volatile compounds chosen from
the pepper HIPV blend, tested with Y-tube
olfactometer bioassays at three different

concentrations. We hypothesised that spe-
cific compounds in the pepper HIPV blend
would affect the two species differently, act-
ing as attractants for the predator M. pyg-
maeus and as repellents for the herbivore
T. urticae, and that these effects would de-
pend on concentration. This could inform
targeted use of individual volatiles in bio-
logical control and volatile-based IPM strat-
egies based on push-pull principles.

Materials and Methods

Insects

The M. pygmaeus colony was estab-
lished from approximately 250 individ-
uals obtained from the commercially
available product MACROLOPHUS (Bio-in-
secta, Greece). The colony was maintained
on young tomato plants (Solanum lycoper-
sicum L., cv. Ace 55, 2-3 weeks old) in 200
mL plastic pots with a peat substrate (Klas-
mann-TS2), housed in insect-proof cages
(47.5 x 47.5 x 47.5 cm, BugDorm, MegaView
Science Co., Ltd.) under controlled condi-
tions: 25 + 2°C, 16:8 h photoperiod (L:D), and
65 + 5% relative humidity (RH). A constant
supply of Ephestia kuehniella (Lepidoptera:
Pyralidae) eggs on posted strips was provid-
ed as a food supplement, with bee pollen
added weekly.

In all experiments, young adult females,
aged 7 to 10 days, were used. Before the bio-
assays, females were individually starved for
24 hours in 4 cm-diameter plastic contain-
ers with mesh lids, each containing a small
piece of moistened cotton to maintain hu-
midity. During starvation, the insects were
maintained at 25 + 2°C, with a 16:8-hour
light: dark cycle and a relative humidity of
60 + 5%.

Spider mites

The T. urticae colony was established
from approximately 700 mites collected
from field-infested tomato plants and main-
tained in the laboratory for several years.
A sub colony of the spider mite population
was established and maintained on pep-
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per plants (C. annuum L., cv. M13) for sever-
al generations before the bioassays. The col-
ony was maintained on intact pepper plants
potted in 12 cm diameter plastic pots with
peat substrate (Klasmann-TS2), in insect-
proof cages (47.5 x 47.5 x 47.5 cm, BugDorm,
MegaView Science Co., Ltd.) under: 25 + 2°C,
16:8 h L:D, 60-70% RH.

Adult inseminated females approxi-
mately 5 days old were used in the bioas-
say. A starvation period of 24 hours before
bioassays was used, during which the adult
females were individually placed in 1.5 mL
Eppendorf tubes. The opening of the Ep-
pendorf was covered with thin mesh to fa-
cilitate proper ventilation, whereas at the tip
of the tube, a small hole was drilled to allow
contact with a water-soaked cotton wool
layer used to maintain proper humidity.

Synthetic compounds

Ten compounds were selected to repre-
sent the major chemical classes document-
ed in the volatile blend of Capsicum annuum
plants under arthropod attack (aliphatic al-
dehydes, green leaf volatile esters, aromat-
ic compounds, monoterpenes, and sesqui-
terpenes) on the basis of their occurrence
in pepper HIPV profiles characterised in re-
sponse to mirid phytophagy (Bouagga et
al., 2018), T. urticae infestation (Zhang et al.,
2020; Zhang et al., 2023), Spodoptera litura
(Lepidoptera: Noctuidae) herbivory (Yuan
et al., 2022), Frankliniella occidentalis (Thy-

sanoptera: Thripidae) infestation (Esmaeily
etal., 2025), and M. persicae infestation (Ali et
al., 2022), with the exception of nonanal, for
which a direct pepper-specific herbivore-in-
duced reference was not identified in the
available literature; its inclusion reflects its
chemical class representativeness as a C9
aliphatic aldehyde produced via the lipox-
ygenase pathway in herbivore-damaged
Solanaceous plants (Matsui, 2006, Hare,
(2011). The compounds belong to five chem-
ical groups: (1) aliphatic aldehydes: hexanal
(=98%; TCl, Japan), nonanal (=97%; Sigma-
Aldrich, Germany), and decanal (=97%; TCl,
Japan); (2) green leaf volatiles: (Z)-3-hexenyl
acetate (=98%; Sigma-Aldrich, Germany);
(3) aromatic compounds: methyl salicylate
(MeSA; =299%; Sigma-Aldrich, Germany) and
1H-indole (=98%; Sigma-Aldrich, Germany);
(4) monoterpenes: (+)-3-carene (=90%; TCl,
Japan), (-)-B-pinene (=94%; TCl, Japan), and
(1S)-(-)-a-pinene (=97%; TCl, Japan); and (5)
sesquiterpenes: farnesene, mixture of iso-
mers (=80%; Sigma-Aldrich, Germany). De-
tails of all compounds are summarised in Ta-
ble 1.

For each liquid compound, a primary
stock solution was prepared by dissolving
10 uL of the neat compound (measured us-
ing a calibrated 100 pL glass pipette) in hex-
ane to a final volume of 10 mL. Given its
higher density and to achieve a tractable
working range, farnesene was prepared us-
ing 100 uL of neat compound in 10 mL hex-

Table 1. Synthetic volatile compounds tested in Y-tube olfactometer bioassays with their

chemical group, purity, and supplier.

Compound Chemical group Purity Supplier
Hexanal Aliphatic aldehyde >98% TCl, Japan
Nonanal Aliphatic aldehyde >97% Sigma-Aldrich, Germany
Decanal Aliphatic aldehyde =297% TCl, Japan
(Z2)-3-Hexenyl acetate Green leaf volatile ester >98% Sigma-Aldrich, Germany
Methyl salicylate (MeSA) Aromatic compound >99% Sigma-Aldrich, Germany
1H-Indole Aromatic compound >98% Sigma-Aldrich, Germany
(+)-3-Carene Monoterpene >90% TCl, Japan
(=)-B-Pinene Monoterpene >94% TCl, Japan
(15)-(-)-a-Pinene Monoterpene >97% TCl, Japan
Farnesene (mixture of isomers) Sesquiterpene 280% Sigma-Aldrich, Germany
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ane. Resulting stock concentrations, cal-
culated from compound density, ranged
from approximately 800 to 1174 mg/L for
most compounds and 8790 mg/L for farne-
sene. TH-indole, being a solid at room tem-
perature, was prepared by dissolving 1 mg
in 10 mL of hexane to give a stock concen-
tration of 100 mg/L. Working solutions at 1,
10, and 100 ppm (mg/L) were prepared by
serial dilution of the respective stock solu-
tions in hexane to a final volume of 10 mL.
These concentrations were selected to span
a biologically relevant range enabling char-
acterization of dose-dependent behavior-
al responses, consistent with concentration
ranges used in comparable olfactometer
studies (Silva et al., 2021b; Ayelo et al., 2021),
rather than to replicate specific field residue
levels, which vary considerably with plant
species, herbivore load, and environmental
conditions (Holopainen and Blande, 2013).
All solutions were stored in sealed glass vials
at 4°C in the dark until use and freshly pre-
pared on the day of each experiment. The
quantity of active ingredient deposited per
replicate corresponded to 1000, 100, and 10
ng for the 100, 10, and 1 ppm working so-
lutions, respectively, calculated from 10 pL
of the applied working solution. The hexane
control consisted of 10 puL of pure hexane
applied under identical conditions.

Olfactometer assays

Behavioral responses of M. pygmae-
us and T. urticae to the ten synthetic vol-
atile compounds were assessed in a glass
Y-tube olfactometer (4 cm internal diam-
eter; main arm 25 cm long, lateral arms 17
cm long, 60° angle between lateral arms).
Each lateral arm was connected via Tef-
lon tubing to a 4 L glass container serving
as an odor-source chamber: one containing
the test compound and the other contain-
ing the hexane control. Compressed air was
supplied by a low-pressure compressor, first
passing through an activated carbon filter
and a humidification flask to remove back-
ground contaminants, before entering the
glass chambers and the olfactometer. Air-
flow was adjusted to 1.2 L/min per arm us-

ing a flowmeter (KYTOLA, Finland). For each
odor source, 10 pL of the test compound or
hexane control was applied by pipette onto
afilter paper strip (1 x 2 cm) placed in a glass
Petri dish on a sheet of aluminum foil. The
loaded strip was left to stand for 2 min in the
open air to allow solvent evaporation be-
fore being transferred to the bottom of the
respective glass chamber. All Y-tube experi-
ments were conducted between 10:00 and
17:00 h, at 25 + 2 °C and 70 + 10% RH.

A single female individual was intro-
duced at the base of the main arm down-
wind using an aspirator (M. pygmaeus) or a
fine brush (T. urticae) and observed for up to
10 min, following the general procedure de-
scribed by Lins et al. (2014). Individuals were
considered to have made a choice when
they moved at least 3 cm into one of the lat-
eral arms. Individuals who did not choose a
lateral arm within 10 min were classified as
unresponsive and excluded from analysis.
Each individual was tested only once. After
every 10 replicates, the lateral arm positions
were switched to minimize positional bias.
After every 20 replicates, the Y-tube and
glass chambers were washed with unscent-
ed soap and acetone and left to dry com-
pletely, and the filter paper sources were re-
placed. For each treatment (compound and
concentration), at least 40 individuals were
tested.

Bioassays began at the highest concen-
tration (100 ppm). Bioassays at lower con-
centrations (10 and 1 ppm) were conducted
only when a statistically significant response
had been observed at the preceding high-
er concentration. For M. pygmaeus, sequen-
tial concentration testing was applied ex-
clusively to compounds eliciting statistically
significant attraction at the preceding con-
centration; repellent responses were not
evaluated at lower concentrations, as the se-
quential protocol was designed specifically
to characterise the concentration threshold
of predator attraction.

Data analysis
Data were analysed using the chi-square

goodness-of-fit test (x') to assess whether
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the proportion of individuals choosing each
arm differed significantly from a 50:50 ran-
dom distribution (a = 0.05). Analyses were
performed independently for each com-
pound, concentration, and species. Statis-
tics were performed using IBM Corp. (2020).

Results

Responses of M. pygmaeus

At 100 ppm, female M. pygmaeus showed
a significant preference for two volatile
compounds, farnesene and MeSA, over the
hexane control, and a significant avoidance
of (+)-3-carene (farnesene vs. hexane: X' =
4.26, P = 0.039; MeSA vs. hexane: = 5.33,
P = 0.021; (+)-3-carene vs. hexane: ' = 17.36,
P < 0.001) (Fig. 1). In accordance with the se-
guential testing protocol, which applied to
attractant responses in M. pygmaeus only,

NC
farnesene | * | 3
Decanal | s | s
(+)-3-Carene | * J 12
(-)-B-Pinene | ns | 3 52
(15)-(-)}-o-Pinene [ ns | & &2
nonanal ] ns | s
Hexanal [ ns | 6
3-Z- hexenyl acetate | ns | s
MeSA | E | 1
1H-indole 98% [ ns | 7
100 50 0 50 100

Response (%)

Figure 1. Behavioral responses of Macrolophus pygmaeus
adult females in a Y-tube olfactometer to ten synthetic vol-
atile compounds associated with the herbivore-induced plant
volatile (HIPV) blend of Capsicum annuum, each tested at
100 ppm against a hexane solvent control. Grey bars repre-
sent the percentage of responding females choosing the test
compound arm; white bars represent the percentage choos-
ing the hexane control arm. An asterisk indicates significant
preference (x? test: P<0.05). NG= indicates the number of mi-
rids that did not make a choice; ns= nonsignificant; MeSA=
methyl salicylate.
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the repellent response to (+)-3-carene was
not evaluated at lower concentrations. No
significant positive or negative responses
were observed for the remaining seven vol-
atile compounds.

Consequently, only the two compounds
that elicited a positive response at 100 ppm
(MeSA and farnesene) were further evaluat-
ed at a lower concentration (10 ppm). How-
ever, at this concentration, female M. pyg-
maeus did not show a significant preference
for either compound (MeSA vs. hexane: x*
= 0.45, P = 0.501; farnesene vs. hexane: x2
= 0.20, P = 0.654) (Fig. 2). Therefore, testing
was not extended to 1 ppm for these com-
pounds.

Responses of T. urticae

At 100 ppm, female T. urticae showed no
attraction to any of the ten compounds test-
ed. A significant avoidance response was
observed for (+)-3-carene relative to the
hexane control ((+)-3-carene vs. hexane: ¥’ =
28.06, P < 0.001) (Fig. 3). No other compound
elicited a significant positive or negative re-
sponse.

Given this result, (+)-3-carene was fur-
ther evaluated at lower concentrations to
characterise the dose-response relation-
ship. The avoidance effect persisted at 10

farnesene

-
Control
(Hexane)

MeSA

100 50 0 50 100

Response (%)

Figure 2. Behavioral responses of Macrolophus pygmaeus
adult females in a Y-tube olfactometer to two synthetic vol-
atile compounds associated with the herbivore-induced plant
volatile (HIPV) blend of Capsicum annuum, each tested at 10
ppm against a hexane solvent control. Grey bars represent
the percentage of responding females choosing the test com-
pound arm; white bars represent the percentage choosing the
hexane control arm. An asterisk indicates significant prefer-
ence (x* test: P<0.05). N(= indicates the number of mirids that
did not make a choice; ns= nonsignificant; MeSA= methyl sa-
licylate.
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NC
farnesene | ns | 0
Decanal | ns | 4
(+)-3-Carene [ - | o
(ppnene [ ] 1 g
(asiapimene [ ms | o § é
Hexanal | ns | 0
3z hexenylacetate | s | 4
MeSA | ns |1
1H-indole 98% [ ns | 2
100 50 0 50 100

Response (%)

Figure 3. Behavioral responses of Tetranychus urticae adult fe-
males in a Y-tube olfactometer to ten synthetic volatile com-
pounds associated with the herbivore-induced plant volatile
(HIPV) blend of Capsicum annuum, each tested at 100 ppm
against a hexane solvent control. Grey bars represent the per-
centage of responding females choosing the test compound
arm; white bars represent the percentage choosing the hex-
ane control arm. An asterisk indicates significant preference
(x? test: P<0.05). NC= indicates the number of spider mites
that did not make a choice; ns= nonsignificant; MeSA= meth-
yl salicylate.

ppm (x = 28.63, P < 0.001) and remained sig-
nificant at 1 ppm (x" = 16.15, P < 0.001) (Fig.
4), demonstrating consistent repellent ac-
tivity across the entire concentration range
tested.

Discussion

The present study demonstrated that M.
pygmaeus and T. urticae respond different-
ly to individual volatile compounds. Macro-
lophus pygmaeus was significantly attract-
ed to MeSA and farnesene and repelled by
(+)-3-carene at 100 ppm, whereas T. urti-
cae showed no attraction to any compound
tested but was consistently repelled by
(+)-3-carene across all three concentrations
evaluated. These results are consistent with
the established role of HIPVs as mediators
of tritrophic plant-herbivore-natural enemy

(+)-3-Carene

NC —_
g2
10 ppm < 3 *g' E
Q
8 =
1ppm i
100 50 0 50 100

Response (%)

Figure 4. Behavioral responses of Tetranychus urticae adult fe-
males in a Y-tube olfactometer to (+)-3-Carene, tested at 10
and 1 ppm against a hexane solvent control. Grey bars rep-
resent the percentage of responding females choosing the
tested compound arm; white bars represent the percentage
choosing the hexane control arm. An asterisk indicates signif-
icant preference (y* test: P<0.05). NC= indicates the number
of spider mites that did not make a choice; ns=nonsignificant;
MeSA= methyl salicylate.

interactions, first demonstrated for parasit-
ic wasps by Turlings et al. (1990) and subse-
quently extended to a broad range of ar-
thropod natural enemies (Turlings and Erb,
2018). They also add to existing knowledge
by characterizing the behavioral responses
of the zoophytophagous mirid predator and
its mite prey to individually tested synthetic
volatiles related to the pepper HIPV blend,
underscoring the importance of evaluat-
ing individual compounds in isolation rath-
er than inferring behavioral activity from
blend composition alone.

The attraction of M. pygmaeus to MeSA
is consistent with its well-established role as
a semiochemical for natural enemy recruit-
ment across a broad range of arthropod
communities (James, 2003; James and Price,
2004; Mallinger et al., 2011). MeSA emission
is typically triggered by activation of the
shikimate pathway following phytophagy
by zoophytophagous predators, herbivore
feeding, or pathogen attack (Pérez-Hedo
et al., 2018a; Silva et al., 2021b). Character-
ization of HIPVs induced by M. pygmaeus
and Nesidiocoris tenuis (Hemiptera: Miridae)
phytophagy in tomato identified MeSA as
one of the major differential volatile peaks
alongside several GLVs, confirming its rele-
vance as a chemical signal associated with
mirid activity on Solanaceous crops (Pérez-
Hedo et al., 2018a). Silva et al. (2021b) further
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demonstrated through Y-tube olfactometer
trials with synthetic compounds that MeSA
as well as (Z)-3-hexenyl propanoate, and
(Z)-3-hexenyl acetate attracted M. pygmae-
us, suggesting that both aromatic and fat-
ty acid-derived volatile esters function as
attractants for predatory mirids. The pres-
ent results support MeSA’s attractiveness
to M. pygmaeus in the pepper system. The
absence of a significant response to (Z)-3-
hexenyl acetate in pepper may reflect plant
species effect/differentiation and/or con-
centration-dependent threshold effects,
given that the two studies used different di-
lution protocols, or intrinsic differences be-
tween the predator populations tested, in-
cluding possible effects of colony origin and
rearing conditions on olfactory sensitivity.
Both studies used naive, previously unex-
posed adult females, so differential prior ex-
perience cannot account for the discrepancy.

To the best of the authors’ knowledge,
no prior study has demonstrated that a mi-
rid predator is attracted to farnesene as an
individually tested synthetic compound.
Maselou et al. (2019) reported that M. pyg-
maeus nymphs were significantly attracted
to Myzus persicae-(Hemiptera: Aphididae)
infested aubergine plants whose headspace
contained (E)-B-farnesene among other in-
duced volatiles; however, the individual be-
havioral contribution of farnesene was not
evaluated in isolation. This is noteworthy
given previous findings showing that the
monoterpenes ocimene and limonene, and
the sesquiterpene caryophyllene, did not at-
tract M. pygmaeus, N. tenuis, or Dicyphus boli-
vari (Hemiptera: Miridae) in olfactometer as-
says with tomato-derived HIPVs (Silva et al.,
2021b), suggesting that terpene attractive-
ness in mirid predators is highly compound-
specific rather than a chemical class-level
property. The commercial farnesene prep-
aration used in the present study consists
of a mixture of sesquiterpene isomers rath-
er than a single geometric form (Wang et al.,
2024). Identification of the specific isomers
responsible for the observed attractant ac-
tivity will be necessary before practical con-
clusions can be drawn, and comparison with
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the kairomonal activity of (E)-B-farnesene,
which functions as the aphid alarm phero-
mone and has been reported to attract the
coccinellid Adalia bipunctata (Coleoptera:
Coccinellidae) (Francis et al., 2004), may help
clarify the molecular basis of this response.

Attraction to both MeSA and farnesene
was not sustained at 10 ppm, indicating that
the behavioral responses of M. pygmaeus
to these compounds are dose-dependent
and may occur only above certain threshold
concentrations. Dose-dependent respons-
es to mirid volatiles have been reported by
Ayelo et al. (2021), who found that individu-
al monoterpenes attracted N. tenuis only at
doses 100-fold above the natural emission
rate of a single T. absoluta-infested toma-
to plant, equivalent to the simultaneous re-
lease from 100 plants, whereas lower doses
were ineffective. This threshold effect aligns
with the broader literature, which shows
that arthropod behavioral responses to
plant volatiles are strongly concentration-
dependent, with both the magnitude and
direction of responses varying with dose
(Ayeloetal., 2021). The absence of aresponse
at 10 ppm does not preclude the ecological
relevance of MeSA and farnesene, as natu-
ral HIPV concentrations in the field vary con-
siderably with plant species and herbivore
load (Geervliet et al., 1997; Van den Boom et
al., 2004), as well as with environmental con-
ditions, including wind speed, and temper-
ature that govern volatile plume dispersion
and persistence (Holopainen and Blande,
2013). Additionally, the inexperienced adult
females used in this study may represent a
conservative estimate of responsiveness.
Lins et al. (2014) demonstrated that N. tenuis
individuals were attracted to HIPVs only af-
ter prior experience with the odor source,
and similar learning effects have been docu-
mented in anthocorid predators (Drukker et
al., 2000) and predatory mites (de Boer et al.,
2005).

The most consistent finding of this
study was the strong, persistent avoidance
of (+)-3-carene by both M. pygmaeus and T.
urticae, with the repellent effect in T. urti-
cae maintained across all three concentra-
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tions evaluated (100, 10, and 1 ppm). This
response is of particular ecological interest
given that 3-carene has been reported to at-
tract other mirid predators under different
experimental conditions. Ayelo et al. (2021)
found that 3-carene attracted N. tenuis only
at a dose approximately 100-fold above the
natural emission rate of a single T. absoluta-
infested tomato plant, with lower doses in-
effective. The contrasting responses, i.e. re-
pellency in M. pygmaeus and T. urticae in the
present study versus attraction in N. tenuis
in Ayelo et al. (2021), may reflect species-
specific differences in olfactory receptor
sensitivity and behavioral ecology among
mirid predators or differences in the plant-
herbivore system. It should also be noted
that both the present study and Ayelo et al.
(2021) evaluated compounds individually,
and responses to single compounds do not
necessarily predict behavioral outcomes
when the same compounds are presented
as components of complex volatile mixtures
(Mumm and Dicke, 2010). Nevertheless,
Ayelo et al. (2021) found a repellence effect
from (E)-B-caryophyllene to N. tenuis at the
highest dose tested, demonstrating that
terpenoids can elicit avoidance responses in
mirid predators and that the deterrent po-
tential of this chemical class is compound-
and species-specific.

The consistent avoidance of (+)-3-carene
by T. urticae across a two-orders-of-magni-
tude range of concentrations suggests a ro-
bust, dose-persistent deterrent signal, po-
tentially indicating a plant chemical cue
associated with unsuitable or overexploit-
ed host tissue. Considering that (+)-3-carene
was detected in the headspace volatile pro-
file of C. annuum leaves infested by T. urticae
(Zhang et al., 2023), its repellent effect in the
present study supports the hypothesis of
an induced volatile direct defense function
against the attacking herbivore in pepper,
although this interpretation requires direct
experimental validation under plant-based
conditions. Additionally, the repellent effect
of 3-carene on T. urticae has been demon-
strated through contact-based leaf-disc as-
says with essential oil components (Da Ca-

mara et al., 2015, Tak and Isman, 2017). These
studies used enantiomerically unresolved
material under contact conditions rather
than in a volatile phase. Although not direct-
ly comparable, they still support the current
result that this monoterpene acts as a repel-
lent against T. urticae.

Tetranychus urticae showed no attraction
to any of the ten compounds tested individ-
ually, including (15)-(-)-a-pinene. This con-
trasts with Mérida-Torres et al. (2023), who
reported that a-pinene at 10 ng (equiva-
lent to the amount deposited on the filter
paper at the lowest concentration tested in
the present study) attracted T. urticae in ol-
factometer bioassays using a colony collect-
ed from strawberry plants. Several meth-
odological and biological differences may
account for this discrepancy. First, Mérida-
Torres et al. (2023) did not specify the en-
antiomeric form of a-pinene used, suggest-
ing a racemic or commercially unspecified
preparation, whereas the present study
employed the specific (15)-(-) enantiomer,
which differs substantially in biological ac-
tivity. Second, the colony used in the pres-
ent study was reared on pepper, whereas
the Mérida-Torres et al. (2023) colony orig-
inated from strawberry. Tetranychus urti-
cae populations adapted to different host
plants are known to differ in their volatile-
mediated responses (Maeda et al., 2001).
More broadly, the absence of attraction to
any individually tested compound is consis-
tent with the view that T. urticae host orien-
tation is driven by the integrated perception
of complex volatile blends rather than re-
sponses to single constituents (Mumm and
Dicke, 2010).

Overall, the results demonstrate that in-
dividual HIPVs associated with pepper differ
substantially in their capacity to influence
the behaviour of T. urticae and M. pygmaeus,
and that these effects are concentration-de-
pendent and species-specific. The identifi-
cation of MeSA and farnesene as attractants
for M. pygmaeus at higher concentrations,
combined with the consistent, dose-per-
sistent repellency of (+)-3-carene toward T.
urticae, provides a preliminary basis for ex-
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ploring volatile-based strategies within in-
tegrated pest management. In the context
of greenhouse pepper production, where
M. pygmaeus is routinely introduced as a bi-
ological control agent, MeSA and farnesene
could function as within-crop attractants
to recruit and retain the released predator,
analogous to the attract-and-reward con-
cept in conservation biological control, in
which synthetic HIPVs are used to draw nat-
ural enemies into crop environments and
complementary resources sustain their pop-
ulations (Simpson et al., 2011; Kaplan, 2012).
Simultaneously, (+)-3-carene may serve as a
deterrent volatile that reduces T. urticae col-
onisation pressure, creating a chemical push
component that complements the preda-
tor-attracting pull. This combined push-at-
tract approach, drawing on both push-pull
principles (Cook et al., 2007; Pefaflor and
Bento, 2013) and conservation biological
control strategies, represents a conceptual-
ly coherent framework for the targeted de-
ployment of individual pepper HIPVs in sus-
tainable pest management.

Finally, itis important to consider a num-
ber of limitations of the current study. First,
Y-tube olfactometer bioassays present stim-
uli under simplified, controlled conditions
that do not capture the complexity of field
exposure, including the heterogeneity of
volatile plumes, the presence of compet-
ing background odors, and the influence
of wind and temperature on volatile dis-
persion and persistence (Holopainen and
Blande, 2013). Second, behavioral respons-
es were assessed to individually tested com-
pounds, whereas natural HIPV exposure in
the field involves complex multicomponent
blends; responses to single compounds do
not necessarily predict outcomes in com-
plex mixtures (Mumm and Dicke, 2010).
Third, naive, previously unexposed females
were used, and prior olfactory experience
can substantially alter responsiveness in
both mirid predators and predatory mites
(de Boer et al., 2005; Lins et al., 2014). These
considerations underscore the importance
of validating the present findings under
semi-field and field conditions. Specifical-
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ly, future studies should evaluate wheth-
er MeSA and farnesene can recruit and re-
tain M. pygmaeus within greenhouse pepper
crops, and whether (+)-3-carene can reduce T.
urticae colonisation under realistic agronomic
conditions, accounting for volatile plume dy-
namics, competing stimuli, natural enemy dis-
persal, and the influence of repeated or pro-
longed exposure on behavioral responses.

The project ECOBOOST was funded by the
General Secretariat for Research and Technol-
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ZUMTTEPIPOPLIKEC ATIOKPICELG EVOC PUTOPAYOU AKAPEWG Kal
ToU SuvnTIKOoU OnpeuTn Tov Miridae o€ CUVOETIKEG MTNTIKEG
(PUTIKEG EVWOELG

N. Naykoudng, E. Avactacdkn, M. MuAwvag, I MmipoU@ag kat M. Manmd

NepiAnPn O1 mINTIKEG EVWOEIG TOU EMAyovTalL AT TA QUTA WE ATOKPLON OTNV TPOYPIKK SpacTnpl-
otnTa eutoPaywv exBpwv (HIPVs) emnpealouv TiC TPITPOPIKEC AANAEMOPATEIC PETAEY QUTWY, QU-
TOPAYWV KAl TWV QUOIKWV €XBPWV TOUG. TNV mapovoad epyacia aflodoyfoape oe PLOSOKIUES e ON-
(QOKTOUETPO TUTTOU Y, TIC CUMTEPIPOPIKEG amoKpPioelg Tou {wopuTo@dyou apmakTikol Macrolophous
pygmaeus (Hemiptera: Miridae) kat Tou puto@dyou akdpswg Tetranychus urticae (Acari: Tetranychidae)
o€ O€Ka OUVOETIKEC TTTNTIKEG EVWOELG TTou oxeTiovTal pe piypata HIPVs mou ekAbovtal and @utd mi-
neptag (Capsicum annuum) peTd TNV mPOoBoAr Toug amd eutoeayoug exBpouc. Kabe évwon (Mebu-
AIKOC €0TépaC Tou GaAIKUAIKOU o&éoc [MeSA], papveaévio [uiyua loopepwv], dekavdAn, (+)-3-kapévio,
(=)-B-mvévio, (1S)-(-)-a-mvévio, vovavain, e€avain, o€iké (Z)-3-e€evul eotépag Tou ofIkol oféoc Kal
TH-1v66A10) a&lohoynOnke og Tpel¢ ouykevTpwaelS (1, 10 kat 100 ppm) évavTi Tou pdptupa (e€avio, di-
aAUTNG TWV TTNTIKWV EVWogwv). XTa 100 ppm, T0 M. pygmaeus £6€1&e ONUAVTIKA TPOGEAKUON TIPOG TO
MeSA Kkat To QapPVESEVIO KAl CNUAVTIKA amo@uyn Tou (+)-3-kapeviou. Kavéva amé ta 600 dev mpokd-
Aeoe andkpion ota 10 ppm. O Kowvog tetpdvuxog T. urticae dev €deie mMpooéAkuon TPOC KApia évw-
on, aAAd évTovn amo@uyn Tou (+)-3-Kapeviou Kal OTIC TPEIC CUYKEVTPWOELC TTOU e€eTA0TNKAV. Ta amo-
TeAéopata Seixvouv 611 ot HIPVs pmopolv va emnpedoouv S1aQopeTIKA TN CUUTEPIPOPA TWV apTIa-
KTIKWV KOl TV QUTOQAYWV eXOpwv pe Tpdmo mou e€aptdtal amd tn 660n epapuoync . O evtomoudc
TOU (+)-3-Kapeviou w¢ 1oxupoL anwOnTikoL yia Tov TeETpavuxo T. urticae, Kait Tou MeSA Kal Tou Qapve-
0&viou WG EAKVOTIKWYV yia To M. pygmaeus Slapop@wvel mAaiolo yla otpatnyikéc OAokAnpwuévng Ou-
TOTMPOOTACIAC HEOW TNG EQPAPHUOYNC TTTNTIKWV EVWOEWY, ouvéualovTag Tnv anwbnon eUTOPAYwWV UE
TNV TPOCGENKUON TOU QUOIKOU £X0p0U TOUG EVTOG TNG KAANEPYELAC, KATL TToU Ba umopoloe va amoTe-
Aéoel éva PAKTIKG epyaleio mou umootnpilel Tn BIOAOYIKA QVTILETWTION PEOW TNC dlatrhpnong Quaol-
Kwv xOpwv otV mmepLd.
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